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Preface

In modern era, the speedy industrial development and population progression has
led to surge in the environmental pollution and grave energy crisis. With the
developing chaos, the demand of environmental remediation, pollution control
techniques, and alternative energy supply employing green technique have attracted
broad research interests. Moreover, the need is felt to reduce the consumption of
natural resources and raise awareness of the great impact of our consumerism so
that the developed technologies, products, and materials are environmentally har-
monious and sustainable. Photocatalysis is a green and efficient process to solve the
environmental pollution problems, solar energy conversion, and in the sustainable
production of fuels using conversion of CO2 and water. Photocatalytic materials
have been utilized in other fields also viz. self-cleaning surfaces, green chemistry,
green engineering, food packaging, and biomedical and medical applications.

This book comprises a detailed emphasis on design and synthesis of photocat-
alytic materials, their mechanism and effective parameters with kinetics study for
photocatalytic oxidation. Effective ways have been discussed in the book to
enhance the photocatalytic activity of the material via the formation of nanomaterial
and nanocomposites, doping, hybrid material, polymers, and rare earth elements.
The book further elaborates the role of metal nanoparticles, oxygen vacancy, singlet
oxygen generation, and advanced laser methods for enhancing photocatalytic
activity. Approach to recover the photocatalytic material via immobilization has
also been taught. Reducing environmental impact of leather industries, a potential
route for environmental remediation and fouling mitigation, p type nanomaterials
and separation of oily emulsion from aqueous effluents have been elaborated in the
book chapters. Water splitting and CO2 reduction for hydrogen generation and fuel
production using photocatalytic processes with band gap engineering and the role
of hybridized nanomaterials have been described in enhancing the photocatalytic
activity.

This book brings to light much of the recent research in the development of such
semiconductor photocatalytic systems. The book will thus be of relevance to
researchers in the field of: material science, environmental science and technology,
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photocatalytic applications, newer methods of energy generation, and conversion
and industrial applications.

The book has structured into five sections for ease of comprehension:

1. Introductory Section comprises of the first three chapters: Chap. 1 of the book
describes the principles and mechanisms of heterogeneous photocatalysis,
including the formation of photogenerated charge carriers, the role of different
reactive species, and the effect of key parameters on the efficiency. Chapter 2
provides the state-of-the-art research activities targeting basic principles
involved in the photocatalytic reactions, role of nanomaterials in optimization of
process and mechanism and kinetics of photocatalytic oxidation. Chapter 3
elaborately showcases recent advances in the development of novel multi-
functional nanostructured photocatalyst for water remediation via numerous
approached. Moreover, a concise summary of the present challenges and an
outlook for the designing and synthesis of nanostructured photocatalyst in the
field of water remediation is provided.

2. Nanomaterials and Nanocomposites Section covers the next five chapters
(Chaps. 4–8): Chap. 4 presents an overview of state-of-the-art graphene as well
as functionalized graphene-based nanocomposites and their photocatalytic
activity for degradation of organic pollutants. The goal of this study is to provide
the latest and advance analysis in the area of developing nanotechnology for
photocatalytic application. Chapter 5 discusses the state-of-the-art synthesis of
2D material-based polymer nanocomposites. The focus is on the recent
advances in photocatalytic applications of polymer nanocomposites based on
2D materials including graphene, 2D transitional metal dichalcogenides
(TMDs), and transition metal oxides (TMOs). Chapter 6 gives a brief overview
of the progress in bismuth-carbon nanocomposites as promising visible
light-driven photocatalysts. The fundamental structural features of bare
bismuth-based photocatalysts and their historical background are highlighted in
detail. Chapter 7 focuses on synthesis of new photoactive catalysts from
Europium diphthalocyanine molecules. It has been dissolved in dimethylfor-
mamide and transferred to aqueous dispersion of detonation nanodiamonds,
forming diphthalocyanine-diamond complexes. Chapter 8 presents
non-conventional hybrid coatings with heterogeneous surface energy distribu-
tion, superhydrophobic, and photocatalytic properties. Hybrid coatings are
prepared by incorporating photocatalyst particles into the hydrophobic poly
(perfluorodecyl acrylate) fluoropolymer matrix.

3. Photocatalytic Activity Enhancement Section carries Chaps. 9–15: Chap. 9
focuses on rare earth doped photocatalysis. For this matter, photocatalysis dri-
ven by ultraviolet (UV) and visible light both has been covered. The lumines-
cence and the upconversion phenomena have been discussed in case of several
materials as a possibility to utilize low energy photons. Chapter 10 illustrates the
synthesis of catalytic complexes of photosensitizer Radachlorin with
polyvinylpyrrolidone and detonation nanodiamonds and characterization by
optical absorption spectroscopy, luminescence excitation, dynamic light

vi Preface



scattering, and viscometry methods. Chapter 11 discusses the mechanisms and
applications of photocatalytic activity of nanocomposites composed of
metal-based nanomaterials. Chapter 12 discusses self-doped titania photocata-
lysts, including defect types, synthesis methods, and their applications for
photocatalytic degradation of organic compounds and solar energy conversion.
Antimicrobial properties of defective titania and other semiconductors have also
been presented, confirming that these photocatalysts are highly promising as
effective, green, and cheap materials. Chapter 13 provides an up-to-date review
of recent development of perovskites and its related materials, including
titanate-based, tantalite-based, niobium-based, ferrites, and others, showing a
remarkably fast development and promising results in photocatalytic perfor-
mance particularly in solar light-driven applications. Chapter 14 presents the
laser processing techniques advantages through the functional property’s
enhancement of different photoactive materials such as complex stoichiometry
inorganic perovskites (BiFeO3-based materials) or binary oxides (TiO2, WO3,
ZnO). Chapter 15 discusses sol-gel, dip-coating, polymer assisted hydrothermal
discharge, photo-etching, electrophoretic deposition, cold plasma discharge, RF
magnetron sputtering, and spray pyrolysis. Characterization techniques used for
studying various properties of immobilized catalyst have also been discussed in
brief.

4. Environmental Remediation Section comprises of Chaps. 16–19: Chap. 16
describes recent advancement in photocatalytic process along with other similar
green technologies such as nanotechnology, non-thermal plasma treatment, and
ozone-based technologies with specific emphasis to reduce environmental
impacts of leather production and processing. Chapter 17 outlines the impor-
tance of integration of nanophotocatalysts with the membrane matrix to ensure
higher photodegradation of pollutant, enhanced water flux with reduced fouling
of the membrane. Chapter 18 deals with the synthesis, characterization, and
photocatalytic activity of nickel oxide nanoparticles, where the solution com-
bustion method makes use of nickel nitrate as an oxidizer and oxalic acid as fuel
for the synthesis. Chapter 19 overviews the conventional techniques for elimi-
nation of oils from aqueous effluents and focuses on the limitations of the
conventional processes. The chapter illustrates the importance of using photo-
catalytic membrane, the future aspects of membrane technology, and promising
solutions associated with membrane modification methods using photocatalytic
and/or hydrophilic nanomaterials and nanocomposite to enhance the permeate
quality and water flux.

5. Water Splitting and CO2 Reduction Section covers seven chapters (Chaps. 20
–26): Chap. 20 focuses on the usage of heterogeneous photocatalytic methods
for producing valuable products from CO2 under UV and visible light irradia-
tion. The chapter elaborates the main parts as electron structure of CO2 and
photoexcitation of such molecule; UV light and visible light-assisted
CO2 photoactivation in the gas phase over TiO2 based and other catalysts;
liquid phase CO2 activation and the designing and upscaling techniques for
CO2 converting photoreactors. Chapter 21 gives a comprehensive view of
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different production methods and electrode materials for photocatalytic water
splitting toward hydrogen production. The covered topics include different metal
oxides, metal chalcogenides, and different shapes of nanocomposites, which are
used for photoelectrocatalytic hydrogen production. Also, the advantages and
disadvantages of the selected materials and methods for hydrogen evolution
from water splitting are discussed along with their challenges and prospects.
Chapter 22 gives an overview on the designing of heterojunctions for enhancing
PEC water splitting performance. Along with the heterojunction synthesis,
recent progress in the heterojunction-based PEC system and the working
mechanism behind the charge separation with future directions for PEC water
splitting has also been discussed in the chapter. Chapter 23 provides the
bandgap engineering of semiconductor photocatalysts through atomic doping,
alloying, and hybridization to alter electronic structures and enhance the light
absorption, charge transfer, and surface reactions in the photocatalytic pro-
cesses. Furthermore, the current progresses in the band gap engineering of
quantum dots, metal oxides, organic semiconductors, 2D hybrid materials for
photocatalytic, and photoelectrocatalytic water splitting have been discussed and
summarized. Finally, the challenges and perspectives for future research to
develop highly efficient bandgap engineered heterostructures for water splitting
have been proposed. Chapter 24 describes key aspects of materials used as solid
photocatalysts for hydrogen evolution from aqueous phases including metal
oxides, metal sulfides, and carbon-based semiconductors. An overview of the
mechanisms and reaction pathways of hydrogen formation by heterogeneous
photocatalysis, both for photo-reforming of organic substrates and water split-
ting, is given. Chapter 25 focuses on potential application areas, which is limited
to solar fuels and solar cells as they represent two of the most studied fields of
green photocatalytic semiconductors. Chapter 26 describes in detail the
nanohybrid materials including metal oxides, carbon-based materials, metal
sulfides, metal-organic frameworks, and transition metal phosphides as well as
bandgap tuning based on these structures, which affect the efficiency of
photocatalysis.

The book is a one stop solution for university students, researchers, and engi-
neers who wish to initiate research in photocatalysis or to enhance their know how
of the various applications of photocatalysis.

Noida, India Seema Garg
Amrish Chandra
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Chapter 1
Photocatalysis: Introduction,
Mechanism, and Effective Parameters

Máté Náfrádi, Gábor Veréb, Daniele Scheres Firak, and Tünde Alapi

Abstract The widely investigated heterogeneous photocatalysis offers an envi-
ronmentally friendly, efficient, and versatile solution for several environmental
problems. Among others, the removal of harmful organic pollutants and the gen-
eration of H2 via water splitting are well-known and most widely studied appli-
cations. The process is based on the charge separation caused by the excitation of
semiconductor photocatalyst via photon absorption. Due to the intensive develop-
ment of material science, in addition to the well-known TiO2 and ZnO, several new
semiconductor materials have been designed and synthesized to increase the effi-
ciency of heterogeneous photocatalysis and utilization of solar and/or visible light.
This chapter describes the principles and mechanisms of heterogeneous photo-
catalysis, including the formation of photogenerated charge carriers, the role of
different reactive species, and the effect of key parameters on the efficiency.

Keywords Advanced oxidation processes � Photogenerated charge carriers �
Green photochemistry � Reaction parameters � Matrix effect

1.1 Introduction

1.1.1 Heterogeneous Photocatalysis for Environmental
Applications

In the past decades, humanity started to face numerous emerging environmental
problems, mainly related to transport, industrial, and agricultural activities. These
problems require efficient and urgent solutions. The pollution of air and water with
non-biodegradable pollutants may have unforeseeable consequences to the envi-
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ronment and may even endanger human health and life. These pollutants may be
organic (e.g., pesticides, pharmaceuticals, hydrocarbons, dyes) or inorganic com-
pounds, like heavy metals (e.g., chromium, mercury, lead), or other dissolved
inorganic ions (e.g., nitrite, nitrate, arsenic) [1, 2]. The effect of these pollutants
varies, several of them show toxic, carcinogenic, mutagenic, or have
endocrine-disrupting effects (EDCs). They can accumulate in the ecosystem, so
emissions below the limit values can also pose serious risks.

Advanced oxidation processes (AOPs) have been extensively investigated in the
past decades, as they are a promising technique to solve and prevent many
environment-related problems. The most well-known application of AOPs is the
removal of trace amounts of organic, non-biodegradable pollutants, as classic
biological-physical wastewater treatment methods are generally not adequate for
this task [3]. AOPs are generally based on the in situ formation of reactive species
that are able to oxidize many non-biodegradable pollutants. Some AOPs, like
ozonation, Fenton-process, gamma-radiolysis combined with other methods (e.g.,
UV, O3, H2O2) have been already established in water treatment plants, while many
others are still many are still under further development [4]. One of the widely
researched AOPs is heterogeneous photocatalysis.

Another serious issue is the excessive use of carbon-based fuels, which is
responsible for the probably most well-known environmental problem of the last
decades: global warming caused by the increased release of CO2 and other
greenhouse gases. Burning hydrocarbons and coal also contributes to the pollution
of air with gaseous and solid pollutants, resulting in several environmental and
health problems, like the formation of smog in densely populated and industrial
areas. Another aspect of the problem is that reserves of coal and hydrocarbons are
finite, and the search for accessible and cheap renewable substitutes is ongoing in
the research field of alternative energies.

The fundamentals of green chemistry have been laid down in the 1990s, promoting
environmentally friendly chemical processes. The principles of green chemistry aim
primarily at the prevention of environmental and health hazards: the use of the least
harmful chemicals, low waste production, and energy consumption [5, 6]. Since even
today these principles are still not accomplished in many cases, and due to already
occurred environmental damage, cost-effective solutions are still needed to reduce
these problems. The use of catalysts is one of the key elements of green chemistry.
Catalysts are materials used to increase reaction rates by introducing new reaction
pathways with lower activation energies. Heterogeneous photocatalysis is a field of
heterogeneous catalysis, in which a photochemical reaction is accelerated or initiated
thanks to the presence of photocatalysts (generally semiconductors) and photons with
appropriate energy to activate them. In the activated semiconductor particles, con-
duction band electrons e�cb

� �
and valence band holes hþ

vb

� �
are formed and initiate

redox reactions with species adsorbed on the catalyst surface. In the presence of
water and dissolved oxygen, the formation of different reactive species takes place,
often leading to the formation of a highly reactive and non-selective oxidant,
hydroxyl radical (HO∙), which generally has an important role [7].

4 M. Náfrádi et al.



1.1.2 A Brief History of Heterogeneous Photocatalysis

The first mentions of photocatalytic reactions date back to the start of the twentieth
century [8, 9], but they received wider attention after Fujishima and Honda dis-
played photocatalytic water splitting to produce hydrogen using a TiO2 electrode
[10]. Ever since, heterogeneous photocatalysis has received widespread scientific
attention, thanks to the wide range of application possibilities. The number of
studies investigating the mechanisms of photocatalysis, developing new photocat-
alytic materials, or otherwise incorporating photocatalytic materials into their work,
is steadily growing. Many disciplines are related to the research of heterogeneous
photocatalysis (Fig. 1.1). The application possibilities of heterogeneous photo-
catalysis seem limitless—they have been applied during selective oxidation/
reduction in organic synthesizes, environmental application, self-cleaning surfaces,
healthcare applications, and cancer treatment [11].

As mentioned earlier, photocatalytic processes can offer solutions to many
problems, especially using the Sun as a light source, but they still face a number of
challenges. A “perfect” photocatalyst needs to have several properties: it must be
highly photoactive, chemically and biologically inert, withstand photocorrosion,
non-toxic, inexpensive, and it must have the ability to be activated by solar light.
TiO2 meets most of these requirements, except it is primarily active in the UV
region. Other photocatalytic materials often suffer from problems, like low stability
or high production costs [12]. In the past decades, the modification of TiO2 (or
other effective photocatalyst) and the synthesis of new photoactive semiconductors
are the keys to the application of heterogeneous photocatalytic processes under
visible light irradiation. Efficient reduction of TiO2’s bandgap (below 2.5 eV),
synthesis of new photocatalysts, enhancement of their photonic efficiency and/or
activity are still great challenges [13].

Among these photoactive semiconductors, pristine metal-oxides such as TiO2

and ZnO are often referred to as first-generation photocatalysts because they were

Fig. 1.1 Number of publications containing “heterogeneous photocatalysis” in the abstract,
keywords, or title from 2010 to 2020, and their distribution among different fields of sciences. Data
from Web of Science

1 Photocatalysis: Introduction, Mechanism, and Effective Parameters 5



the first semiconductors to be studied and applied in photocatalytic applications.
These photocatalysts usually have bandgaps with energies higher than 3.1 eV (the
wavelength of activating photons is lower than 400 nm) and therefore cannot be
activated efficiently with solar irradiation—only 3–5% of the solar spectrum is in
this range. Furthermore, the recombination of the charge carriers is a recurrent
phenomenon in these first-generation photocatalysts, critically lowering their pho-
tonic efficiencies [12, 14–17].

Aiming to increase the sensitivity of these photocatalysts toward longer wave-
lengths as well as to reduce the recombination rate of the charge carriers,
first-generation photocatalysts have been modified via several processes including
elemental doping with metal and non-metal elements [18], dye sensitization [19],
mesoporous structures [20], and creation of heterojunctions [12], giving rise to the
second generation of photocatalysts. The doping process has received great atten-
tion and is considered an effective strategy to increase the efficiency of photocat-
alytic processes and extend light absorption [21]. In elemental doping, impurities
are intentionally added to the structure of semiconductors [21]. The addition of
phosphorous atoms to the structure of silicon semiconductors is one example of the
addition of donor atoms, forming the n-type semiconductors (n represents the
additional negative charge transferred by the donor atom). Similarly, the addition of
acceptor, such as boron in silicon, results in p-type semiconductors [21, 22]. These
modifications aim at better spectral sensitivity and photoactivity under exposure to
sunlight. However, metal doping, for instance, can generate additional recombi-
nation or non-active absorption centers [15]. The incorporation of carbon nanotubes
and graphene to semiconductors can increase adsorption sites for the substrates,
serve as electron acceptors or channels to avoid charge carriers’ recombination, and
can induce the sensitization toward photons with higher wavelengths [12].

Another issue that has to be solved (especially when the photocatalyst is sus-
pended in an aqueous solution) is the separation of the semiconductors from the
media, which usually requires extra equipment and energy, increasing the cost of
photocatalytic processes. To overcome this obstacle, photocatalysts have been
immobilized into solid substrates or combined with co-catalysts, resulting in the
third generation of photocatalysts [16] (immobilization methods are discussed later,
in Sect. 1.5.1).

Among the several possible uses of heterogeneous photocatalysis, its potential in
environmental applications is particularly notable. The application possibilities are
numerous: the purification of water and air, degradation of hazardous waste, dis-
infection, cost-effective catalytic synthesis, and the production of hydrogen as a
renewable, environmentally friendly fuel (Fig. 1.2). Another green aspect can be
the use of recycled materials and waste during the production of photocatalytic
materials, as it reduces both production costs and the amount of discarded waste.
The metals needed for the synthesis of semiconductors, like zinc and titanium,
might come from industrial wastes such as blast furnace slag [23], while catalyst
supports, templates [24], and even dopants [25] can be produced from agricultural
wastes [26]. The recently very popular g-C3N4 catalysts and other carbon-based
photocatalytic materials can also be synthesized from organic waste [27, 28].
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Biological materials can be used as size or shape controlling agents to enhance the
synthesis of catalysts and even as additives to enhance the photocatalytic activity
[29, 30].

A potential drawback of heterogeneous photocatalysis is the possibility of the
release of catalyst particles into the environment. There are studies about the
(eco)toxicity of nanoparticles in the environment, and the problem is even more
complicated with photoactive materials [31]. The problem becomes more complex
with the countless new nanomaterials with different chemical structures, particle
sizes, and photoactivity [32].

1.2 Formation of Charge Carriers and Reactive Oxygen
Species

Photocatalysis can be defined as the change in the rate of a chemical reaction or the
initiation of this reaction in the presence of a catalyst excited by radiation with
suitable wavelengths. In the case of photocatalysis, the formation of charge carriers
with relative high reduction/oxidative potentials takes place, and these charge car-
riers are able to promote nonspontaneous reactions—or those with a positive change
in Gibbs free energy—such as water splitting and the degradation of pollutants in
water or air [17]. In a typical catalytic process, the kinetics of the reactions change,
while thermodynamic parameters and reaction products are typically not altered.

Semiconductors are materials with conductivity in the range between metals and
insulators, and in which the density of electric charge carriers is altered by external
factors or agents—such as temperature and exposure to radiation [33]. When
photons act as one of those agents, semiconductors can promote or accelerate
reactions and the phenomenon of photocatalysis takes place; therefore, semicon-
ductors activated by an absorbed photon are known as photocatalysts.

The formation of charge carriers is possible due to the semiconductors’ elec-
tronic structure, characterized by a filled valence band and an empty conduction
band separated in energy levels by a given bandgap. In the absence of an external
stimulus—or the exposure to irradiation—electrons occupy the valence band. When
the photocatalyst is exposed to radiation, photons with an energy equal to or greater
than the energy of the bandgap (Ebg) are able to transfer electrons from the valence

Fig. 1.2 Main environmental
applications of heterogeneous
photocatalysis
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to the conduction band, leaving positive charges (or holes) behind [22]. Initially, the
electron in the conduction band and the hole in the valence band—which will be
herein represented as e�cb and hþ

vb , respectively—are not free charge carriers nor free
entities, but together consist the so-called exciton, which is a quasiparticle stabilized
in semiconductors by electrostatic Coulombic forces—the attraction between e�cb
and hþ

vb and repulsion between different electrons in the conduction band. The
exciton is an energy carrier, since it was formed by the absorption of a photon, but
not a charge carrier. The separation of the energy carriers into free charge carriers
occurs when enough excitons are formed—or enough electrons occupy the con-
duction band—so that the Coulombic attraction between e�cb and hþ

vb is exceeded by
repelling forces [13, 34]. Most of these charge carriers undergo recombination
processes in the semiconductor bulk or surface [22, 35], but a few of them can
migrate to the surface of the photocatalyst, where they initiate oxidative and
reductive reactions [36]. The recombination processes can be radiative, with the
subsequent release of heat, or consist of non-radiative relaxation processes that
propagate vibrational motions through the lattice of the semiconductor [13, 37].

The oxidation is initiated by the hþ
vb , a powerful oxidant with reduction poten-

tials (vs. NHE) varying from +1.0 to +3.5 V depending on the material of the
semiconductor, its properties, and the pH of the medium, as represented in Fig. 1.3
[38]. Similarly, reductive mechanisms are initiated by the e�cb, which can have
reduction potentials (vs. NHE) in the range of +0.5 to −1.5 V. The following chart
represents the electrochemical reduction/oxidation of species in various photocat-
alysts, with reduction potentials expressed versus the normal hydrogen electrode
(NHE) [17, 38].

The fast recombination of the charge carriers is the main limitation of photo-
catalytic processes. It occurs in the timeframe of nanoseconds in the absence of

Fig. 1.3 Bandgap energies of several different semiconductors
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suitable electron donors and/or acceptors, which must be adsorbed on the surface of
the photocatalysts. The hþ

vb can be trapped either by chemisorbed substrates or by
surface oxygen/hydroxyl groups, depending on the pH of reaction media. The
transfer of electrons from chemisorbed species to hþ

vb occurs through an inelastic
direct charge transfer pathway, while other substrates that interact weakly with the
surface of the semiconductors can also undergo redox processes through indirect
electron transfer mechanisms that depend on the capture of the charge carrier by
surface atoms of the photocatalyst. Those mechanisms are particularly relevant to
the oxidation of organic compounds in the liquid phase [39, 40]. A representation of
the charge carriers formation and their reaction with adsorbed species in a general
photocatalyst structure is given in Fig. 1.4.

The nature of the electron donor or acceptor is modified according to the reaction
medium (aqueous or gaseous phase) and with the chemical environment (pH, pres-
ence of ions, etc.). In aqueous media, water molecules can donate electrons to the hþ

vb
(1.2), while dissolved oxygen acts as an electron acceptor (1.7). The products of these
reactions are various Reactive Oxygen Species (ROS), which can initiate
chain-reaction mechanisms and promote several processes such as the degradation of
organic compounds (including alkanes, alkenes, PCBs, phenols, aromatic carboxylic
acids, dyes, pesticides, etc.) as well as the reductive deposition of heavy metals (such
as Cr6+, Pt4+, etc.) to the surface. In the samemanner, in the gas phase, molecules such
as CO2 can accept the e�cb and suffer reductive processes to form formic acid,
methanol, etc., while adsorbed water molecules will react with the hþ

vb . The mecha-
nisms underlying the formation of reduction products of CO2 are debatable, most of
the authors suppose a series of one-electron transfer reactions [17].

Fig. 1.4 Formation of reactive species in O2 containing aqueous suspension of TiO2 photocatalyst
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The following reactions (1.1–1.11) show the reaction of charge carriers with
electron donors or acceptors. Photogenerated charge carriers can react with
adsorbed substances or be trapped in various ways by surface or subsurface groups
of the photocatalyst. Rads represents a chemisorbed organic species, Ti4þ � O2�

�Ti4þ a subsurface oxygen, Ti4+ − OH− is a surface hydroxil group of the
TiO2 photocatalyst.

Photocatalystþ hv ! e�CB þ hþ
VB ð1:1Þ

hþ
VB þH2O ! HO� þHþ ð1:2Þ

hþ
VB þRads ! R�þ ð1:3Þ

hþ
VB þTi4þ � O2� � Ti4þ ! Ti4þ � O�� � Ti4þ ð1:4Þ

Ti4þ � O�� � Ti4þ þR ! Ti4þ � O2� � Ti4þ þR�þ ð1:5Þ

hþ
VB þTi4þ � OH� ! Ti4þ � OH� ð1:6Þ

e�CB þO2 ! O2
�� ð1:7Þ

The HO∙ is the main active species in the degradation of substrates in the
aqueous phase. This statement is endorsed by its high reduction potential (HO∙, H+/
H2O, E

0 = +2.80 V) and its high reaction rates with numerous substances [41]. In
photocatalytic reactions, the formation of HO∙ is determined by the nature of the
photocatalyst. For instance, TiO2 occurs in three main crystal phases, known as
anatase, rutile, and brookite; among those, only anatase and rutile are widely used
as photocatalyst. The formation of mobile HO∙ which can diffuse 7.5 µm in water is
reported in anatase, whereas only superficial HO∙ (1.6) is reported in rutile [42, 43].

HO∙ can also be formed in an aqueous solution via formation of O2
�� (1.7 and

1.8). In the case of TiO2, beside the reaction with molecular O2 (1.7), the e�cb can be
trapped by Ti4+. The formed Ti3+ sites can act as a reductive agent and initiate the
following mechanism (1.8–1.11) [44]:

Ti3þ þO2 ! Ti4þ þO2
�� ð1:8Þ

O2
�� þHO2

� þHþ ! H2O2 þO2 ð1:9Þ

H2O2 þ hv ! 2HO� ð1:10Þ

H2O2 þTi3þ ! Ti4þ þHO� þOH� ð1:11Þ

HO∙ react mainly through three different pathways: one-electron abstraction,
hydrogen atom abstraction, and addition to double bonds. The one-electron
abstraction generally happens in the presence of inorganic ions or easily oxidized
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organic compounds, hydrogen atom abstraction takes place mostly in the presence
of saturated hydrocarbons, aldehydes, alcohols, and carboxylic acids, while the
addition to double bonds is one of the main mechanisms for the degradation of
unsaturated and aromatic organic compounds [44, 45]. Because the direct transfer
of electrons requires the rearrangement of charged reaction centers, this is rarely
observed. It can occur between HO∙ and metals through intermediate complexes
[45]. Due to its electrophilic character, HO∙ readily reacts with the C=C bond and
aromatic ring, as Fig. 1.5 shows, in the case of the phenol as a model substrate.

Enhanced reaction rates are usually observed in the gas phase due to the absence of
solvation effects. Similar HO∙-based reactions take place in the gas phase as well as
under tropospheric conditions. It is known that tropospheric aerosol particles contain
carboxylic acids such as oxalic, malonic, and succinic acid. These organic com-
pounds originate from reactions between HO∙ radicals and aromatic compounds [46].

In the case of the gas phase removal of contaminants, the relative contribution of
HO∙ (either from adsorbed water or surface −OH groups) and the role of charge
transfer reactions and/or other reactive particles in the transformation of organic or
inorganic substances strongly depend on the chemical properties of the pollutant, on
its chemical structure and on the surface properties of the photocatalyst. During the
transformation of toluene in the gas phase, the dominant role of HO∙ was confirmed
[47]; however, HO∙ radicals have a minor contribution to the transformation of
chlorinated compounds. In the case of perchloroethylene, for instance, the inhibi-
tion effect of water–vapor [48] and the consequences of the modification of the
TiO2 surface [49] indicated a significant contribution of direct charge transfer and
reaction with superoxide anion radical (O2

∙−) [50]. O2
∙− has been observed during

several photo-assisted reactions, especially in sensitized processes, in which singlet
oxygen and O2

∙− radicals are the main active species [51]. O2
∙− is formed by the

direct transfer of electrons from the conduction band to O2 molecules adsorbed on
the surface of photocatalysts [52, 53]. It may act as an oxidant (O2

∙−, 2H+/H2O2,
E0 = +0.94 V), although the intermediate species formed during the reduction of
superoxide (i.e., O2

2−) are very unstable [54–56].

Fig. 1.5 HO∙ initiated transformation of phenol

1 Photocatalysis: Introduction, Mechanism, and Effective Parameters 11



The O2
∙− reacts by disproportionation, one-electron transfer, nucleophilic sub-

stitution, and deprotonation [57]. The main characteristic of O2
∙− is its ability to act

as a strong Brønsted base. As a consequence, mechanisms involving this radical
should not play an important role in protic solvents. The O2

∙− can attack positively
charged compounds or centers due to its powerful nucleophilicity [54, 57]. This
reaction is particularly relevant in the presence of alkyl halides, whose mechanism
is schematically represented in reaction 1.13 [57]. Superoxide radicals can react
through outer- or inner-sphere electron transfer mechanisms as shown in reactions
1.14 and 1.15 [57].

O2
�� þHþ � HO2

� pka ¼ 4:8ð Þ ð1:12Þ

O2
�� þRX ! O2

��. . .R. . .X � O2. . .R. . .X
�½ � ! RO2

� þX� ð1:13Þ

O2
�� þR � O2 þR�� ð1:14Þ

RþO2
�� � R� O2

�� ! O2 þR�� ð1:15Þ

The O2
∙− plays a major role in the formation of hydrogen peroxide, (1.9) [52].

Despite having a high reduction potential (H2O2, 2H
+/2H2O, E

0 = +1.77 V), the
direct oxidation of substrates by hydrogen peroxide is considered irrelevant. Most
probably, the hydrogen peroxide reacts with photogenerated charges on the surface
of photocatalysts or with O2

∙− [54], resulting in HO∙ formation (reactions 1.16 and
1.17).

H2O2 þ e�CB ! HO� þHO� ð1:16Þ

H2O2 þO2
�� ! HO� þHO� þO2 ð1:17Þ

Besides hydrogen peroxide, singlet oxygen is another non-radical oxidative
species whose presence is reported in most photo-assisted systems associated with
the formation of O2

∙−. Singlet oxygen is formed after the oxidation of O2
∙− by

photogenerated holes [58, 59]; however, the relevance of singlet oxygen in oxi-
dation mechanisms is questionable due to its low reduction potential (1O2/O2

∙−,
E0 = + 0.65 V) and short half-life in aqueous media (2 µs) [59, 60]. Table 1.1
presents the values for the reduction potential of the most important ROS observed
during photocatalytic processes relative to the standard hydrogen electrode system
as compiled by Buettner [61].

All the previously described ROS have been detected during photocatalysis, and
one of the preferred techniques for this purpose applies the electron paramagnetic
resonance (EPR) spectroscopy. These short-lived ROS can only be detected using
spin-trapping techniques, which consist of reacting the radicals with a spin-trapping
agent to form an organic adduct with higher stability. The most used spin-trapping
agents are nitroxides, such as the 5,5-dimethyl-1-pyrroline-N-oxide (abbreviated as
DMPO) and the 2,2,6,6-tetramethyl-piperidine-1-oxyl (known as TEMPO) [62].
TEMPO is a specific spin-trapping agent used to identify the singlet oxygen during
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photocatalysis; DMPO can detect most of the radicals present in a photocatalytic
system, although it has been shown that a few radicals are unstable and transformed
to DMPO-OH (the adduct formed between DMPO and HO∙ radicals). This con-
version particularly occurs in aqueous solutions and was observed in the presence
of carbonate radicals and O2

∙− [63, 64].
Besides EPR, the presence of oxidative species can be inferred with the addition

of scavenger agents, which are species able to react quickly and specifically with
the radicals and charge carriers, therefore quenching their effect in photocatalytic
reactions. For instance, carboxylate or carboxyl groups can coordinate with the
metals present on the surface of photocatalysts, thus forming inner-sphere com-
plexes that favor the transfer of electrons directly from the ligand molecule to the
valence band of the photocatalyst or photogenerated holes [65]. For this reason,
oxalate and formic acid have been applied in mechanistic investigations of pho-
tocatalytic systems to act as hole traps [66]. Other scavenger species widely applied
in mechanistic investigations are alcohols such as tert-butanol (TBA) and methanol.
The elevated second-order rate constant of the reaction between TBA and HO∙

(kTBAþHO� = 6 � 108 M−1 s−1 [67]), along with the lower rate constant between
TBA and other radical species [67], allows for a high selectivity for HO∙ radicals
[65, 68, 69]. Other scavenger agents have been applied in mechanistic investiga-
tions to verify the presence of singlet oxygen and O2

∙−, such as azide ion and
parabenzoquinone, respectively [68].

1.3 Application of Heterogeneous Photocatalysis

1.3.1 Removal of Pollutants from Aqueous and Gaseous
Media

Heterogeneous photocatalysis has great potential for removing hardly biodegrad-
able organic contaminants from waters, such as pesticides, pharmaceuticals, and
other persistent organic substances [11, 70]. This process has shown great potential
for the transformation and the mineralization of organic pollutants from aqueous or

Table 1.1 Redox couples
and reduction potential of
ROS relative to the standard
hydrogen electrode (SHE)

Couple E0 (V)

O2;Hþ =HO2
� −0.46

O2=O2
�� −0.33

H2O2;Hþ =H2O;HO� +0.32
1O2=O2

�� +0.65

O2
��; 2Hþ =H2O2 +0.94

HO�;Hþ =H2O +2.31

HO2
�;Hþ =H2O2 +1.06
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gaseous media via radical reactions. Only in a few cases is an intermediate formed
(e.g., cyanuric acid during the conversion of atrazine) for which heterogeneous
photocatalysis is not suitable for further oxidation and degradation [71, 72].
Chlorinated molecules easily lose the Cl− during photocatalytic processes, while
from organophosphorus compounds phosphate ion is produced [71]. From
nitrogen-containing molecules usually NO3

− and NH4
+ ions are formed. During the

degradation of compounds containing azo groups, the formation of N2 was reported
[73]. The byproducts of the degradation of organic compounds in photocatalysis are
highly dependent on the oxidation state of the atoms in the compound. For instance,
when the nitrogen atom is at the oxidation state of −3, as in amino groups, it
evolves to NH4

+ with the same oxidation state for the nitrogen atom. Subsequently,
the NH4

+ can be oxidized to NO3
−. In azo groups, however, the oxidation state of

the nitrogen atom is +1, thus the formation of N2 is favored [71, 73].
The photocatalytic removal of volatile organic compounds (VOCs) in gas phase

follows a similar mechanism. In gas phase, HO∙ is usually originated from the
water–vapor and oxygen content of the air [17]. Another possible use in the gas
phase is the reduction of inorganic pollutants, like CO2, SO2, and NOx. The pho-
tocatalytic reduction of CO2 has especially great interest nowadays since this
process can be used to remove the most well-known greenhouse gas while enabling
the production of useful products (CH4, CO, methanol) [17, 74–76]. Besides VOCs,
the highly toxic NOx compounds (mainly NO and NO2) are among the most
widespread anthropogenic air pollutants. Heterogeneous photocatalysis offers a way
to degrade NOx to less harmful nitric acid, although the method is still under
constant development [17, 77]. The gas phase applications of heterogeneous pho-
tocatalysis have been widely investigated in the last two decades, and several
methods were applied, from indoor air purifiers to self-cleaning building materials
(glass, concrete) with photocatalysts as surface coatings or mixed into the com-
ponents [78, 79].

1.3.2 Photocatalytic Water Splitting

In the field of green chemistry and alternative energy sources, hydrogen is con-
sidered a promising alternative to replace fossil fuels due to its close to unlimited
reserves in the form of water and zero emissions of harmful products. Although its
cheap production and implementation in practice are still not solved, its application
is steadily growing in certain areas [80]. Photocatalytic and photo-electrocatalytic
water splitting to produce H2 has received widespread attention, especially if they
can be initiated by solar light, which could theoretically make the process have
close to zero operating costs. During photocatalytic water splitting, the reaction of
e�cb with H+ produces H2, while hþ

vb contributes to the formation of O2 [81]. In the
case of photo-electrocatalytic processes, an external circuit is used to transport the
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e�cb to a cathode (e.g., Pt), where reduction reactions can take place [82]. Several
photocatalysts, like TiO2, ZnO, CdS, WO3, or carbon-based photocatalysts [12, 38,
83, 84] have been investigated for their potential in water splitting. Considering the
generally low efficiency of the method, several directions were taken to improve it,
like adding doping agents (typically cations as V4+, Mo5+, and Ru3+, or anion as N,
F−, S2−) or introducing electron trapping centers (typically noble metals as Au, Ag,
Pt, Pd) to improve the separation of photogenerated charges.

The fast recombination of photogenerated charges is the main reason for the low
efficiency, while another reason is the backward reaction resulting in H2O forma-
tion, which can be hindered via the addition of electron mediators [81]. The
addition of sacrificial electron donors (organic acids, or inorganic ions like I− or
S2−) to react with hþ

vb and promote the formation of H2 via reduced charge
recombination is also possible [81]. To achieve effective photocatalytic H2 pro-
duction, the exact reaction mechanisms still need further studies. A suitable, visible
light active photocatalyst is still a great challenge for material science to undertake
due to the generally low photostability and conduction band potential of visible
light active catalysts [12, 38].

1.3.3 Photocatalytic Disinfection

Application of heterogeneous photocatalysis for disinfection was reported at first in
1988 by Matsunaga et al., who employed TiO2 to inactivate L. acidophilus, S.
cerevisiae, and E. coli. Since then, photocatalysis has been largely applied in dis-
infection systems, and the gram-negative bacteria E. coli is by far the most studied
organism in these applications since it is an indicator of fecal contamination in
water, non-pathogenic to humans, and it is easily cultivated in academic labora-
tories [85]. Similarly, due to its elevated stability, high efficiency, and low toxicity,
TiO2 is the most investigated semiconductor in disinfection systems.

The application of photocatalysts for disinfection has been investigated in sev-
eral fields, including in the food industry [86], healthcare [87], and it is especially
effective in indoor air cleaning [88]. There are also several applications of photo-
catalytic surfaces in the production of self-cleaning glasses and in medical devices
that prevent hospital-acquired infections [89]. Considering that solar disinfection
systems are widely recognized for inactivating pathogenic microorganisms in water,
photocatalytic materials have been also investigated to improve the degradation
efficiency in these already well-established systems [71].

The disinfection effect is more pronounced the more intense the contact between
the microorganism and the surface [89, 90]. In these conditions, the direct photo-
catalytic damage of a microorganism structure can be caused by interfacial charge
transfers between the photocatalyst and the external cell membrane, and therefore,
the inactivation depends on the components of the membrane. These components
include phospholipids and lipo-polysaccharides that, in the case of E. coli, have
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been proven to react directly with the hþ
vb of TiO2 [90, 91]. Other damages inflicted

to cell structures can be caused by the exposure to radiation directly in the DNA
structure that happens mostly in the UVC range of the solar spectrum, and also by
ROS formed during photocatalysis—especially the HO∙ [92]—or during the
interaction of radiation and specific intracellular structures [71, 85]. The inactiva-
tion mechanism in photocatalytic processes is therefore extremely complex and
includes several steps resulting not only from the presence of a photocatalyst but
also from the irradiation itself. These steps can include the formation of ROS, DNA
and RNA attack by either the direct absorption of light or the attack of internally
formed ROS, chain reactions, and other mechanisms that will ultimately lead to cell
mutation, membrane ruptures, loss of organelle functions, etc. [85, 90].

The use of the TiO2/UV process has been proved to inactivate several patho-
genic microorganisms, like bacteria, algae, and viruses [93]. TiO2, in its pure or
modified form, has been used widely, but other photocatalytic materials,
carbon-based semiconductors, like g-C3N4, have also been recently applied with
promising results [94]. Photocatalytic treatment of wastewater not only offers a
solution for the removal of harmful organic contaminants but also inactivates many
pathogens in the effluent [93]. The long sterilization period (60 h) are also feasible
[95].

1.4 Improving the Efficiency of Photocatalysis

1.4.1 Combination with Other Methods

The efficiency of each method can be improved by their appropriate combination.
Sonophotocatalysis is a process derived from the combination of sonochemical
treatment with photocatalysis. The ultrasound exposure alone results in HO∙ and H∙

formation. Its combination with heterogeneous photocatalysis results in synergistic
increases in the HO∙ formation rate [96]. Combining photocatalysis with ozonation
may also result in synergistic effects. Ozone is a potent but selective oxidant. In the
presence of a photocatalyst, it also acts as an electron acceptor and HO∙ source,
inhibits recombination of excitons, and dramatically increases the rate of HO∙

formation. [97]. Photocatalytic pretreatment can remove several toxic organic
contaminants, so its use can significantly increase the efficiency of biological water
treatment [98].

Another possibility of the combination is the application of photocatalysts in
membrane reactors (PMRs—photocatalytic membrane reactors). PMRs can be
categorized into two main groups: PMRs using suspended photocatalysts and
PMRs applying photocatalytic material-modified membranes [99–101]. When
suspended catalysts are applied in PMRs, the photocatalytic decomposition of the
organic pollutant is the main process, which is followed by membrane separation
for the recovery of the nanoparticles. This application provides a high surface area
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for the photocatalytic processes—compared to immobilized catalysts—resulting in
high decomposition efficiency. The separation of the nanoparticles by membrane
filtration results in excellent photocatalyst recovery, which is beneficial both from
economic and environmental aspects. However, significant fouling of the mem-
brane caused by a high amount of nanoscaled photocatalytic material can result in
high energy requirements [100, 101].

This immobilization of photocatalytic nanoparticles in/on the membrane mate-
rials promises significant beneficial properties since the immobilized photocatalysts
can enhance the hydrophilicity of the surface, which is important to suppress the
adhesion of hydrophobic contaminants. These contaminants could quickly form
serious water barriers on the membrane surfaces, being responsible for reduced
water flux, decreased membrane lifespan, and increased energy consumption [99,
102–105]. In addition, immobilized photocatalytic nanoparticles can be used in
self-cleaning membranes, which can be purified without the addition of chemicals.
These membranes are also promising to suppress biofouling by preventing biofilm
formation. The main disadvantages of these kinds of PMRs are the lower photo-
catalytic activity compared to the suspension method and technical difficulties, like
providing continuous irradiation of the membrane surface and ensuring a good
dispersion of the immobilized particles while also maintaining the porosity of the
membranes [99–101, 105].

1.4.2 Photosensitization of Semiconductors

As briefly mentioned in the previous paragraphs, the nature of the reductive/
oxidative species formed in photo-assisted processes relies on the electronic
structure of the semiconductors. In recent years, different substances and com-
pounds have been added to semiconductors to modify or interfere with their
electronic structure. The purpose of these modifications is always to harvest pho-
tons with lower energy, thus increasing the efficiency of photocatalysts under solar
irradiation.

The first observation of the so-called photosensitization process was published
by O’Regan and Grätzel in 1991, who reported that TiO2 could be modified with a
dye to generate an electrical output. This was therefore the first mention of the
Grätzel solar cell, which has inspired works in the field of photovoltaic cells ever
since [16, 106–109].

Visible light initiated photocatalysis can be available in combination with TiO2

and a sensitizing dye, coordination complexes of metals (e.g., ruthenium), or short
bandgap semiconductors [110]. Organic dyes and several metal-complexes can
effectively absorb light in the visible range of the electromagnetic spectrum; thus,
they can be used as a photosensitizer. The dye can undergo photolysis or sensitize
the semiconductor and thereby inject an electron into its conduction band (Fig. 1.6).
However, Terenin and Akimov proposed that sensitization occurs by energy
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transfer from the excited dye molecule to surface-trapped electrons, and not electron
transfer to the conduction band of the semiconductor [111].

To increase the absorption range of photocatalysts, inter-particle electron transfer
pathways can be promoted by coupling two different semiconductors, such as TiO2

with other visible-active photocatalyst, such as CdS [16] or WS2 [112]. In these
cases, the conduction band potential of the visible-active catalyst must be higher
than that of TiO2 (Fig. 1.7).

Fig. 1.6 Schematic figure of the photosensitization process (dye is adsorbed on the photocatalyst
particle)

Fig. 1.7 Simplified depiction of the processes taking place in the case of a wide bandgap catalyst
with a co-catalyst activated by visible light
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1.5 Effective Parameters

1.5.1 Reactor Design

In the design of reactors for heterogeneous photocatalysis, the most important
considerations are the mass transfer of target molecules to catalyst surface and
maximizing the illuminated catalyst surface area. The photocatalysts are applied
generally in two different ways: suspended in slurry reactors or immobilized as
coatings. According to the light source and reaction chamber orientation, reactors
can be classified as immersion, external and distributive types. The light for irra-
diation is distributed from the light source to the catalyst employing reflectors or
optical fiber. Optical fiber reactors have the advantages of a fixed-bed reactor
configuration while achieving a slurry system’s equivalent efficiencies.

Suspended catalysts are always better in terms of photocatalytic efficiency due to
their larger surface area and faster mass transport, but the high recovery and sep-
aration costs of nanoparticles hinder the practical application [11]. The immobi-
lization of the catalyst is a cost-efficient way in terms of instrumentation and
operating costs but significantly reduces photocatalytic activity. Due to the decrease
in the surface area available to light, in this case, the fouling of the catalyst is more
prominent [113]. Several immobilization methods already exist, and the most
common ones are thermal, sol–gel methods, but the deposition of vapors and
electrophoretic deposition has also been investigated thanks to their potential to
create thin catalyst films. The most widely used supports are glass, silica-based
materials, different polymers, and carbon-based materials (like activated carbon).
Several other, less common supports have also been experimented with, like clays,
sand, fibers, ceramic paper, and zeolites [114, 115]. The immobilization of the
catalyst is a key element in terms of practical applications and finding the best
method for different photocatalysts and reactor setups is an important challenge to
overcome.

1.5.2 Light Intensity

The intensity of the light is another critical parameter, as the increased amounts of
photons absorbed by the catalyst increase the formation of excitons. This theoret-
ically leads to better photocatalytic activity, but the beneficial effect of higher
photon fluxes is limited. Photochemical reactions are generally characterized by
quantum yields or quantum efficiencies. The comparison to standard photocatalytic
reactions (e.g., phenol degradation with TiO2 P25) [116] is another possibility. The
quantum yield (U) stands for the ratio of events (transformation of substrates or
formation of products) and absorbed photons (1.18). Several factors complicate the
determination of U in heterogeneous systems. During photocatalytic reactions
polychromatic light is generally used, therefore, the exact quantification of photons
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via actinometry might be imprecise. Another issue is the reflection of photons by
the photocatalyst particles, as it reduces the number of photons absorbed, resulting
in a significantly lower apparent quantum yield (Uapp) [117].

U ¼ amount of transformed substrates or formed products
amount of photons absorbed by the photocatalyst

ð1:18Þ

Uapp ¼ amount of transformed substrates or formed products
amount of photons reaching the reactor

ð1:19Þ

According to Hermann, due to the generally low U of photocatalytic reactions,
the use of very high intensities is not recommended. In the case of complete surface
coverage and precise determination of effective photon flux, high value can be
reached (U = 30–40%), but in the case of trace pollutants, U is generally lower than
1% [72]. In many cases, the light intensity has a negligible effect [11, 14],
but relatively high intensity can also promote charge carriers’ recombination [118].
The effect of irradiation intensity also depends on the wavelength, the type of
photocatalyst and reactants [113].

The light source is a dominant part of the reactor. The intensity of the light
depends on the type of the light source, the electric power input, and the efficiency
of the conversion of electrical energy into light. The utilization of solar radiation is
advantageous because the cost of electricity can be avoided; however, highly
efficient solar photocatalysis systems require complex design. The primary design
consideration in solar photoreactors concerning the irradiation source is whether to
use non-concentrated or concentrated sunlight [119].

As artificial light devices, UV lamps [120], lasers [121], or light-emitting diodes
(LEDs) can be applied [122]. In most cases, conventional UV lamps are used. The
efficiency of fluorescent lamps is limited by energy loss incurred in photon energy
conversion and heat loss. Due to their intensive development and several advan-
tageous properties, there has been an increased interest in applying LED light
sources in the field of water treatment, even in the case of heterogeneous photo-
catalysis. UV LED reactors can fall under any immersion, external or distributive
types and the various configurations reported in the literature [119].

1.5.3 Reaction Temperature

In homogeneous systems, higher temperature usually increases the reaction rate
[123], but this effect is more complicated in photocatalytic heterogeneous systems
since increasing temperatures hinders the adsorption of substrates on the catalyst
surface and favor the recombination of charge carriers [11]. In gas phase at low
temperatures, typically below 0 °C, the efficiency is also decreased due to the slow
desorption of products [71]. In aqueous phase, the most favorable temperature
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range has been determined to fall between 20 and 80 °C, although it also depends
on other reaction conditions and the goal of the application [11].

As a result of the relationship between temperature and adsorption,
non-Arrhenius behaviors—or processes in which the rate constant is not linearly
increased with the increase of temperature—are described during the heterogeneous
photocatalysis conversion of many organic compounds, particularly in gas phase
catalysis [44]. Examples of this behavior can be found in studies of volatile organic
compounds abatement, such as trichloroethylene, benzene [124], tert-butyl ether,
and tert-butyl alcohol [125] over TiO2. This phenomenon is attributed to changes in
the adsorption rate over the catalysts, which markedly decreases with the increase
of temperature in solid/gas systems [124, 125].

1.5.4 Catalyst Load

The concentration of the photocatalyst directly influences the surface available for
the adsorption of reactants and for photon absorption. Increasing the catalyst
loading increases the reaction rates, but only up to a given concentration; therefore,
the determination of the optimal loading has great importance [11]. In slurry
reactors, above a given catalyst concentration, the efficiency does not change or
even reduces due to increased light scattering and reduced penetration depth of the
photons [14]. The role of aggregation also increases at higher catalyst loadings and
leads to the reduction of photocatalytic efficiency [113]. The optimal catalyst
concentration also depends on the reactor size and design [118].

In the case of immobilized catalysts, the optimal catalyst coating thickness must
be determined. A thin film results in partial absorption of photons, while an overly
thick one results in areas where unreactive dark zones are found, thus resulting in a
waste of photocatalyst material [78].

1.5.5 Initial Concentration of the Reactant

Since photocatalytic reactions are generally described to occur on the surface of the
catalyst (1.20), the role of adsorption is highly important.

Aads þBads ! Cads ð1:20Þ

The reaction rates of photocatalytic processes are generally described by the
Langmuir–Hinshelwood (L–H) kinetics. According to the L–H model (1.21),
the concentration of substrates and their interactions with the surface determine the
reaction rate:
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r0 ¼ k � K � c0
1þK � c0

ð1:21Þ

where r0 is the initial reaction rate, c0 is the initial concentration, k is the reaction
rate constant, and K is the apparent equilibrium constant [126].

Another frequently mentioned kinetic model is the Eley–Rideal (E-R) mecha-
nism. In contrast to the L–H model, which requires the pre-adsorption of substrates
for the reactions to occur, the E-R model suggests one reactant (e.g., HO∙) is
adsorbed while the other is in the solution/gas phase; therefore, the reaction only
requires proximity to the surface of the catalyst [127]. This model can be useful to
explain some experimental results, for instance, the similar transformation rate of
coumarin with negligible adsorption (<1%), and 3-carboxy-coumarin with signifi-
cant adsorption (*30%) on TiO2 surface [128]. The reaction with HO∙ can take
place in the aqueous phase, as HO∙ is reported to desorb from the surface of anatase
phase TiO2 and react with pollutants in solution [42].

At low reactant concentrations, the concentration increases the reaction rates, as
the limiting factor is not the formation rate of excitons and reactive radicals. Above
a given concentration, the reaction rates do not increase further, due to the limited
number of photons or active sites available. The accumulation and adsorption of
products formed during the photocatalytic reaction might also affect the efficiency,
as it can block the active sites of the catalyst, leading to the poisoning of the catalyst
particles [113].

The optimal concentration of the reactants must be determined individually, as it
highly depends on their chemical structure. At higher concentrations, the adsorbed
reactants might absorb the light and decrease the efficiency of photocatalytic pro-
cesses [14]. We might conclude that heterogeneous photocatalysis is especially
useful to transform reactants present in a low concentration (like trace amount of
pollutants).

1.5.6 Electron Acceptors and Donors

The most important electron acceptor is O2; on the one hand, it prevents the
recombination of photogenerated charges, and on the other hand, it also plays a role
in the formation of reactive particles. The presence of dissolved O2 is highly
important in an aqueous medium, but generally, there is no significant difference
between reaction rates determined in air or O2 saturated suspensions [78]. The role
of O2 is also crucial for the mineralization of organic pollutants [11] due to the
formation of organic peroxyl radicals. The addition of electron acceptors, like
H2O2, S2O8

2−, BrO3
−, CCl4, or dissolved ions (e.g., Ag+) leads to improved charge

separations and HO∙ formation, resulting in higher photocatalytic efficiency. The
reactive species formed from these additives may also contribute to the photocat-
alytic process. In some cases, however, these electron acceptors may also act as

22 M. Náfrádi et al.



radical scavengers, lowering the overall efficiency. Above the optimal concentra-
tion, the HO∙ and hþ

vb scavenging effect of H2O2 exceed its positive effect as
electron acceptor [113]. The addition of electron acceptors also makes the photo-
catalytic system quite complicated, and unexpected changes might occur; for
instance, in the case of Ag+ or Fe3+ addition, they might even change the catalyst by
precipitating in their metallic form [129].

Electron donors are especially employed in the case of H2 generation via water
splitting. Several organic electron donors have been employed, like alcohols and
organic acids. In the case of CdS-based photocatalysts, the use of sulfite and sulfide
ions has been proved to be beneficial to H2-production [129].

1.5.7 Effect of Matrices

In the aqueous phase, the pH of the matrix is one of the key parameters, as it has a
complex effect on heterogeneous photocatalysis. The pH affects the surface charge
of the catalyst particles; above the point of zero charge (PZC), the catalyst becomes
negatively charged, while at lower pH it becomes positively charged. This affects
the adsorption of substrates on the surface due to electrostatic interactions. The
aggregation of suspended catalyst particles also depends on pH, as particle–particle
interactions result in lowered surface area and a loss of photocatalytic activity. The
optimal pH range greatly depends on the catalyst, the reactants, and the goal of the
application [11, 113].

Matrices may contain dissolved or floating microscopic organic components,
which generally decrease the efficiency of photocatalytic processes. Suspended
solids reduce the efficiency of all photochemical processes due to increased light
scattering/reflectance.

Dissolved organic compounds often act as a scavenger of HO∙ and/or hþ
vb ,

resulting in lower mineralization efficiency [11]. Their adsorption on the catalyst
surface can increase the aggregation of suspended particles and occupy adsorption
sites otherwise available for target compounds [130]. To solve this issue, there have
been efforts to produce photocatalytic materials that show selectivity to the sub-
strates. Coatings with selectively adsorbing materials [131] and molecular printing
[132] increase the selectivity of photocatalysis for the removal of pollutants, while
the adsorption of ions on TiO2 has been used to increase its efficiency in CO2

reduction and increase the formation of useful products like CH4 [133].
The presence of inorganic ions has complex and varied effects. Adsorbed

inorganic ions affect the surface charge of the catalysts and dramatically change
adsorption properties and reaction mechanisms [134]. They may occupy adsorption
sites and even displace surface −OH groups, resulting in reduced hole trapping and
decreasing photocatalytic activity [135]. There are, however, special cases in which
inorganic ions appear to enhance photocatalytic activities, like fluoride ions (F−).

1 Photocatalysis: Introduction, Mechanism, and Effective Parameters 23



These ions replace the surface Ti–OH groups of TiO2 with Ti–F groups, and
significantly increase the transformation of organic pollutants. However, for those
compounds where adsorption is required for degradation, a negative effect was
observed [136, 137]. The effect even highly depends on the crystal structure, as
increased efficiency of phenol degradation was observed on fluorinated anatase,
while reduced transformation rates on rutile [138, 139].

The most frequent anions in natural waters are Cl−, HCO3
−, PO4

3−, SO4
2−, and

NO3
−. During the transformation of organic pollutants, both positive and negative

effects have been reported. They may scavenge HO∙ or react with hþ
vb to form

reactive species, such as Cl∙, CO3
∙−, PO4

∙−
, and SO4

∙−. These are much more
selective species toward organic substances than HO∙; therefore, their effect on the
transformation rate depends on the chemical structure and reactivity of the substrate
[140].

Other ions, like Fe3+ or NO3
−, have the potential to increase the efficiency of

photocatalytic processes by enhancing charge separation and promoting HO∙ for-
mation [113]. NO3

− and NO2
− may react with e�cb to form N2, and this can be

utilized to remove these ions as they are harmful in drinking water reserves,
although the method still needs further development [141]. Cations like Fe3+ and
Al3+ generally have a negative impact on the efficiency, while the most abundant
cations in natural matrices, Na+, Ca+, and Mg2+ rarely affect that [140].

Reducing the matrix effect is a major challenge in large-scale applications of
heterogeneous photocatalysis for water treatment.

1.6 Conclusions

Photocatalysis is one of the promising alternatives for environmentally friendly
green solutions in water treatment, air cleaning, and energy production. Researchers
with different backgrounds are involved in its development and concentrate their
efforts on producing new photocatalytic materials that can cut costs and have
adequate quantum efficiencies for the various applications. One of the prominent
topics in this field is the heterogeneous photocatalysis driven by sunlight. Besides
finding the proper materials for this application, researchers have to find cheap
alternatives for catalysts manufacturing. The complexity of factors affecting pho-
tocatalysis efficiency and operation cost poses a significant challenge for imple-
menting systems, especially those including removing pollutants from waters
having complex matrix.
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Chapter 2
Optimization of Process, Mechanism
and Kinetics Study for Photocatalytic
Oxidation

Tejendra K. Gupta, Sucheta Sengupta, and Manoj Raula

Abstract Photocatalysis is the fastest growing and popular technological
advancement used in various fields of science and technology, such as treatment of
wastewater for the degradation of organic pollutants, self-cleaning surfaces,
anti-fouling coating and photocatalytic water-splitting. Additional advantages for
the photocatalytic oxidations are easier to use, cost-effective and environmentally
benign. Nanomaterials, such as TiO2, ZnO, Fe2O3, NiO and many more, are
extensively used as photocatalyst for various applications as mentioned earlier.
Nanomaterials play an important role in the advancement of innovative methods to
produce new products and to reformulate new materials with enhanced perfor-
mance, also consume less energy and materials and reduce the environmental
dangers. A better understanding about the kinetics and mechanism of the photo-
catalytic oxidation is required to comprehend about this newly developed tech-
nique. This chapter aims to provide the state-of-the-art research activities targeting
basic principles involved in the photocatalytic reactions, role of nanomaterials in
optimization of process and mechanism and kinetics of photocatalytic oxidation.
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2.1 Introduction

A large range of organic matters generated from agricultural overspills, industrial
wastes and chemicals are the major water pollutants [1]. Their stability, toxic nature
for natural decomposition and tenacity in the environment have become the cause
of much concern to the civilizations and regulatory authorities everywhere in the
globe [1, 2]. Development of suitable techniques for the degradation of contami-
nated particles from the wastewaters containing toxic or non-biodegradable com-
pounds is highly necessary. Among the processes, several methods have been
suggested and some advancement has also been done for the elimination of the
organic pollutants. However, many organic chemicals are toxic and these methods
are not adaptable to microbial degradation. Researchers have shown interest, and
they have started the rigorous studies on heterogeneous photocatalysis, after the
discovery of the photo-induced splitting of water on the surface of TiO2 electrodes
[3]. Two-dimensional semiconductor materials have been found to be active
heterogeneous photocatalysts in a number of environmentally important reactions.
Among them, TiO2, ZnO, Fe2O3, NiO and many more are extensively used as
photocatalyst for wastewater treatment. Photocatalysis with two-dimensional
semiconductor materials can be used in organic synthesis to catalyse the reac-
tions like oxidation reactions and reduction reactions, C–C bond formation or
cyclization [4, 5]. Titanium dioxide (TiO2) has been found to be the
two-dimensional semiconductor material with the highest photocatalytic activity,
non-toxic nature, highly stable in aqueous solutions and relatively cost-effective.
A variety of aromatic and aliphatic substances and compounds containing halogen,
oxygen, nitrogen or sulphur substitutions could be oxidized via using photocatalysis
process [6]. In photocatalysis process, the photons with sufficient energy are
absorbed by the photocatalyst and then the electrons are excited from the valence
band to the conduction band which generates electron–hole pairs and induces the
chemical reactions [7]. In photocatalytic reduction reaction of nitrobenzene, the
electrons in conduction band reduce the nitrobenzene to aniline, and at the same
time, alcohol is oxidized to aldehyde [8].

These photocatalytic reactions have several advantages such as high energy
input at mild reaction conditions, the use of the less energetic substrates and the less
amount of by-products formation; however, these photocatalytic reactions currently
have less importance in the chemical industry. The main issues are the limited
availability of scalable technical equipment for the reactions and less knowledge of
the reaction mechanisms and kinetics which make the optimization and scaling-up
highly challenging [4]. According to data available on the Web of Science database,
almost seventy thousand research articles have been published from 2009 to 2019
on photocatalysis which includes “photocatalytic” as the keyword [9].

Therefore, in this chapter, the kinetics of photo-oxidation reaction and the effect
of the reaction parameters on the rate and optimization of reaction parameters with
respect to efficiency and productivity are discussed in detail.
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2.2 Mechanism and Kinetic Study of Photocatalytic
Oxidation

Photocatalytic oxidation (PCO) is a fascinating substitute for wet degradation of
organic compounds with several advantages like easy operation, high efficiency,
consumption of less amount of energy and nominal secondary pollution. In a typical
photocatalytic oxidation reaction, suspensions of semiconductor nanomaterials
prepared in desired solvent are irradiated using UV–Vis light and then the excita-
tion of electrons takes place from valence band to conduction band [10, 11]. This
excitation forms oxidizing sites (hole) in the valence band and a reducing sites
(electron) in the conduction band which is shown in Fig. 2.1 and in Eq. (2.1) [10,
11]. This photo-oxidation process degrades the organic compounds into harmless
reaction products like carbon dioxide and water [12]. For example, in TiO2, which
is the most common photocatalysts, the photodegradation process of the organic
dye can be schematically described in Fig. 2.1 [13].

Once the photocatalytic surfaces are irradiated with light, a charge separation
process immediately follows due to the absorption of the irradiated light as shown
in Fig. 2.1. The photoexcited electron goes to conduction band which eventually
reacts with the O2 or H+ ions present in the solution and reduces them [7].
Subsequently, the positive hole generated in the valence band will oxidize H2O or
organic dyes present in the solution [7, 10–17]. The chemical reactions involved
during the oxidation of the organic dyes with TiO2 as an example can be sum-
marized as follows [7, 10–13]:

TiO2 þ hm ! TiO2 e� þ hþð Þ ð2:1Þ

OH� þ hþ ! HO� ð2:2Þ

H2Oþ hþ ! HO� þHþ ð2:3Þ

HO� þOrganic Compounds ! CO2 þH2O ð2:4Þ

Fig. 2.1 Photocatalytic degradation of organic dyes using semiconductors
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Similarly, other semiconductors, viz. ZnO, Fe2O3, SnO2, ZnS and CdS, also
follow similar mechanisms and effectively catalysed the photodegradation of
organic dyes [7, 15, 17]. These semiconductor nanomaterials absorb different
wavelengths of the electromagnetic spectrum depending on the band gap of the
semiconductors. The band gaps of the commonly used semiconductor nanoparticles
are listed in Table 2.1 [7, 15, 17].

The semiconductor materials initiate the photocatalysed decolourization of a dye
in a solution by the photoexcitation and form an electron–hole pair on the surface of
catalyst (Eqs. 2.1, 2.5). The high oxidation potential of the hole (hþ

VB) in the catalyst
allows the direct oxidation of the dye to reactive intermediates as shown in Eqs.
(2.2, 2.6) [7, 12, 13, 15, 17]:

MO=MO2ð Þþ hm ! MO=MO2ð Þ e�CB þ hþ
VB

� � ð2:5Þ

hþ
VB þDye ! Dye�þ ! Oxidation of the dye ð2:6Þ

The hydroxyl radical (OH∙) is the other reactive intermediate which is also
responsible for the photocatalytic degradation. This hydroxyl radical can either be
formed by the decomposition of water (Eq. 2.3) or be formed by the reaction of the
hole with OH− (Eq. 2.4). The OH∙ radical is highly strong and non-selective oxi-
dant (E0 = +3.06 V) which mineralizes the several organic chemicals partially or
completely [14]:

hþ
VB þH2O ! Hþ þHO� ð2:7Þ

hþ
VB þHO� ! HO� ð2:8Þ

HO� þDye ! Degradation of the dye ð2:9Þ

Table 2.1 Band gaps for the
different semiconductors

Number Semiconductors Band gap (eV)

1 TiO2 3.2

2 ZnO 3.2

3 Fe2O3 2.0

4 SnO2 3.9

5 ZnS 3.7

6 CdS 2.5
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2.2.1 Photo-oxidation of Commercial and Azo Dyes
in Aqueous Solutions

The photocatalytic degradation of methyl orange (MO), Rhodamine 6G (R6G),
Rhodamine B, crystal violet, etc., and organic dyes are well studied employing
heterogeneous photocatalytic process using different semiconductors [16, 18, 19,
20] such as titanium dioxide (TiO2), zinc oxide (ZnO), stannic oxide (SnO2), zinc
sulphide (ZnS) and cadmium sulphide (CdS). Rhodamine B is a very important
basic dye extensively used to dye wool, cotton, silk and papers where dazzling
shades of fluorescent effects are required. Methyl orange (MO) is another important
azo dye extensively used in foodstuffs, textiles, pulp and paper and leather indus-
tries. The release of these complex dyes and their products in the environment is
generally related to toxicity problems [18–20]. Thus, environment-friendly
decolourization of these dyes is necessary. That can be achieved easily by using
the process of photo-oxidation using above-mentioned semiconductors.

2.2.1.1 Mechanism of Photo-oxidation of Rhodamine B

The degradation pathway of Rhodamine B is depicted in Fig. 2.2. Photo-oxidation
of Rhodamine B degrades into various organic subunits, such as aldehydes, acids or
alcohols. Eventually, all these organic subunits degrade into H2O, CO2, CH4, etc.
[15]. Das et al. [15] identified the intermediate products using GC–MS and FT-IR
spectroscopic study. The reaction mixtures contain products such as adipic acid,
phthalic acid, 2-hydroxypropanoic acid, glutaric acid, propane-1,2,3-triol, formic
acid, butane-1,3-diol, acetic acid and 2-dihydroxy acetic acid. Some of them are
less harmful to the environment and further brake down to the low molecular
weight acids and then finally to CO2 and H2O achieving complete mineralization
[15].

2.2.1.2 Mechanism of Photo-oxidation of Methyl Orange

Similarly, the photo-oxidation of methyl orange azo dye is found to follow the steps
as mentioned in Fig. 2.3. He et al. [21] were able to identify all the intermediate
stages as highlighted as A, B, C, D, E, F and G intermediates of the methyl orange
azo dye as shown in Fig. 2.3. Finally, the intermediate products will degrade into
smaller fragments which will further degrade into H2O, CO2, etc.
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2.2.2 Destruction of Volatile Organic Compounds (VOCs)
in Indoor Air via Photocatalytic Oxidation Process

Volatile organic compounds (VOCs) are the well-known pollutants, which are
produced from various sources, such as combustion by-products, office equipment,
construction materials and consumer products. Aldehydes, aromatics, alcohols,
halocarbons and esters are the main components containing VOCs which is iden-
tified in the indoor air. Photocatalytic oxidation (PCO) can be a promising method

Fig. 2.2 Pathways of degradation of Rhodamine B upon photo-oxidation. Reprinted with the
permission from [15]
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for removing the VOCs. The examples of VOCs include formaldehyde, 1-butanol,
ethanol, hexane, acetone, toluene, benzene, trichloroethylene and methyl ethyl
ketone. The chemical pollutants can be decomposed by PCO which is performed
using photocatalyst, ultraviolet (UV) light and oxygen. Among different types of
photocatalysts, TiO2 has been the most encouraging candidate owing to its high
stability, low cost, ease of synthesis and the excellent capability to degrade various
compounds as mentioned above [11, 22–24].

In the presence of air or oxygen, UV-irradiated TiO2 can degrade many organic
contaminants completely.

Fig. 2.3 Pathways of degradation of methyl orange azo dye upon photo-oxidation. Reprinted with
the permission from [21]
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The TiO2 can be activated by UV light and can be written as:

TiO2 þ hm ! TiO2 hþ þ e�ð Þ ð2:10Þ

In this reaction, hþ and e� are called strong oxidizing and reductive agents,
respectively, and these oxidative and reductive reactions are expressed as

Oxidative reaction:

OH� þ hþ ! OH ð2:11Þ

Reductive reaction:

O2 adsð Þþ e� ! O� ð2:12Þ

During the degradation process of organic substances and compounds, the
oxidation of adsorbed water or adsorbed OH� forms the hydroxyl radical (OH�)
which is the primary oxidant. The presence of oxygen can inhibit the recombination
of hole–electron pairs. For a complete photocatalytic oxidation reaction, the final
products formed during the reactions are CO2 and H2O [11, 22–24].

OH� þ PollutantþO2 ! Products CO2; H2O; etc:ð Þ ð2:13Þ

2.2.3 Photocatalytic Oxidation of Water

Artificial photosynthetic devices have shown great attention as future clean energy
systems [25]. Development of an effective and robust catalyst for oxidation of water
to evolve O2 (Eq. 2.14) is crucial to yield a breakthrough for constructing an
artificial photosynthetic device [26–29].

2H2O !Water Oxidation Catalyst
O2 þ 4Hþ þ 4e� ð2:14Þ

Over the last decade, considerable advancements have been done for the
development of manganese, ruthenium and iridium complexes as catalysts for water
oxidation [26–29]. The molecular characteristics of these catalysts have been
studied which provide hints for development of an effective catalyst and to gain
clues to reveal the mechanism of O2 evolution catalysed at the photosynthetic
oxygen evolving complex (OEC). The active site of such OECs is known to consist
of oxo clusters, such as tetramanganese-oxo cluster [30]. For the development of an
artificial photosynthetic device, it is essential to understand the catalytic aspect in
photo- and/or photoelectro-driven water oxidation [31].

Popular examples of water oxidation catalysts include cobalt oxide, manganese
oxide (which are driven by visible light) [16], nickel oxide (from 1st transition

40 T. K. Gupta et al.



series) and other metal oxides of 1st transition series like TiO2, Cu2O, Fe2O3 [27–
29]. Cobalt oxide is most promising and prominent water oxidation catalysts, and
its activity is defined through turnover frequencies (TOFs) [16, 27, 29]. Co3O4 has
become spinal-type water oxidation catalysts, and it is highly advanced and
promising, due to low cost and stable structure [31].

Manganese oxide (MnOx) is extensively accepted as favourable catalyst for
water oxidation as well. In photosystem II (PSII), Mn4CaO5 clusters turn solar
energy into chemical energy [30]. More focus has been given to manganese oxide
due its environmental factor and redox reactivity for the photocatalytic water oxi-
dation [30].

The photocatalytic oxidation of water using various semiconductor catalysts,
such as MnOx, was explored in the presence of a photosensitizer ([Ru(bpy)3]

2+) and
a two-electron acceptor (Na2S2O8) in aqueous buffer solution (Fig. 2.4). In the [Ru
(bpy)3]

2+ −S2O8
2− system, [Ru(bpy)3]

2+ is capable to absorb visible light and
electron–hole pairs are generated on the catalyst surface. The electrons which are
excited were banished by the sacrificial electron acceptor S2O8

2− by further oxi-
dation of [Ru(bpy)3]

2+ to [Ru(bpy)3]
3+ and reduction of S2O8

2− to SO4
2− and a

sulphate radicals (SO4
∙−). Therefore, the formed radical can further oxidize the [Ru

(bpy)3]
2+ to give [Ru(bpy)3]

3+. Then, the holes of [Ru(bpy)3]
3+ molecule are

donated to the catalyst and are reverted back to [Ru(bpy)3]
2+; at this site, water

molecules are oxidized to form oxygen molecules at the surface [30].

2.2.4 Photocatalytic Reduction of Nitrobenzene

Hakki et al. [32–34] have reported the reduction of nitrobenzene in ethanol which
also gives quinolines as one of the products and also discussed the kinetics of the

Fig. 2.4 Photocatalytic cycle of water oxidation using the Na2S2O8 and [Ru(bpy)3]
2+ system in

the presence of various semiconductor photocatalysts
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whole reaction up to quinolones. The experiments were carried out in the
photoLAB Batch-S system (Peschl Ultraviolet) equipped with 25 ml four identical
reactors arranged around a 20 W (radiant flux) LED lamp. In this experiment, the
TiO2 photocatalyst suspended into ethanol and nitrobenzene is used. The light
intensity is varied from 4 to 100 lmol L−1 s−1, and it is measured and verified by
the ferrioxalate actinometer [6].

The kinetics and the effect of the reaction parameters of the photocatalytic
reduction reaction of nitrobenzene in ethanol are studied using TiO2 as a photo-
catalyst with varying the intensity of light from 4 to 100 lmol L−1 s−1 and catalyst
concentration from 0.25 to 12.5 g L−1 [6].

Figure 2.5 shows the complete reaction mechanism of photocatalytic reduction
reaction of nitrobenzene in ethanol. During photocatalytic reduction, nitrobenzene
is reduced to aniline, via intermediates such as nitrosobenzene and phenylhy-
droxylamine. The concentration of these intermediates is very low, and therefore,
they can be observed qualitatively but not quantitatively. Simultaneously, the
oxidation of ethanol also takes place to acetaldehyde in the two consecutive
one-electron transfer reactions, via an alcohol radical. For complete reduction of
nitrobenzene, stoichiometric balance is necessary, so for this, three equivalent
molecules of ethanol are oxidized to provide the electrons. Till 40 min of irradia-
tion, nitrobenzene is completely reduced, and after this, the colour of the suspension
changes from white to light blue, which is because of the well-known incomplete
reduction of the TiO2 surface by trapping of electrons which are generated from
photoradiation as Ti(III), since an electron acceptor is no longer available [6]. After
the reduction up to aniline and acetaldehyde, these reactions give condensation
products which are easily observable. These such reactions are acid-catalysed, and
when they progress over TiO2 due to its acidic surface groups, they are faster in the
presence of an added acid [32]. In the first step, condensation of acetaldehyde with
aniline takes place to give ethylideneaniline. After that, a Povarov reaction of
ethylvinylether (formed from acetaldehyde and ethanol) with ethylidenaniline takes
place and gives 4-ethoxy-1,2,3,4-tetrahydroquinaldine [35].

Ethanol can be eliminated and form 1,2-dihydroquinaldine, and the following
oxidation, reduction or disproportionation reactions lead to quinaldine and
1,2,3,4-tetrahydroquinaldine. The intermediates formed in the above reaction can be
determined using GC–MS and further verified and quantified using GC-FID [32,
35, 36]; in this reaction, the intermediates nitrosobenzene and phenylhydroxy-
lamine formed are reactive and can condense with other intermediates or aniline to
form azoxybenzene or azobenzene.

The reduction rate of nitrobenzene as a function of the light intensity is shown in
Fig. 2.6 in which the rate of the reaction increases almost linearly at low light
intensity, and when the light intensity is high, the rate of the reaction increasingly
shows diminishing returns. Similar behaviour is generally seen for other types of
photocatalytic reactions. At higher light intensity, the changes in the reactions may be
due to the increase in charge carrier recombination at higher light intensity [37–41].
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Fig. 2.5 Mechanism of reduction of nitrobenzene in ethanol in the presence of photo-light
reaction. Few steps of photocatalytic reaction are represented by blue arrows, and other major
intermediates or products are represented by black box. Reprinted with the permission from [6]

Fig. 2.6 Reduction rate dependence (knb) of the nitrobenzene reduction rate on the volumetric
photon flux density (qp) for different TiO2 photocatalyst concentrations. Reprinted with the
permission from [6]
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2.2.5 Photocatalytic Reduction of Nitrogen Containing
Organic Substances

Serious chemical contaminants are the nitrogen containing organic substances
which are found in a wide range of aquatic environments. They are most common
ingredients of various detergents, biocides, explosives, synthetic dye, lubricants,
industrial solvents and wasted foods and drugs, all of which could be significant
sources of water pollution. In a study by Kim et al. [42], the kinetics and mecha-
nism of the photocatalytic degradation of a series of (CH3)nNH4−n

+ (0 � n � 4)
were studied systematically in an UV-illuminated aqueous suspensions of TiO2 at
pH ranges of 3–11. In the photocatalytic oxidation reaction of organic substances
and compounds, all the elements present in a molecule can be mineralized to
inorganic species such as carbon to carbon dioxide, hydrogen to water, sulphurs to
sulphates, halogens to halide ions and phosphorus to phosphates, respectively.
Nitrogen-containing compounds are the unique compounds due to their photocat-
alytic degradation properties which leads to the two main inorganic species such as
ammonium (NH4

+) vs nitrate (NO3
−). The relative concentration of these two

product ions depends upon the molecular structure of the substrates, the oxidation
state of nitrogen, pH value, the illumination time and the adsorption behaviour of
the substrates during photocatalysts [42]. In this work, photocatalytic degradation
study of (CH3)nNH4−n

+ (0 � n � 4) has been carried out and the kinetics of
photocatalytic degradation of formation of intermediates and products were dis-
cussed at a different pH. All the substrate samples are prepared in TiO2 suspensions,
and pH of each sample is maintained by adding hydrochloric acid and sodium
hydroxide. Xe arc lamp is used as a light source for photo-irradiation [42]. The
kinetics of photocatalytic degradations of (CH3)4N

+ at various pH is discussed and
described successfully by the first-order kinetics. There is no effect of pH on the
molecular charges of (CH3)4N

+, but the rate of degradation is affected strongly by
change in pH. The unexpected drastic decrease in degradation rate was found at
pH-7, and this decrease may be due to the particle aggregation and surface area
reduction.

2.2.6 Photocatalytic Degradation of Pesticide Derivatives

Pesticides are another type of organic pollutants in water system, and these pesti-
cides can come from various sources such as agricultural runoff, industrial effluents
and chemical spills [2]. Their toxicity in the environment and persistence have been
the cause of much concern to the society worldwide. Qamar et al. [1] have reported
the photocatalytic degradation of two types of pesticide derivatives such as dami-
nozide and triclopyr (as shown in Fig. 2.7a, b) in the aqueous TiO2 suspensions.

The change in the substrate concentration and reduction of total organic carbon
(TOC) were monitored by UV spectroscopic techniques with respect to the
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irradiation time. The kinetics of degradation were also studied under the different
conditions such as pH of the reaction, concentrations of catalyst and substrate, types
of TiO2 and in the presence of electron acceptors like ammonium persulphate,
potassium bromate, hydrogen peroxide and in addition to molecular oxygen [1].
Study reveals that the degradation rates were strongly influenced by all the above
conditions. The kinetic study shows that the pesticide derivative triclopyr degraded
very fast as compared to daminozide. TiO2 can photocatalyse efficiently these
pesticides and their derivatives in the presence of radiation and oxygen [1].

In this study, it was found that the Degussa P25 type TiO2 photocatalyst was
more efficient as compared with other types of TiO2 photocatalyst. The addition of
the electron acceptors can also enhance the degradation rate of the pollutants. These
results obtained from this study clearly show the importance of selecting the
optimum degradation parameters to achieve a high degradation rate, which is highly
essential for any of the practical application of photocatalytic oxidation reaction
processes.

2.3 Optimization of the Reaction Conditions

The optimization of the reaction conditions for the above-mentioned photocatalytic
oxidations was important to obtain optimal results. For the optimization of the
reaction conditions, the variation of reaction parameters, such as pH of the solution,
catalyst concentration, concentration of dyes, irradiation time and wavelength of the
irradiation light, should be monitored [7, 12-15, 17]. For example, Kansal et al. [12]
showed the degradation of the methyl orange and Rhodamine 6G in various pH
mediums, such as 2, 4, 8, and 10 pH at fixed dye concentration (25 mg/l), and
catalyst loading of 1 g/l for 4 and 3 h for MO and R6G dyes, respectively, using
various photocatalysts, such as ZnO, TiO2, ZnS, SnO2 and CdS [12]. The results
reported by Kansal et al. prove that ZnO shows high photocatalytic activity as
compared to the others, especially TiO2 for both the dyes under similar degradation
conditions [12]. The photocatalytic efficiency of various catalysts towards the
degradation of MO and R6G at different pH values also varies to great extents as
well. The degradation efficiency for both the dyes was higher in the pH range 8–10
[12]. Similar variation in the pH of the solution is also reported by Yaras et al. [43]
for the cationic dyes Basic Blue 3 [BB3] and Basic Yellow 28 [BY28] in water.
These two dyes also degrade higher in higher rates in the higher pH. Photocatalytic

Fig. 2.7 Chemical structure of a triclopyr and b daminozide pesticide derivatives [1]
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water oxidation reactions also heavily depend on the pH, amount of catalyst and
time of photo-irradiation as well [30].

2.4 Conclusion

We are able to highlight all possible oxidation process in water or air under the
influence of light irradiation. Semiconductor nanomaterials serve as the catalytic
site for the photo-oxidation process. This photocatalytic oxidation process is found
to be very helpful in destroying or degrading various organic impurities such as
organic dyes in water as waste or organic volatile substances present in air.
Photocatalytic water oxidation is another important and immersing field which will
facilitate us in mimicking the photosynthesis by plants and will help us to obtain O2

from water. A detailed understanding of the optimization, kinetics and mechanisms
of the above-mentioned photo-oxidation reactions will help us further in designing
new photo-oxidation reactions.
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Chapter 3
Design and Synthesis of Nanostructured
Photocatalysts for Water Remediation

Mahima Sharma, Subhasha Nigam, and Monika Joshi

Abstract The presence of pollutants in aquatic environment evoked a major
challenge among the whole scientific community. Meanwhile, solar energy-driven
nanostructured photocatalysts are considered as most promising materials for water
remediation as it utilizes natural sunlight as a source of energy and produces fewer
or no toxic by-products. The nanostructured materials as photocatalysts are gaining
tremendous interest due to their unique properties, such as high surface area,
tuneable band gap, and strong oxidation ability. But the comparatively low pho-
tocatalytic efficiency remains a crucial drawback for the practical industrial appli-
cation of the nanostructured photocatalysts. To solve this issue, various approaches
have been utilized for the designing of advanced multifunctional photocatalysts.
Predominantly, combing a semiconductor material with metal or semiconductor to
form a nanocomposite photocatalyst has become a viable approach for designing of
multifunctional highly efficient photocatalyst. Herein, we have elaborately show-
cased recent advances in the development of novel multifunctional nanostructured
photocatalyst for water remediation via numerous approaches. Moreover, a concise
summary of the present challenges and an outlook for the designing and synthesis
of nanostructured photocatalyst in the field of water remediation are provided.
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3.1 Introduction

Water is the most essential, precious, and abundant natural resources for all life on
the earth. But only <1% of water resources have reliable access of clean and
affordable water for human consumption [1]. The anthropogenic activities like rapid
industrialization, unplanned urbanization, and population growth are the main cause
for deterioration of water quality [2]. So, water pollution produced by physical,
chemical, and biological pollutants of water has become a key environmental
concern for society, public authorities, and industries [3]. The domestic, sewage,
and industrial activities are persistently linked with the discharge of a bevy amount
of numerous hazardous contaminants like diverse dyestuffs, heavy metal ions, oils,
and other toxic carcinogenic organic and inorganic pollutants [4]. The utmost issue
of these wastewater with environmental concerns is their high chemical oxygen
demand (COD), biological oxygen demand (BOD), total dissolved solids, and total
suspend solids (TSS) [5]. Thus, the elimination of these wastewater is mandatory
before they are released into aquatic ecosystems due to its intense color, low
biodegradability, and high toxicity [6]. The release of these industrial wastewater in
water reservoirs without treatment or with improper treatment using conventional
methods adversely affects the plant, aquatic life, and humans. Therefore, it is
prerequisite to develop environmentally acceptable water remediation technology
for the conservation of water resources and environment [7].

Nanotechnology offers the potential for the development of an alternate tech-
nologies for the wastewater treatment. Various methods, such as biological treat-
ment, coagulation, membrane filtration, ion exchange, photocatalysis, and
adsorption, have been employed to treat wastewater [7–10]. Among these, photo-
catalysis has proved to be most promising method for wastewater treatment,
because the method utilizes natural resources such as water and sunlight to produce
reactive oxygen species (°OH and °O2

−) for complete mineralization of hazardous
compounds present in wastewater [11]. Recently, semiconductor oxide as photo-
catalyst like titanium dioxide (TiO2), zinc oxide (ZnO), zinc sulfide (ZnS), tungsten
trioxide (WO3), copper oxide (CuO), etc., has attained focus for degradation of
pollutants [12–15].

3.2 Different Types of Pollutants

Water is contaminated by numerous undesirable foreign substances like physical
substance, chemicals, biological species, domestic, sewage and industrial wastes
etc. These pollutants degrade the quality of the water and make it unacceptable for
its best utilizations. Water pollutants can be categorized into below-mentioned three
types, according to their form of existence in water (Fig. 3.1).
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i. Physical pollutants
ii. Chemical pollutants
iii. Biological pollutants.

3.2.1 Physical Pollutants

The physical pollutants cause alteration in pH, temperature, odor, turbidity, and
thermal and electrical characteristics of water [16]. Physical pollutants can be
further classified into three categories.

3.2.1.1 Floating Substances

The floating substance includes leaves, foam, wood, etc. Foam is produced by
soaps, surfactants, detergents, untreated wastewater etc.

3.2.1.2 Suspended Substances

The suspended substance includes sand, rubber, metal pieces, paper, carcasses, silt,
sewage, pulp, etc.

3.2.1.3 Thermal Effects

It is primarily due to the release of heated water from different industries and
thermal power plants. This heated water escalates the degradation of organic sub-
stances and lowers the dissolved oxygen level in water.

Fig. 3.1 Types of water pollutants
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3.2.2 Chemical Pollutants

Chemical pollutants are usually most detrimental to human and aquatic ecosystems
and can be classified into following three categories.

3.2.2.1 Inorganic Pollutants

Inorganic pollutants include acids, inorganic salts, minerals, metallic compounds,
alkalies, chlorine, phosphates, sulfates, nitrates, sulphites, bicarbonates, trace ele-
ments, etc. In these pollutants, excessive amount of heavy metal ions is noticed due
to industrial and sewage wastes. These heavy metal ions are nonbiodegradable in
nature [17].

3.2.2.2 Organic Pollutants

The organic pollutants can also be categorized as biodegradable and non-
biodegradable pollutants [18].

i. Biodegradable organic pollutants
It includes sugar, fats, proteins, and other organic substances, found in
domestic, sewage, and industrial wastewater. These pollutants can be oxidized
in anaerobic or aerobic conditions.

ii. Nonbiodegradable organic pollutants
It includes dyes, pesticides, insecticides, paints, herbicides, plastics, fungicides,
etc., that contaminate the water reservoirs by numerous human activities. They
are toxic and not degraded by the microbes. So, they remain in the aquatic
ecosystems for long periods.

3.2.2.3 Radioactive Pollutants

It includes radioactive elements like 137Cs, 238U, 14C, 45Ca, 32P, 60Co, 248Pu,
35S, 235U, 31I etc. These pollutants are explained as release of high energy or
radioactive materials into the water reservoirs by nuclear power plants and medical,
agricultural, and industrial activities [19].

3.2.3 Biological Pollutants

Biological pollution is generated by domestic, sewage and industrial wastes, and
excretory products of man and animals. Biological pollutants include pathogenic
forms of algae, bacteria, virus, protozoa, etc. [20].

52 M. Sharma et al.



3.3 Different Methods Used for Water Remediation

Industrial, domestic, and sewage waste contain various pollutants like dyes, heavy
metal ions, and other organic and inorganic toxic compounds. To provide sus-
tainable environment for human, plants, and aquatic flora and fauna, wastewater
treatment is essential. Various methods were employed for the wastewater treat-
ment. Comparison of wastewater treatment methods is presented in Table 3.1.

3.3.1 Physical Method

3.3.1.1 Membrane Filtration

Membrane filtrations like ultrafiltration, reverse osmosis, and nanofiltration have
received remarkable attention for water reuse, chemical recovery, and removal of
dyes and heavy metal ions present in wastewater [22]. This method is resistant for
microbial attack, temperature, and chemical environment. The limitations of this
method are expensiveness, membrane fouling, and formation of secondary waste
streams which have to be further treated [23].

i. Ultrafiltration
Ultrafiltration uses semipermeable membrane for the separation of suspended
solids in the influences of pressure gradient [24]. These unique membrane
characteristics enable ultrafiltration to allow passage of low molecular weight
solutes and solvents, while retaining molecules that have size bigger than pore
size of membrane [25]. Salahi et al. prepared polyethersulfone ultrafiltration
hollow fiber membranes via phase inversion induced by dry-jet wet spinning
process [26]. This membrane was studied for the separation of oil from oily
wastewater. This membrane effectively removed the chemical oxygen demand
(COD), total organic carbon (TOC), turbidity, total suspended solids (TSS),
and oil and grease content (OGC).

ii. Reverse osmosis method
Reverse osmosis method involves a semipermeable membrane between two
distinct concentrations of solution that exist on either side of membrane. By
applying the pressure greater than osmatic pressure, flow will be started from
high concentration zone to low concentration zone [27]. As membrane is
sensitive to fouling, so this method can be employed for wastewater after prior
pre-treatment. This method is applicable for broad range of pH. The removal
of dyes and heavy metal ions by this method is majorly affected by pressure
[28]. Bunani et al. investigated the performances of brackish water reverse
osmosis (AK-BWRO) and seawater reverse osmosis (AD-SWRO) membranes
at 10 bar as applied pressure [29]. These RO membranes were used for reuse
of secondary treated urban wastewater in agricultural irrigation.
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Table 3.1 Comparison of wastewater treatment methods [21]

Methods Advantages Disadvantages

Ultrafiltration • Low driving force
• Small space requirement
• High packing capacity

• Prone to membrane
fouling

• Biodegradation of
membrane material

Nanofiltration • Easy operation
• Low energy consumption

• Prone to membrane
fouling

• Expensive

Reverse osmosis • Efficient rejection rate
• Accounts for more than 20% of
world desalination capacity

• High power
consumption

Adsorption • Effective
• Low cost

• Low reusability
capacity

Coagulation-flocculation • Simple
• Applicable to large-scale
wastewater treatment

• Improved sludge settling

• High chemical
consumption

• Production of toxic
sludge in large
quantity

• Sludge disposal
problem

Ion exchange • Selective heavy metal removal • Expensive
• Fouling of resin

Chemical precipitation • Simple to use
• Can be adapted to handle large
quantity of wastewater

• High chemical
requirement

• Sludge disposal
problem

Chemical oxidation • Does not increase volume of sludge
• Rapid process for removal

• Expensive
• Problems in sludge
disposal

• Formation of
by-products

Electrochemical • Rapid process
• Nonchemical requirement

• High cost of electricity
• Formation of
by-products

Photocatalysis • Non-toxicity
• No foul smells
• No sludge formation

• Utilization of
expensive catalysts

Biological • Noninvasive removal of pollutants
• Completely mineralizes the toxic
pollutants into non-toxic end
products without any requirement
of rigorous monitoring

• Process takes longer
time for the removal
of pollutants
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iii. Nanofiltration method
Nanofiltration method has unique characteristics between reverse osmosis and
ultrafiltration [30]. Removal of dyes and heavy metal ions is based on elec-
trical (Gibbs-Donnan) and steric effects. A Donnan potential is formed
between anion in semipermeable membrane of nanofiltration and co-anions
(ions with same charge polarity as nanofiltration membrane’s ions) in
wastewater [31]. The separation process involves surface charge and small
pores of nanofiltration membrane. This method is also applicable for broad
range of pH. Garcia-Ivars et al. used three nanofiltration membrane, i.e.,
TFC-SR2, NF-270, and MPS-34 for removing trace pharmaceutically active
compounds in wastewater from wastewater treatment plants [32].

3.3.1.2 Adsorption

Adsorption is an effective and reliable wastewater treatment method, in which
contaminants are transferred from liquid form to solid form. It can be operating in
wide range of physical, biological, and chemical processes. Various organic and
inorganic contaminants are eliminated from aqueous medium by adsorption method
[33]. Various low-cost and eco-friendly adsorbents like coconut shell, bagasse, rice
husk, and industrial sludge were utilized for removal of dyes and heavy metal ions
from wastewater [34]. Samanta et al. investigated the role of main constituents of
coconut fibers on absorption of anionic (acid and reactive) and cationic (basic) dyes
[35]. Zhang et al. fabricated the MnO2 nanowires/polyurethane (PU) foam com-
posites using hydrothermal method [36]. The hydrophobicity–oleophilicity was
enhanced by chemical modification using silane coupling agent (KH 570). This
nanocomposite exhibited the excellent oil recoverability and absorbent regenera-
bility. Son et al. developed a magnetic biochar by pyrolysis of waste marine
macro-algae as a feedstock, and biochar was then doped with iron oxide particles to
impart magnetism for efficient removal of copper heavy metal [37].

3.3.1.3 Coagulation–Flocculation

The coagulation includes the destabilization of colloidal particles by the addition of
coagulants (alum, ferric chloride, polyelectrolyte, guar gum, etc.), which leads to
agglomeration of smaller particles [38]. For further enhancement in particle size,
coagulation method is followed by flocculation to produce large flocs, which can
easily settle down at bottom [39]. This method is simple and economically viable,
but it has low removal efficiency and generates large amount of sludge. GilPavas
et al. used Al2(SO4)3 as coagulant for the industrial textile wastewater treatment
[40].
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3.3.1.4 Ion Exchange

In ion exchange, mobile ions present in external solution are exchanged for simi-
larly charged ion that is electrostatically attached to immobile solid matrix [41].
Various synthetic organic resins (AV-17, AP-2, etc.), cereal grain-based products
(soya parley, cellulose xanthate, etc.), and chelating agents (chitin, chitosan, etc.)
were utilized for removal of different dyes and heavy metal ions from aqueous
medium [42]. Regeneration of ion exchanger is possible using alkali or acids after
saturation of resins. The disadvantages of this method are expensiveness, fouling of
resin, clogging of resin owing to hardness of precipitated water and oxidation of
resin by organic brighteners and oxidizing agents [3]. Sharma et al. synthesized
polyacrylamide Zr(IV) vanadophosphate (PAM/ZVP) nanocomposite as an ion
exchange for the degradation of congo red dye [43].

3.3.2 Chemical Method

3.3.2.1 Chemical Precipitation

Chemical precipitation includes the generation of a separable solid part from a
solution with the use of chemicals [44]. Many chemicals like soda ash, lime, caustic
soda, etc., were employed for the precipitation of heavy metal ions and dyes as
insoluble carbonates, hydroxides, fluorides, and sulfides. Disadvantages of this
method involve excessive sludge formation and requirement of large amount of
chemicals [3]. Huang et al. studied the simultaneous removal of the total ammonia
nitrogen, phosphate, and fluoride from wastewater by chemical precipitation
method [45].

3.3.2.2 Chemical Oxidation

Chemical oxidation facilitates the decontamination of various pollutants present in
the industrial and domestic wastewater. The oxidizing agents utilized are hydrogen
peroxide (H2O2), ozone (O3), chlorine (Cl2), etc.

i. Oxidation by ozone
Ozone (O3) is a rapid and effective oxidizing agent for the water and
wastewater because of its high instability compared to another oxidizing
agents like hydrogen peroxide and chlorine [46]. It can easily degrade phenols,
pesticides, aromatic and chlorinated hydrocarbons, and chemical oxygen
demand (COD) level of wastewater [47]. Main advantage of this method is
that ozone is applied in gaseous state and it does not increase volume of sludge
and wastewater. Disadvantages associated with method are high cost, and
continuous supply of ozone is needed as it has short life span. Guo et al.
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investigated the sulfamethoxazole degradation using ultrasound (US), ozone
(O3), and ultrasound/ozone oxidation process [48].

ii. Oxidation by chlorine
The application of chlorine as disinfecting agent is extensively known;
recently chlorine is used for the treatment of textile dyeing industry wastew-
ater by in situ formation of chlorine using electrolysis of chlorine containing
salts exist in the wastewater [49]. It can also be used in gaseous form for the
water and wastewater treatment. But the main drawback of this method is the
discharge of aromatic amines, which are aromatic in nature. Stange et al. used
the chlorination, ozonation, and UV treatment for the removal of
antibiotic-resistant bacteria and antibiotic resistance genes from drinking water
[50].

iii. Oxidation by Fenton’s reagent
Hydrogen peroxide in combination with ultraviolet (UV) radiation is known as
Fenton’s reagent. UV radiation dissociates the hydrogen peroxide into two
hydroxyl (°OH), and these radicals have strong oxidation capacity that can
easily oxidize the organic pollutants [51]. Main disadvantage of this method is
generation of sludge as a result of flocculation of reagent and pollutants [52].

3.3.2.3 Electrochemical

Electrochemical is an efficient method for the removal of organic and inorganic
pollutants without formation of sludge. This is a chemical process taken place under
the influence of electrolytic potential [53]. When the applied electrochemical
potential passes through an ion exchange membrane, oxidation–reduction happens
at electrodes. High cost of electricity limits its application. Jiang et al. treated the
explosive wastewater by electrochemical method using Ti/IrO2 as the anodic
electrode [54].

3.3.2.4 Photocatalysis

The photocatalysis is the chemical process which starts the reaction by ultraviolet,
visible, or sunlight in the presence of catalyst (photocatalyst) that adsorbs the light
and is involved in the degradation of reaction pollutants [55]. Figure 3.2 and Eqs.
(3.1)–(3.4) illustrate the basic reaction mechanism of a photocatalyst to produce the
reactive oxygen species, which can remove pollutants in the following steps:
(i) photons with a specific energy (ht) are absorbed by the photocatalyst; (ii) the
absorbed photons with energy (ht) greater than the band gap energy (Eg) of pho-
tocatalyst lead to the generation of electrons (e−s) in the conduction band and
corresponding holes (h+s) in the valence band; and (iii) generated electron–hole
(e−–h+) pairs will migrate to the surface of photocatalyst for oxidation of pollutant.
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Excitation: Photon:

htð Þþ Photocatalyst ! e�CB þ hþ
VB ð3:1Þ

Oxidation of water:

H2Oþ hþ
VB ! Hþ þ �OH ð3:2Þ

Reduction of adsorbed oxygen:

O2 þ e�CB ! �O2
� ð3:3Þ

Oxidation of pollutant:

�O2
� þ �OHþ Pollutant ! CO2 þH2Oþ Intermediates ð3:4Þ

The catalyst like zinc oxide (ZnO), copper oxide (CuO), and titanium dioxide
(TiO2) was employed for the removal of pollutants into carbon oxide (CO2) and
water (H2O) [7]. Degradation is initiated by the generation of reactive oxygen
species (hydroxyl radicals and superoxide radicals, etc.). Intensity of light, structure
of dye, pH, and temperature affects the degradation of pollutants. The major
advantages of this method are non-toxicity, no foul smell, and no sludge formation.
The disadvantage is the utilization of expensive catalysts for wastewater treatment.
Baladi et al. synthesized Dy2ZnMnO6 nanoparticles as a double perovskite [56].
The photocatalytic performance of the prepared product was examined by

Fig. 3.2 Schematic diagram
illustrating the principle of
photocatalytic process
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decolorization of three dyes including eriochrome black T, methyl orange, and
methyl violet under UV irradiation. Covei et al. prepared the thin film
heterostructures based on TiO2 as n-type semiconductor and copper zinc tin sulfide
(Cu2ZnSnS4) as p-type semiconductor, and this film was tested for the methylene
blue dye removal under visible and solar light [57]. Ali et al. used the bismuth-TiO2

nanotube composites as photocatalyst for the treatment of industrial wastewater
[58].

3.3.3 Biological Method

Biological method has promising advantages over conventionally available meth-
ods due to its cost-effectiveness and environment-friendliness [59]. This method
can completely mineralize the toxic pollutants into non-toxic end products without
any requirement of rigorous monitoring. The noninvasive removal of pollutants
occurs via metabolic potential of microorganism or biosorption [60]. This method
can be aerobic, anaerobic, or combination of both. Algae, fungi, and bacteria are the
main microorganism groups that were used for treatment of wastewater. The major
drawbacks that limit its application include the fact that process can take longer
time for the removal of pollutants. Hülsen et al. used purple phototrophic bacteria
for domestic wastewater treatment [61].

3.4 Nanotechnology and Nanomaterials for Wastewater
Treatment

Nanotechnology is the technology which works at nanoscale and has applications in
the almost all fields of real world. Nanotechnology involves the fabrication, alter-
ation, and application of biological, chemical, and physical systems at scales
varying from individual atoms or molecules to submicron sizes and the amalga-
mation of the resultant nanostructures into larger system. They display distinctive
physicochemical properties than their respective bulk counterparts of their small
size.

3.4.1 Nanomaterials as Photocatalysis

During past decades, the removal of numerous hazardous contaminants using
photocatalysis has been recommended as a viable solution for detoxification of
water [4]. Much consideration has been done to the photocatalytic removal of
pollutants with TiO2 nanoparticles under UV since conventional treatment methods
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are not efficient in removing the pollutants [62]. However, it remains a challenge to
synthesize an efficient visible light-assisted photocatalyst only created on an single
semiconductor photocatalyst. Thus, it is important to find an effective way to
improve the functioning of semiconductor photocatalysts. Nowadays, a numerous
of multifunctional composite have been prepared for different water remediation
applications [7]. There have been several studies reporting the preparation of
composite semiconductor photocatalysts via numerous approaches. Figure 3.3
illustrated the different synthesis approaches for composite photocatalysts for the
water remediation.

3.4.1.1 Heteroatoms Doping

Recently, the scheme of incorporating heteroatoms into the lattice of semiconductor
photocatalysts has been utilized for the regulation of band gap of semiconductor
photocatalysts so as to improve their degradation efficiency under visible light [63].
The generally employed dopants in semiconductor photocatalysts are classified as
the metallic cations and the non-metallic anions [64].

i. Metallic cation doing
The most utilized metallic cation dopants for semiconductor photocatalysts are
transition metal ions like Cu2+, Mo5+, Fe3+, Zn2+, Mn2+, etc. [65]. Usually, the
redox energy states of these utilized metallic cations remain within the band gap
energy states of individual semiconductor photocatalysts; thus, incorporation of
those metallic ions will form intra-band energy state near either conduction
band or valance band of a semiconductor photocatalyst. Subsequently, the red
shift in band gap energy absorption of a metallic cation-doped semiconductor
photocatalyst [66]. Additionally, the doped metallic cations can act as an e−–h+

pairs trapper for controlling the concentration of e−–h+ pairs.

Fig. 3.3 Schematic
illustration of different
synthesis approaches for
composite photocatalysts
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ii. Non-metallic anion doing
The doping semiconductor photocatalysts by non-metallic anion have been
recognized to be an alternative way to control the intrinsic electronic properties
of semiconductor photocatalysts, which lead to formation of several heteroa-
tomic energy levels. These non-metallic anion-doped semiconductor photo-
catalysts demonstrate enhanced photocatalytic efficiency under sunlight [67].
Numerous non-metallic elements, like carbon, nitrogen, fluorine, phosphorus,
and sulfur, were used as substitute for the oxygen in oxygen containing
semiconductor photocatalysts such as TiO2 and ZnO [68, 69]. The nitrogen
doping leads to improved visible light response of photocatalyst due to the
narrowing of p states of nitrogen of nitrogen-doped photocatalyst by overlap-
ping with 2p states of oxygen, comparable atomic radii of oxygen and nitrogen,
and high stability [70].

3.4.1.2 Heterojunction Construction

Construction of heterojunction in photocatalyst is another approach for improving
photocatalytic efficiency of semiconductor photocatalysts. Heterojunction photo-
catalysts are developed interface between two semiconductor photocatalysts with
the uneven band structure [71]. The heterojunction photocatalysts are classified as
conventional and new generation photocatalysts.

Fig. 3.4 Three different types of heterojunctions photocatalysts: a Type-I, b Type-II, and
c Type-III
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i. Conventional heterojunction photocatalysts
The conventional heterojunction photocatalysts are classified into following
three types (Fig. 3.4) [72]:

a. Straddling gap (Type-I)
In type-I, the valance band and conduction band of semiconductor II are
higher and lower than the valance band and conduction band of semicon-
ductor I, respectively [73]. Thus, photoexcited e–s and h+s transfer to the
conduction and valance band of semiconductor II. The reactive oxygen
species are generated on the surface of semiconductor II.

b. Staggered gap (Type-II)
In the type-II heterojunction photocatalyst, the valance band and conduction
band of semiconductor II are lower than the valance band and conduction
band of semiconductor I. Thus, photoexcited e–s will transfer to the con-
duction band of semiconductor I to the semiconductor II, and corresponding
h+s will transfer from valance band of semiconductor II to the semicon-
ductor I to inhibit the recombination of e––h+ pairs. It is the most effective
way to improve the photocatalytic efficiency of the photocatalyst [74].
Various type-II heterogenous photocatalysts have been synthesized for the
water remediation. For example, Sharma et al. successfully prepared mul-
tifunctional mesoporous CuO/ZnO-tetarpods heterojunction photocatalyst
using a two-step synthesis approach [7]. The result demonstrated that the
heterojunction photocatalyst has a type-II band structure and displayed
enhanced photocatalytic efficiency for the removal of methyl orange and
crystal violet dyes present in wastewater.

c. Broken gap (Type-III)
In the type-III heterojunction photocatalyst, the energy band gap of the two
semiconductor photocatalysts will not overlap, so there is no migration or
separation of e−s and h+s between semiconductor I and semiconductor II
[73].

ii. New generation of heterojunction photocatalysts
There are certain drawbacks of type-II heterojunction photocatalysts, like weak
redox capacity and suppressed migration of e−s and h+s due to electrostatic
repulsion [75]. To overcome these drawbacks, new generation of heterojunction
photocatalysts has been synthesized like p–n, surface, Z-scheme, and the
semiconductor/carbon heterojunction photocatalysts.

a. p–n heterojunction photocatalysts
The p–n heterojunction photocatalysts are designed by combining a p-type
and n-type semiconductors to improve the photocatalytic efficiency of
photocatalysts. When the p–n heterojunction photocatalysts are illuminated
by a light source, then e−–h+ pairs will be created in the related semicon-
ductor photocatalysts [76]. Though, photoexcited e–s and h+s will migrate to
the conduction band of n-type semiconductor and valence band of p-type
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semiconductor, respectively, because of the internal electric field.
Additionally, separation of the photoexcited e−–h+ pairs is much more
effectual in the p–n heterojunction photocatalysts compared than conven-
tional type-II heterojunction photocatalysts because of the combing effect of
the internal electric field and band arrangement [77].

b. Surface heterojunction photocatalysts
A surface heterojunction photocatalysts are designed on the heterojunction
between two crystal facets of a single semiconductor surface. As reported
before, a surface heterojunction can be created between two crystal facets of
a single semiconductor [73]. This heterojunction photocatalyst is much
cheaper than p–n heterojunction photocatalyst as it utilized a single
semiconductor.

c. Z-scheme heterojunction
Z-scheme heterojunction is designed using two types of semiconductors and
e– donor/acceptor pair. In the process of photocatalysis process, the pho-
toexcited e−/h+ will transfer from one semiconductor to another semicon-
ductor through the e− donor/acceptor pair [73]. So, e−/h+ will accumulate on
another semiconductor photocatalysts with higher redox potentials for more
efficient spatial separation of e−–h+ pairs.

d. Semiconductor/carbon heterojunction photocatalysts
The unique properties of the carbonaceous nanomaterials such as large
surface area, excellent conductivity, and high chemical stability make them
excellent candidate for designing novel photocatalysts for water remediation
[78]. The widely employed nanomaterials which are used with combination
of semiconductor photocatalysts are graphene oxide, carbon nanotubes, and
carbon dots. Various reports have shown the preparation of semiconductor/
carbon heterojunction photocatalysts by combining graphene oxide with
semiconductor photocatalyst like graphene oxide/ZnO, graphene oxide
TiO2, etc., for the treatment of different industrial wastewater [62]. For
example, Sharma et al. prepared graphene oxide/ZnO nanocomposite using
hydrothermal method and ZnO nanostructures by green synthesis (lemon
and honey) approach [5]. The prepared nanocomposite was used for the
removal of methylene blue dye.

3.4.1.3 Morphology Modification

Morphological modification of photocatalysts also affects the photocatalytic effi-
ciency. In this section, we will briefly discuss the designing of different
nanocomposite photocatalysts with morphologies of zero, one, two, and three
dimensions.
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i. Zero-dimensional photocatalyst
The zero-dimensional photocatalyst is described as spherically shaped mate-
rials within the dimensions in the nanoscale. These photocatalysts have
properties like high surface area, high chemical stability, easy to synthesize,
and functionalized for various applications [79]. Nowadays, these photocata-
lysts are synthesized by different chemical methods like hydrothermal, sol–gel,
etc.

ii. One-dimensional photocatalyst
The one-dimensional photocatalysts have unique characteristics like high
surface area, long aspect ratio, easy to synthesize, and functionalized [80].
One-dimensional photocatalysts with different morphologies such as wire, rod,
belt, and tube have been prepared by mainly electrospinning and hydrothermal
method.

iii. Two-dimensional photocatalyst
The two-dimensional photocatalysts (nanosheets) have distinctive properties
such as high surface area and tuneable structures [81]. Sheet like nanopho-
tocatalyst have been synthesized widely by hydrothermal approach.

iv. Three-dimensional photocatalyst
Nowadays, three-dimensional photocatalysts designed due to their exceptional
properties include high specific surface area, excellent adsorption capacity,
high chemical stability, excellent mass transfer capacity, and large number of
active sites, which make these photocatalysts as promising materials for
effective photodegradation of pollutants in water [82]. These photocatalysts
have been prepared by sol–gel, template method, in situ assembly, etc.

3.5 Synthesis of Photocatalyst

The photocatalytic activity of the photocatalysts greatly influenced by its prepara-
tion method. Various techniques including physical, chemical, and biological
methods have been used to synthesize nano photocatalyst. Photocatalytic material
can be prepared in the form of powders, fibers, and films by these methods. In this
section, we briefly discuss the major methods which are widely used for the syn-
thesis of nano photocatalyst.

3.5.1 Physical Methods

In physical techniques, the photocatalyst is deposited onto the substrate directly in
gas phase without any chemical change from precursor to photocatalyst. The
substrate can be glass, alumina, metal, zeolite, silicon, fluorine tin oxide-coated
glass or any porous material. Electron beam lithography and sputtering are the most
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used techniques under this category [83]. In these methods, the obtained photo-
catalyst is in the form of film. Various semiconducting photocatalysts like TiO2,
ZnO, SnO2, etc., with variety of shapes including spheres, rods, and wires can be
synthesized using this technique. The morphology and shape of the catalyst can be
controlled by controlling temperature and pressure conditions. The major advan-
tages of these methods are formation of pure thin films with uniform shape and size.
Additionally, the photocatalyst can be easily restored after wastewater treatment.
These techniques require expensive and highly complex system. Therefore, they are
not extensively used for the synthesis of photocatalyst.

3.5.2 Chemical Methods

These methods are widely used for the preparation of photocatalyst. Major chemical
methods include sol–gel process, chemical deposition method, hydrothermal, spray
pyrolysis, and microwave technique [84]. Majorly semiconducting nanostructured
material with or without doping of metal nanoparticles has been synthesized using
this technique. The main advantages of the method are that it includes simple
operation, low cost, and high yield of the photocatalyst. The brief discussion of few
chemical methods is as follows.

3.5.2.1 Sol–Gel Method

Sol–gel synthesis process is one of the most popular methods used for the synthesis
of photocatalyst. The methods have certain salient features like low processing
temperature, homogeneity of the finally produced material, and formation of the
complex structures or composite nanomaterials [85]. Doping of metal nanoparticles
on semiconducting matrix is widely used in photocatalysis process to reduce the
band gap of semiconducting nanostructures. Sol–gel method has an advantage that
it is easy incorporation of dopant in semiconducting matrix during synthesis pro-
cess. The method offers simple, fastest, and low cost for photocatalyst synthesis
[86]. In this method, variety of photocatalyst with different shape, size, and mor-
phology can be synthesized by controlling pH, temperature, reaction time, con-
centration of solvent, and aging temperature. TiO2, ZnO, Ag-doped TiO2, and
Au–TiO2 nano photocatalysts are few examples which have been synthesized using
sol–gel technique.

3.5.2.2 Chemical Vapor Deposition Method

Chemical vapor deposition (CVD) technique is one of the reliable techniques for
the growth of nano photocatalyst. The method involves deposition of atoms or
molecules on the substrate in their vapor phase. The obtained catalyst is in the form
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of film, composite supported. The method is capable to control high quality thin
film on the substrate. The main advantage of this technique includes controlled and
uniform morphology and narrow particle size distribution of the photocatalyst [87].
No post-annealing treatment of the photocatalyst is required in this method. Metal,
semiconductor nanostructures and their composites with high purity and high
performance as photocatalyst can be prepared using this technique. Recently, TiO2

thin film as photocatalysts on the surface of polymeric materials for water filter
application has been deposited using CVD method.

3.5.2.3 Solvothermal/Hydrothermal Method

Solvothermal is defined a chemical reaction, when the solvent is heated around their
boiling point with autogenous pressure. The process takes place in a steel vessel
containing Teflon line known as autoclave under constant temperature and pressure.
Organic, inorganic, and water can be used as a solvent in this method. If water is
used as a solvent, the method is termed as hydrothermal method [83]. The shape,
size, and the surface area of the photocatalyst mainly depend on the temperature and
pressure condition. Photocatalysts synthesis using this process usually involves
formation of crystal nucleation followed by its subsequent growth [88]. Therefore,
by controlling the parameters like temperature, pH, and solvent concentrations, the
final catalyst could be fabricated with desired particle sizes and morphologies [85].
Variety of metal, semiconductor nanoparticles, and their composites for photocat-
alytic applications has been synthesized using this method. The method is widely
used by industries for the preparation of nano photocatalyst.

3.5.2.4 Spray Pyrolysis

The method is a one step and scalable process which is widely used by industries
for the preparation of photocatalyst. In this method, the ionic solution of the desired
catalyst is sprayed over heated substrate [89]. The method provides flexibility of
choosing precursors and solvents; therefore, it is considered as an economically
viable solution for the industries. The photocatalysts synthesized by this technique
are more thermally stable compared with the other reported chemical methods. Two
or more metal nanoparticles, two or more metal oxides like Al-doped CeO2,
Cu-doped CexZr1–xO2, Sn-doped ZnO, Ag/TiO2, and their heterojunctions can be
easily synthesized using this method [90].

3.5.3 Biological or Eco-Friendly Method

Most of the chemical and physical methods have complex synthesis protocols and
require very high temperature and pressure conditions. Additionally, these methods
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require toxic chemicals as a reducing agent, which interns increases the cost of the
photocatalyst and sometimes some toxic chemicals are also deposited on the surface
of the photocatalyst [62]. On the other hand, biological methods have emerged as a
novel root for the synthesis of photocatalyst because of its ease of the eco-friendly
approach, economic viability, and possibility of readily covering large surface
areas. The method generally involves the non-toxic natural sources known as
microbes as a reducing and capping agent. Microbes of few nanometers to
micrometers are termed as nano factories, meaning generators of nanoparticles. The
green synthesis of nanoparticles is considered as economically viable solution as
they use microbes to produce nanomaterials as part of their metabolism and which
reproduce very quickly [91]. Plant extracts, fungi, yeast, and bacteria are some of
the famous natural sources which are widely used for the preparation of photo-
catalyst. A brief discussion of various green agents is discussed in detail below.

3.5.3.1 Synthesis of Photocatalyst Using Bacteria

Synthesis of metal and metal oxide nanoparticles using bacterial extract is con-
sidered as green, eco-friendly, and economical biological method for the synthesis
of photocatalytic nanoparticles. Cyanobacteria have huge potential for the
large-scale synthesis of nanoparticles with variety of shape and size due to being a
sustainable resource for various metabolic product [92]. Prokaryotic bacteria have
been extensively researched for the synthesis of nanoparticles as they can easily
survive in harsh environmental conditions and easy to manipulate. Some of the
researches also report the degradation of dyes and heavy metals present in
wastewater using cyanobacteria.

3.5.3.2 Synthesis of Photocatalyst Using Fungi

Recently, the use of fungi for the synthesis of metal nano photocatalyst is another
popular method. The prevention and handling of fungi is easy compared with
another microorganism. Moreover, most of the fungi secrete large quantities of
enzymes, which is a potential candidate as reducing agent for biosynthesis [93].
Compared to bacteria, fungi secret more protein which results in higher amount of
nanoparticles synthesis. However, the genetic manipulation of some specific
enzymes for over expression is much more difficult than in prokaryotes. Metal
nanoparticles like Ag and Au and other semiconducting photocatalysts like ZnO
and TiO2 are some of the photocatalysts which have been synthesized using fungi.
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3.5.3.3 Synthesis of Photocatalyst Using Plant Extract

The synthesis of nanoparticles using plant extracts and their metabolites has been
widely used for the preparation of metal and semiconducting nanoparticles and their
hybrids. Different parts of the plants including leave, stem, fruits accumulate bio-
molecules like protein, enzyme, and carbohydrates which are responsible for the
reduction of metal into nanoparticles [94]. The plant phytochemicals (flavonoids,
alkaloids, terpenoids, and amides) with antioxidant properties are responsible for
the synthesis of stable metal and metal oxide nanoparticles. In this method, the
shape, size, and stability of the nanoparticles can be controlled by controlling the
pH and concentration of the plant extract [95]. The major advantage of the
plant-assisted nanoparticle synthesis process is the kinetics of this method. It is
abundantly higher than other biosynthesis method. Additionally, it can be consid-
ered as an environment-friendly and cheap process for photocatalyst synthesis as
the stable nanostructures can be formed without the utilization of intermediate base
compounds [91]. Recently, nanoparticles like ZnO, TiO2, and their hybrid com-
posite have been synthesized using plant extract which are widely used for pho-
tocatalytic applications.

3.5.3.4 Synthesis of Photocatalyst Using Yeast

The synthesis of nanoparticles using yeast is another simple and cost-effective
approach for the synthesis of nanoparticles. Yeast secretors of extracellular
enzymes and number of species growth rate are fast, which help to keep the
culturing process simple at laboratory scale [96]. They can produce metal
nanoparticles and nanostructure via reducing enzyme intracellularly or extracellu-
larly. The synthesis of photocatalytic nanoparticles using yeast has limited
investigations.

3.6 Summary and Prospects

In summary, to address the worldwide major concerned problem of water pollution,
several photocatalysis procedures depended on various photocatalysts have been
designed. Numerous attempts have been done to further enhance the photocatalytic
efficiency of the semiconductors-based photocatalysts. In this chapter, the recent
advances in the designing and synthesis of nanostructured photocatalysts for water
remediation are presented, including the most adapted approaches for narrowing the
band gap of semiconductor photocatalysts, to supress the fast recombination of the
photoexcited e−–h+ pairs, to improve the visible light response of photocatalysts.
Furthermore, the nanostructured photocatalysts with several morphologies were
also summarized. Although remarkable designing and synthesis of nanostructured
photocatalysts has been attained, there are still many drawbacks yet to be addressed
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for improvement in the real-time industrial application implementation of the
photocatalysts. Thus, a few possible prospects for the recent development of
nanostructured photocatalysts for the water remediation are suggested based on the
current studies: (i) the current synthesis approaches are relative complex, expensive,
and utilize harmful chemicals, so a more simple, effective, and eco-friendly method
is expected; (ii) the mechanism of the nanostructured semiconductor photocatalysts
is still unclear, couple of them are implausible, and consequently, much more
attention is required for the basic analyses of the their catalytic mechanisms; and
(iii) the real-time industrial applications are inadequate, and therefore, novel
nanostructured photocatalysts with enhanced reusability are recommended.
Conclusively, we anticipate that this chapter can offer some beneficial support for
the design and synthesis of next generation of nanostructured photocatalysts for the
water remediation.
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Chapter 4
Graphene-Based Nanocomposites
for Photocatalytic Applications:
Emphasis on Environmental
Remediation

Hema Bhandari, Diwan S. Rawat, and Seema Garg

Abstract Graphene is one of the most promising and potential materials in the
field of nanotechnology due to its high specific surface area, unique planar struc-
ture, better conductivity and extraordinary chemical stability. It is considered as an
extremely potential material for development of various nanocomposites for
enormous applications. The optical and electrical properties of graphene are
enhanced by preparation of its composites with inorganic nanomaterials, polymers
or using functionalized graphene such as graphene oxide and reduced graphene
oxide. Superior and controllable optical properties of graphene-based nanocom-
posites make them excellent photocatalysts. Nanocomposites based on graphene
exhibit suppressed electron–hole pair recombination rates and diminish energy gaps
due to valence band-level and conduction band-level modifications, leading to the
better adsorption of light radiation and enhancement in the photocatalytic perfor-
mance of nanocomposites. This chapter will present an overview of state-of-the-art
graphene as well as functionalized graphene-based nanocomposites and their
photocatalytic activity for degradation of organic pollutants. In this chapter, various
strategies will be demonstrated to synthesize graphene-based nanocomposites. The
effect of various components such as inorganic nanoparticles, polymeric materials
and graphene analogue on photocatalytic activity of nanocomposites will be
reported. The goal of this study is to provide the latest and advance analysis in the
area of developing nanotechnology for photocatalytic application.
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4.1 Introduction

Carbon is the fourth most abundant element on the earth. The catenation behaviour
of carbon allows it to develop a variety of allotropes having a wide range of
dimensions such as zero-dimensional fullerenes, one-dimensional carbon nanotubes
and three-dimensional graphite. Among the various existing allotropes of carbon,
an attractive two-dimensional carbon allotrope, graphene is known as a sparkling
rising star, especially, since the Nobel Prize for Physics in 2010. Considering its
planar structure, graphene can also be arranged to form 3D graphite, turned to form
one-dimensional carbon nanotube and enfolded up into zero-dimensional fullerenes
with the introduction of pentagons. Therefore, graphene is known as the basic
building block of all dimensional carbon allotropes. It has single-, bi-, or multi-
layered of sp2 hybridized carbon atoms settled in a six-membered ring. Graphene is
the potential material in the field of nanotechnology as it has a unique band
structure in which the conduction band and valence band just close each other,
making an exactly zero bandgap semiconductor. It is a two-dimensional single
sheet sp2 hybridized of carbon atoms organized in a hexagonal close-packed
honeycomb like a crystal lattice. Due to its large surface area, better conductivity,
excellent charge carrier mobility, superior chemical stability, greater mechanical
strength, thermal and optical properties of graphene, it is found to be a suitable
candidate for the preparation nanocomposites for extensive range of applications in
various areas such as in photonics supercapacitors [1], electronics [2] biosensing [3]
solar cell [4, 5] and photocatalyst [6]. Graphene-based nanocomposites have been
employed for a wide range of applications especially as a photocatalyst for envi-
ronmental remediation over the past decade. The use of photocatalysts for the
degradation of pollutants such as dyes, chemicals and toxic heavy metals has
emerged as an effective method for wastewater treatment [7]. Use of photo catalysts
based on graphene-based nanocomposites offers significant advantages. (i) Due to
its unique 2D structure, graphene is used as the support to increase the specific
surface area of the photocatalyst, (ii) incorporation of semiconductors in graphene
matrix could enhance the performance of photocatalysts by increasing the charge
separation and inhibit the recombination of photogenerated electron and hole pairs,
(iii) the strong p–p interaction between graphene and organic molecules helps the
absorption of organic molecules. Therefore, these significant features of
graphene-based nanocomposites show that they can be used as a potential photo-
catalytic material for remediation of environmental pollution [8, 9].

Graphene derivatives such as graphene oxide (GO) and reduced graphene oxide
(rGO) are semiconducting in nature, and they have the ability to degrade pollutants
from wastewater photocatalytically. Moreover, graphene derivatives show narrow
band gap and behave as charge transfer media. Therefore, when these derivatives
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are incorporated with inorganic materials such as metal/metal oxide nanoparticles,
they can prevent agglomeration of nanoparticles by providing better dispersion
within the composites and increase the photocatalytic efficiency of the material.
Graphene oxide (GO) is one of the most extensively employed graphene precursors
due to its 2D open pore structure and the presence of numerous oxygen-containing
functional groups such as carboxyl, epoxy, carbonyl and hydroxyl. This property
allows the development of highly compatible graphene-based nanocomposites with
strong interactions between graphene and other material [10]. This chapter presents
the recent advances in the synthesis of graphene-based nanocomposites and their
photocatalytic applications.

4.2 Approaches for Synthesis of Graphene and Graphene
Derivatives

Graphene can be synthesized from a variety of materials which includes hydro-
carbon and other carbonaceous gases. Various methodological approaches have
been developed over the years, and these methods are most commonly used for the
synthesis of graphene such as chemical exfoliation of graphite [11], thermal
decomposition epitaxial growth on electrically insulated surfaces [12], chemical
vapour deposition method [13, 14], chemical methods [15] and microwave syn-
thesis [16].

In the chemical exfoliation method, solution dispersed graphite is exfoliated by
using large alkali ions between the graphite layers. The chemical vapour deposition
method is also found to be the most remarkable method synthesis of graphene in
large scale. Beside these methods, other methods have also been employed by
several researchers; for example, Dato and co-workers [17] reported synthesis of
graphene sheets using substrate-free gas phase method in which graphene sheets
were synthesized by passing liquid ethanol droplets into an argon plasma. Kosynkin
et al. reported [18] synthesis of graphene nanoribbons by unzipping of carbon
nanotubes.

Similarly, there are various methods available for the synthesis of derivatives of
graphene (i.e. graphene oxide and reduced graphene oxide). The known methods
for synthesis of graphene oxide were proposed by Brodie [19] and Staudenmaier
[20] which involves the use of strong acids such as nitric or sulphuric acid and
potassium chlorate. While the well-known Hummers method involves a mixture of
concentrated H2SO4, NaNO3 and KMnO4, in which, high yield of product was
achieved in a short duration of time [21]. Figure 4.1 shows the structure of gra-
phene oxide and reduced graphene oxide and their synthesis. The modern devel-
opments for synthesis of GO are based on Hummers oxidation and exfoliation of
graphite [22]. One of the most developed techniques to obtain graphene oxide with
greater yields is single-layer powder following a modified Hummer’s method [23–
25] which involve the initial oxidation of graphite to water-dispersible graphite
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oxide, which results in enhancement in the interlayer spacing between the
oxygen-containing graphene layers.

The hydrophilic properties of graphene oxide sheets are greater due to the
presence of oxygen-containing functional groups in it and render them prone to
swelling quickly and therefore easy to be dispersed in water. This process must be
followed by mechanical or chemical exfoliation of graphite oxide to graphene oxide
sheets and the final reduction to graphene. Furthermore, the reduction of graphite
oxide by thermal or chemical method leads to the formation of reduced graphene
oxide. Singh et al. [26] demonstrated the detailed review of known methods of
synthesis of graphene oxide by oxidation of graphite. The synthesis of graphene
and graphene nanostructure in good yield was carried out by chemical exfoliation of
graphite; this method is more fruitful and favourable than the other methods. In
another work, Alkhouzaam and co-workers [27] also developed modified Hummers
method to prepare graphene oxide particles with high oxidation degree. Similarly,
Alam et al. [28] demonstrated the preparation of graphene oxide by modified
Hummers method, where the concentration of NaNO3 had been reduced and the
concentration of oxidizing agents such as KMnO4 was increased. The reaction was
carried out in a 9:1 (by volume) mixture of H2SO4/H3PO4. That modification was
carried out to achieve high yield and minimize the evolution of the toxic gas while
using a varied proportion of KMnO4 and H2SO4 as those required by Hummers
method. In order to maintain the pH of the solution, the authors introduced K2S2O8

Fig. 4.1 Illustration of the structure of graphene oxide and reduced graphene oxide and their
synthesis
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to the reaction system. Reduced graphene oxide (rGO) was thereafter extracted by
thermal modification of GO.

4.3 Approaches for the Synthesis of Graphene-Based
Nanocomposites

A variety of nanoparticles have been used for the synthesis of graphene and
functional graphene oxide-based nanocomposites. They mainly include metal
oxides (i.e. TiO2, ZnO, Cu2O, Fe2O3 and SiO2, V2O5), metal sulphides (e.g. CdS),
metal oxyhalide (BiOI) and polymers (insulating polymers, biopolymers and con-
ducting polymers). The widely used preparation methods are in situ growth [29],
microwave-assisted method, [30] sol–gel technique [31–33], electrochemical
deposition [34] and hydrothermal and/or solvothermal method [35].

Table 4.1 shows the synthesis method of graphene-based nanocomposites for
photocatalytic application. The following paragraphs deal with a more detailed
illustration of the widely used synthesis methods for the fabrication of
graphene-based nanocomposites that have been performed by many researchers.

4.3.1 In Situ Growth Approach

In situ growth method is a conventional route for the preparation of GO-based metal
oxide nanocomposite on a higher scale. A variety of graphene-based metal oxide
nanocomposites have been prepared using these methods. The most common
precursors of graphene and metal compounds are functional graphene oxide and
metal salts, respectively. In this method, the salt is mixed with GO and then
converted to the corresponding oxide leading to the formation of graphene oxide/
metal oxide composite. After reduction of GO, graphene-based metal composites
were obtained. The presence of oxygen-containing functional groups on graphene
can act as the heterogeneous nucleation sites and anchor metal oxide nanoparticles
[36]. In in situ growth approach, a definite weight % of GO is dissolved in ethanol
and then mixed with metal salt under continuous magnetic stirring. This solution is
then sonicated for proper mixing at ambient temperature for about 20–24 h to make
complete reduction of the precursors. In situ method has been widely employed for
preparation of ZnO/graphene nanocomposites-based photocatalytic [37–39].
Similarly, Lambert et al. [40] also described the in situ synthesis of graphene oxide/
TiO2 nanocomposites by the hydrolysis of TiF4 in the presence of aqueous dis-
persions of GO. Similarly, in situ deposition method was also employed by He and
co-workers [41] to carry out the coating of graphene foam with BiOI. For the
preparation of GOF–BiOI nanocomposite, Bi3+ ions were first deposited on the
surface of the graphene oxide foam under electrostatic attraction, and they then
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Table 4.1 Some reported photocatalysts based on graphene/inorganic nanocomposites

Photocatalyst
(nanocomposites)

Preparation method Photocatalytic
application

References

ZnO/graphene
oxide

Solvothermal method Photodegradation of
methylene blue (MB)

[47]

GO-BiPO4 Self-assembly Photodegradation of MB [49]

SiO2/Cu2O/
graphene

Self-assembly method Photodegradation of
MB, rhodamine B
(RhB), reactive black B
(RBB)

[50]

Graphene-Ag Electrochemical synthesis Photodegradation of MB
and Congo red (CR)

[64]

GO
foam-supported
BiOI

In situ deposition approach Phenol removal [41]

Graphene-TiO2

nanorod hybrid
composite

One-step in situ synthesis Photodegradation of MB [114]

rGO/ZnO One-pot hydrothermal
synthesis

Photodegradation of MB [115]

Graphene oxide/
ZnO

Two-step sol–gel deposition
method

Degradation of basic
fuchsin (BF) dye

[116]

rGO/ZnO Hydrothermal methods Photodegradation azure
B dye

[117]

GO-ZnO One-pot sol–gel synthesis Photodegradation of MB [118]

Graphene oxide
Fe2O3

In situ method Photodegradation of
RhB and 4-nitrophenol

[119]

Fe2O3/reduced
graphene oxide

Hydrothermal method Photodegradation Rh B [120]

rGO-V2O5 Hydrothermal method Photodegradation of MB [121]

rGO-TiO2 Ex situ synthesis methods Photodegradation of
antibiotics
antibiotic-resistant
bacteria and their
associated genes

[74]

rGO/CdS-TiO2

nanocomposite
Modified hydrothermal
method

Photocatalytic
degradation of RhB,
crystal violet dyes

[83]

TiO2/Ag/rGO
nanocomposite

Hydrothermal methods Photodegradation of MB [81]

Fe2O3/graphene/
CuO

Solvothermal method Photodegradation of MB [77]

Nitrogen-doped
graphene ZnO/
CoFe2O4

Hydrothermal method Photodegradation of
methyl orange (MO) and
malachite green (MG)

[80]

Ag2S-MgO/GO Sol–gel method Photodegradation of
RhB

[85]

(continued)
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grew into nanoplates in situ. To achieve the in situ growth of bismuth oxy iodide,
the concentration of Bi3+, I− and graphene was quite adjusted which leads to the
uniform distribution of small plates of BiOI on the graphene oxide foams.

In another work, Sang et al. [42] demonstrated facile method for the synthesis of
rGO/TiO2 nanocomposites by assembling of graphene oxide (GO) on the surface of
TiO2 nanobelt followed by an in situ photocatalytic reduction using water–ethanol
solvent mixtures. GO nanosheets are tightly wrapped around the surface of the TiO2

nanobelts through an aggregation process and are then reduced in situ under UV
light irradiation to form rGO/TiO2 nanobelt surface heterostructures. Therefore,
in situ approach is the most wide and convenient method for preparation of
graphene-based photocatalysts at greater yield.

4.3.2 Sol–Gel Method

Sol–gel method is a wet chemical technique mostly used in the synthesis of
graphene-based semiconductor nanocomposites. It is based on the phase transfor-
mation of a sol obtained from organometallic or metallic alkoxides precursors. For
example, in order to prepare TiO2/graphene nanocomposites, tetrabutyl titanate was
dispersed in graphene-containing absolute ethanol solution which gradually formed
a sol with continuous stirring, which after drying and post-heat treatment changed
into TiO2/graphene nanocomposites. Wojtoniszak et al. [43] and Zhang et al. [44]
used a similar strategy to prepare the TiO2/graphene nanocomposite via the
hydrolysis of titanium(IV) butoxide in GO-containing ethanol solution.

4.3.3 Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal technique is a unique method for the development
of graphene-based photocatalysts. This method is a very low-cost method that is
facile, environmental friendly which involves the incorporation of inorganic

Table 4.1 (continued)

Photocatalyst
(nanocomposites)

Preparation method Photocatalytic
application

References

rGO-ZnO/
ZnFe2O4

Co-precipitation-calcination
process

Photodegradation of
tetracycline

[79]

Z-scheme CdS/
rGO/BiOI

In situ synthesis method Photodegradation of
chlorinated paraben

[122]

Au/PdO-rGO Sonochemical and
deposition–precipitation

Photodegradation of
tetrodotoxin

[123]
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nanoparticles on the graphene oxide sheets, where GO is reduced to graphene
simultaneously with or without reducing agents. This method involves synthesis of
composites generally in an autoclave under high temperatures and pressures.
Aqueous solution is used in hydrothermal method while in non-aqueous solution is
used in solvothermal method.

Shi et al. introduced [45] hydrothermal method for the synthesis of
graphene-TiO2 nanocomposites. The schematic diagram for formation of rGO/TiO2

nanocomposites using hydrothermal method is shown in Fig. 4.2a; in this method,
reduction of graphene oxide to reduced graphene oxide was carried out using
dextran as reducing agent and surface modifier. Then the TiO2 nanoparticles were
successfully prepared from a water soluble precursor, peroxotitanium acid and
attached to reduced graphene oxide/dextran matrix due to hydrogen bond and van
der Waals interactions. Recently, Liu et al. [46] demonstrated the hydrothermal
method for preparation TiO2 nanorods inserted graphene oxide-based photocata-
lysts. The synthesized nanocomposites showed remarkable photodegradation ability
especially for dyes such as methylene blue, rhodamine B, methylorange and Congo
red.

In another work, Atchudan and co-workers [47] prepared ZnO/graphene oxide
nanocomposites by simple solvothermal process as shown in Fig. 4.2b.

Similarly, Moussa and co-workers [48] synthesized reduced graphene oxide/
ZnO nanocomposites using solvothermal method. This method was also found to
be a cost-effective and facile method for the preparation of graphene-based metal
oxide nanocomposites.

4.3.4 Self-assembly Method

Lv and co-workers [49] demonstrated the synthesis of photocatalyst based on
graphene oxide/BiPO4 nanocomposites using two-phase self-assembly method. In
this method, the pre-synthesized toluene solution of oleylamine-capped BiPO4

nanocrystals (OM-BiPO4 NCs) was mixed with aqueous solution of GO and stirred
for 12 h. The self-assembly of OM-BiPO4 NCs on the GO nanosheets occurs at the
water/toluene interface. The removal of the oleylamine molecules from BiPO4 to
the surface of OM-GO-BiPO4 nanocomposites was carried out by acetic acid so as
to make the GO-BiPO4 nanocomposite readily dispersed in water for practical
photocatalytic application.

Nguyen et al. [50] demonstrated the synthesis of mesoporous SiO2/
Cu2O-graphene nanocomposites using self-assembly method. Schematic diagram in
Fig. 4.3 exhibits the procedure for synthesis of SiO2/Cu2O/graphene nanocom-
posite using self-assembly method. In this method, the mixture of Cu2O,
cetyltrimethylammonium bromide (CTAB) and tetraethyl orthosilicate (TEOS) was
sonicated and stirred for about 6–7 h. The pH value of the solution was adjusted
with the addition of NH4OH until reaching pH 9.5–10. SiO2/Cu2O-graphene dis-
persion was transferred to an autoclave for a hydrothermal reaction at 100 °C for
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24 h, the mixture was filtered and washed with distilled water and 95% ethanol
twice followed by calcined at 550–550 °C for 8 h. The authors suggested that the
mesoporous structure of the silica nanoparticles plays a major role in increasing the
photodegradation effect as well as the surface of the graphene sheets.

Fig. 4.2 Illustration of the a hydrothermal (Shi et al. [45]) and b solvothermal synthesis for the
synthesis of rGO/TiO2 and GO/ZnO nanocomposites. Reprinted with permission from Ref. [47]
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4.3.5 In Situ Polymerization

In situ polymerization method is used for the preparation of GO-based polymer
nanocomposite on a larger scale. This method has been employed to develop
polymers such as polyaniline, polypyrrole and polymethyl methacrylate in situ on a
graphene oxide matrix. For example, in order to synthesize graphene-based
polyaniline, aniline is used as a precursor, which is then immersed in the mixture of
dopant (HCl solution) and graphene solution. The polymerization is carried with the
addition of oxidant (ammonium persulfate). Ameen et al. [51] synthesized
polyaniline/graphene nanocomposites using in situ oxidative polymerization.
Similar method has been used by Mitra et al. [52] for the synthesis of reduced
graphene oxide/polyaniline nanocomposites for photodegradation of organic dyes.
Similarly, graphene-based nanocomposites can also be prepared using other poly-
mers by in situ oxidative polymerization [53]. Therefore, in order to incorporate
inorganic nanoparticles in graphene-polymer matrix, in situ oxidative polymeriza-
tion was found to be a more facile, controllable and scalable method [54].

4.4 Graphene-Based Inorganic Nanocomposite

The textile and printing industries consume a large quantity of toxic organic dyes
that are settled into the waters. The organic dyes, which remain in the effluents and
cannot be degraded by ordinary wastewater treatment methods. Persistence of the
health hazardous organic dyes in the water system leads to severe environmental
pollution and risk to living organisms. There are various techniques available for
decontamination of wastewater which include coagulation, precipitation, advanced
oxidation, adsorption, membrane filtration and photocatalytic processes, etc.
Among these techniques, photocatalysis is one of the most efficient methods for

Fig. 4.3 Schematic diagram for the preparation of SiO2/Cu2O/graphene nanocomposite. Adapted
with permission from Ref. [50]
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wastewater treatment. This method effectively degrades organic or inorganic pol-
lutants using low-cost photocatalytic materials that can be modified to utilize
inexhaustible solar light to further increase the degradation process.

Therefore, water treatments by using graphene-based inorganic nanocomposites
in the photocatalytic degradation of dyes such as methylene blue (MB), malachite
green (MG), methyl orange (MO) rhodamine B (RhB), rhodamine 6G (Rh6G),
reactive black 5 (RB5), Congo red (CR) became very important due to the danger of
dyes as environmental pollutants [55, 56]. There are various metal oxides such as
ZnO [57], Fe2O3 [58], TiO2 [59], WO3 [60] and V2O5 [61] have been explored as
heterogeneous photocatalysts in the last three decades. These photocatalysts
showed some unique properties such as large specific surface area and greater
numbers of active surface sites which favour the absorption of pollutants and
facilitate photogenerated charge carriers to react with pollutants. Under the influ-
ence of photo-irradiation, these nanomaterials generate photogenerated charge
carriers such as electrons (e−) and hole pairs (h+), which are responsible for the
reduction and oxidation of decontaminants on their surfaces. These charge carriers
combined with oxygen or water molecules present on the surfaces of the photo-
catalysts to produce reactive oxygen species, and these species further link with
organic molecules and change them to CO2 and H2O as a result of photocatalytic
degradation [62]. However, these inorganic nanomaterials are not so efficient for
photocatalytic degradation of organic pollutants as these photocatalysts are not ideal
when they are used alone. This is due to the rapid recombination of photogenerated
electrons and holes, which leads to their consumption. Various graphene-based
photocatalyst materials have been incorporated to improve their photodegradation
performance. Graphene-based inorganic nanocomposites were found to be potential
materials for photocatalytic degradation of organic pollutants. The pollutants such
as organic dyes, heavy metals and pathogenic microorganism can efficiently be
degraded or inactivated by using these nanocomposites. The interaction of graphene
or graphene derivatives with inorganic nanomaterials such as metal and metal oxide
nanoparticles can improve the photodegradation efficiency of nanocomposites
towards various pollutants which enhance the surface area of graphene and reduce
the electron–hole pair recombination, hence improving the photocatalytic activity
of the semiconductor due to the synergistic effect between the graphene and inor-
ganic nanoparticles.

Recently, Chandu and co-workers [63] reported in situ synthesis of reduced
graphene oxide sheets decorated with silver nanoparticles using custard apple leaf
extract as an effective reducing and stabilizing agent which showed remarkable
photocatalytic performance up to 96% for methylene blue in 2 h under sunlight. In
another work, Khan et al. [64] also investigated the photocatalytic performance
graphene-Ag nanocomposites. The authors reported that the organic dyes such as
methylene blue and Congo red could remarkably be degraded using this
nanocomposite under visible light irradiation. The authors investigated that the
hydrophilic nature of Ag nanoparticles is helpful in enhancement of photocatalytic
performance of graphene. Recently, Yaqoob and co-workers [65] reviewed gra-
phene oxide-based ZnO photocatalyst for dye photo-oxidation. The authors

4 Graphene-Based Nanocomposites for Photocatalytic Applications … 87



suggested that GO/ZnO nanocomposites can support the charge separation, light
absorption, charge transportation and photo-oxidation performance of dyes.
Raizada et al. [66] reviewed graphene-based ZnO composites photocatalyst for
wastewater treatment, and Posa et al. [67] demonstrated photocatalytic performance
of graphene/ZnO nanocomposites for degradation of methyl orange dye. The
authors investigated that the photocatalytic performance of ZnO nanoparticles was
enhanced by incorporation of GO. This was attributed to the enhanced visible light
absorption and decreased electron–hole pair recombination with the incorporation
of GO with ZnO. Therefore, a number of studies have been carried out to
demonstrate photocatalytic degradation of organic dyes from wastewater using
graphene-based ZnO nanocomposites [68–70]. Furthermore, GO-based ZnO
nanocomposites were also reported by Wu and co-workers [71] for the photocat-
alytic inactivation of bacteria such as Escherichia coli K-12. The authors demon-
strated that GO-ZnO composite had excellent VLD photocatalytic bacterial
inactivation activity, which was attributed to the strong interaction of ZnO
nanoparticles in GO matrix. The authors described that GO acts as a photosensitizer
and facilitated the charge separation and transfer, thus boosted the massive pro-
duction of reactive oxygen species which was identified as the major reactive
species from the conduction band of ZnO and resulted in a significant improvement
in bacterial inactivation efficiency.

Similarly, TiO2 was also found to be one of the most widely used photocatalysts
for environmental remediation due to its band gap of 3.2 eV, and it is usually active
under UV light irradiation. Graphene-based TiO2 nanocomposites have widely been
reported by many researchers [55, 72–74] for photocatalytic degradation of syn-
thetic dyes.

Gu et al. [72] demonstrated the photodegradation activity of methylene blue
using reduced graphene//TiO2 nanocomposite. Figure 4.4 shows the proposed
photocatalytic mechanism of rGO/TiO2 nanocomposite during a UV light irradia-
tion. The authors investigated that the photocatalytic activity of TiO2 nanoparticles
was enhanced by incorporation of graphene oxide. Similarly, photocatalysts based
on graphene-TiO2 nanocomposites have also been employed by Karaolia et al. [74]
for removal of antibiotics, antibiotic-resistant bacteria and their associated genes.
Zhang and co-workers [55] evaluated the photocatalytic performance of rGO-SnO2

and rGO-TiO2 composites for degrading rhodamine B under visible light irradia-
tion. The rGO-SnO2 composite showed a better photocatalytic activity than
rGO-TiO2. The authors concluded that the excellent photocatalytic performance of
the composite materials was associated with the good electrical conductivity and
effective charge separation because of the presence of rGO.

Recently, He et al. [41] demonstrated the synthesis of graphene oxide foam
coated with bismuth oxyiodide (GOF-BiOI) which exhibited a higher photocat-
alytic activity than BiOI and GO-modified BiOI for the oxidation of phenol under
visible light. The remarkable photocatalytic activity of GOF-BiOI was due to the
electron trapping role of graphene oxide foam, which effectively suppress charge
recombination.
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Teo et al. [75] introduced iron oxide nanoparticles in reduced graphene oxide
sheets to develop magnetically separable and reusable rGO/Fe3O4 nanocomposites.
The synthesized rGO/Fe3O4 nanocomposite was found to be super-paramagnetic in
nature at room temperature which exhibited better adsorption properties and
remarkable photocatalytic activity towards the degradation of methylene blue as
compared to rGO and pristine Fe2O3. Furthermore, rGO/Fe3O4 exhibited good
sustainability even after eight cycles of methylene blue photodegradation as shown
in Fig. 4.5; hence, the remarkable photocatalytic activity could be attributed to the
synergistic effect that arises between the rGO and Fe3O4 which significantly
reduces the charge recombination. Moreover, the magnetically separable rGO/
Fe3O4 could be reused for several photodegradation experiment cycles to elucidate
their sustainability.

Moreover, some researchers have developed graphene-based mixed metal oxides
hybrid nanocomposite for photocatalytic degradation of organic pollutants. For
example, Benjwal and co-workers [76] reported the synthesis of reduced graphene
oxide (rGO) metal oxide-based binary (rGO-TiO2/rGO-Fe3O4) and ternary
(rGO-Fe3O4-TiO2) nanocomposites by one-step solvothermal process. Those
nanocomposites had been used to photocatalytic degradation of methylene blue and
adsorption of arsenic. It was found that the ternary (rGO-Fe3O4-TiO2) nanocom-
posite revealed the highest dye degradation efficiency (� 100% within 5 min). As
compared to binary nanocomposite, this is due to the synergetic effect of graphene
and metal oxide nanoparticles which enhanced the surface area of rGO-Fe3O4-TiO2

nanocomposites.
Similarly, Nuengmatcha et al. [77] demonstrated the photocatalytic property of

graphene-based mixed metal oxides hybrid nanocomposite, i.e. Fe2O3/graphene/
CuO nanocomposites, which not only exhibited an excellent photocatalytic

Fig. 4.4 Proposed photocatalytic mechanism of the reduced graphene//TiO2 nanocomposite on
UV light irradiation. Adapted with permission from Ref. [72]
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property for degradation of methylene blue under visible light but also showed high
stability and recyclability.

Recently, Zhang and co-workers [78] developed the water-dispersible ZnO/
COFe2O4/graphene nanocomposites photocatalyst for the organic dye degradation.
The results showed that the nanocomposites had good water dispersibility, con-
venient magnetic separation and high photocatalytic activity. Similarly, Wei et al.
[79] synthesized reduced graphene-based ZnFe mixed metal oxide (rGO-ZnO/
ZnFe2O4) using co-precipitation–calcination process. The nanocomposite exhibited
higher photocatalytic performance and stability for the degradation of tetracycline
(100% photodegradation in 120 min.) under visible light irradiation. Moreover, the
photocatalyst could easily be separated from reaction mixture by applying an
external magnetic field.

In another work, Chandel et al. [80] developed nitrogen doped graphene-based
ZnO/ZnFe2O4 (ZnO/ZF/NG) and ZnO/CoFe2O4 (ZnO/CF/NG) photocatalysts for
degradation of toxic dyes such as methyl orange (MO) and malachite green (MG).

Fig. 4.5 a Photocatalytic degradation of methylene blue using different photocatalysts
nanocomposite under sunlight irradiation, b adsorption of MB by different catalysts after 12 h
stirring, c photodegradation efficiency (%) of MB solution for eight cycles in the presence of rGO/
Fe3O4 nanocomposites and Fe3O4 and (d). Photographic images showing methylene blue before
and after degradation by rGO/Fe3O4 and recovery by applying an external magnet G1F2, G1F5,
G1F10, G1F20 and F20 indicate weight ratio of GO: FeSO4 were 1:2, 1:5, 1:10, 1:20 and 500 mg
FeSO4, respectively, for the preparation of rGO/Fe2O3 nanocomposites. Reprinted with permission
from Ref. [75]
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The materials showed superior photocatalytic performance and recyclability. The
authors proposed the mechanistic view of photocatalytic degradation of pollutants
using ZnO/ZF/NG and ZnO/CF/NG nanocomposites as represented in Fig. 4.6.

Under visible light irradiation, mixed metal oxide (ZnFe2O4) becomes excited
which leads to generation of electrons and holes, while another metal oxide such as
ZnO cannot be excited due to the wide band gap. Hence, part of the photogenerated
electrons in the conduction band of mixed metal oxide (ZnFe2O4) transfer to the
conduction band of ZnO since the conduction band potential of ZnFe2O4

(−1.54 eV) is more negative than that of ZnO (−0.31 eV). The other part of the
photogenerated electrons quickly transfers to the surface of rGO due to the
ultra-high electron mobility that rGO has, and this process significantly inhibits the
rapid recombination of photogenerated electrons and holes in ZnFe2O4. Hence,
ternary nanocomposites based on ZnO/ZF/NG and ZnO/CF/NG showed higher
photocatalytic performance for degradation of toxic dyes by generating reactive
species such as electrons, holes, hydroxyl radicals and superoxides as indicated in
Fig. 4.6.

Vasilaki et al. [81] demonstrated another ternary nanocomposites based on silver
nanoparticles (Ag) loaded TiO2/reduced graphene oxide. The photocatalytic per-
formance of the hybrid nanocomposite was evaluated for removal of methylene
blue dye under visible light irradiation. The results showed that TiO2/Ag/rGO
nanocomposite showed complete decolourization of dye; hence, it presented
remarkably increased photocatalytic activity as compared to the TiO2/Ag, TiO2/
rGO composites and bare TiO2. Therefore, reduced graphene oxide had enhanced
the overall photocatalytic activity of metal/metal oxide nanoparticles towards vis-
ible light [82].

Fig. 4.6 Proposed mechanistism of photocatalytic degradation of pollutants using a ZnO/ZF/NG
and b ZnO/CF/NG nanocomposites [80]. Adapted with permission from Ref. [80]
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Dutta and co-workers [83] developed a ternary nanocomposite based on rGO/
CdS-TiO2 photocatalyst, in which TiO2 presents at the interface of rGO and CdS in
the composite and thus creates a barrier that impedes the direct interaction between
rGO and CdS. This leads to a relatively higher bandgap value for CdS in
nanocomposite, hence shows better photocatalytic activity by suppressing charge
recombination process. Moreover, rGO in the nanocomposite also supports rapid
dye degradation through higher dye adsorption and rapid internal electron transfer
(CdS ! TiO2 ! rGO) in the nanocomposite matrix as indicated by the schematic
diagram in Fig. 4.7.

Beside TiO2 and ZnO nanomaterials, some other metal oxides such as CuO have
also been incorporated with graphene matrix for photocatalytic applications. Gusain
et al. [84] demonstrated the use of rGO-CuO nanocomposites for photocatalytic
conversion of CO2 into methanol under visible light irradiation. The improved
photocatalytic activity of CuO in rGO-CuO nanocomposites was due to the slow
recombination of charge carriers and efficient charge transfer of photogenerated
electrons through the rGO sheet.

Recently, Wang et al. [85] developed a ternary photocatalyst based on
Ag2S-MgO/GO nanocomposites using the sol–gel method. The synthesized
nanocomposites exhibited excellent photocatalytic activity for rhodamine B
decontamination.

Similarly, Nguyen et al. [50] investigated the photocatalytic activity of meso-
porous SiO2/Cu2O-graphene nanocomposite which exhibited a remarkable photo-
catalytic degradation of organic dyes such as methylene blue, rhodamine B and
reactive black B. Moreover, the results showed that the mesoporous SiO2/
Cu2O-graphene composite was much more effective photocatalyst. The mesoporous
SiO2/Cu2O-graphene nanocomposite showed the significantly greater photodegra-
dation value of around 89.27% for rhodamine B, 68.62% for methylene blue and
84.07% for reactive black B as compared to Cu2O-graphene, Cu2O-graphene-TiO2

Fig. 4.7 Schematic diagram showing photocatalytic activity of ternary nanocomposite based on
rGO/CdS-TiO2 photocatalyst. Reprinted with permission from Ref. [83]
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composites and bare Cu2O nanoparticles under the same experimental condition as
shown in Fig. 4.8.

The authors also suggested that the photocatalytic degradation performance of
the mesoporous SiO2/Cu2O-graphene composite was influenced by two factors: the
adsorption capacity due to the mesoporous structure and the decomposition effect
through catalysis. The valence band of the SiO2 is higher than that of Cu2O.
Therefore, the photogenerated electrons of SiO2 transfer to the valence band of
Cu2O and then shift to the graphene surface to join the reduction reaction.
Simultaneously, the photogenerated holes of Cu2O also transfer to the graphene
surface to participate in oxidation reactions, and this whole process leads to the
suppression of electron–hole recombination and enhancement of photocatalytic
degradation.

Fig. 4.8 Degradation efficiency of different composites (0.05 g weight) with various dyes (MB,
RBh and RBB concentration 200 ppm) under visible light. Adapted with permission from Ref.
[50]
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4.5 Graphene-Based Polymer Nanocomposites

The design of graphene-based polymer nanomaterials for photocatalytic applica-
tions is one of the most promising routes in the field of wastewater treatment
technology. The combination of graphene or functionalized graphene with poly-
meric materials leads to the formation of highly durable and stable composite for
practical applications. Development of graphene-based polymer nanocomposites
has been the topic of increasing interest in both academic and industrial point of
view due to their multifunctional applications in different fields. Polymer
nanocomposites based on graphene and graphene analogue such as graphene oxide
and reduced graphene oxide have been used to enhance the mechanical and
chemical properties of polymers. A variety of polymers such as poly(vinyl alcohol)
[86], polystyrene [87], unsaturated polyester [88], etc., have been successfully used
to develop nanocomposites with graphene or graphene analogue for various prac-
tical applications. The following paragraphs deal with a more detailed illustration of
the widely used graphene nanocomposites based on variety of polymers such as
insulating polymers, biopolymers and conducting polymers that have been devel-
oped by many researchers for photocatalytic application for environmental
remediation.

4.5.1 Graphene-Based Insulating Polymers Nanocomposite

The development of graphene-based insulating polymer nanocomposites for pho-
tocatalytic applications has been found to be one of the most promising routes in the
field of environmental remediation. Incorporation of photoactive polymers in gra-
phene matrix can strongly improve the photocatalytic performance of nanocom-
posite by enhancing the separation and transfer of photogenerated charges. Ussia
et al. [89] developed a hybrid nanocomposite based on graphene and photoactive
polyporphyrins polymer, which was found to be highly efficient polymer-based
nanocomposites for degradation of methylene blue under visible light irradiation.

Recently, Hussien et al. [90] developed graphene-filled polymethyl methacrylate
(PMMA) nanocomposites using facile casting method, and the results showed that
the nanocomposites based on graphene-PMMA exhibited the most effective activity
in amoxicillin photodegradation under visible radiation at 30 min due to decrease in
electron–hole recombination. Table 4.2 reveals some reported graphene-based
insulating polymer nanocomposites for photocatalytic application.

Recently, Sundaran and co-workers [91] reported a reduced graphene
oxide-titanium dioxide (rGO-TiO2) loaded polyurethane (PU) nanofibrous mem-
brane for photocatalytic templates in water purification. The authors demonstrated
that the thermal and mechanical properties of the polyurethane membrane were
enhanced by incorporation of rGO-TiO2 nanocomposites. Moreover, the photo-
catalytic activity of polyurethane membrane was found to increase with an increase
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in rGO-TiO2 loading and PU/rGO-TiO2 nanofibrous membrane showed 95% of
degradation against methylene blue dye. Similarly, Zhang and co-workers [92]
reported a nanocomposite photocatalyst composed of zinc oxide as photocatalyst,
graphene oxide as dispersant and poly(vinylidene fluoride) (PVDF) membrane as
carrier.

The synthesized nanocomposites PVDF/GO/ZnO showed remarkable photo-
catalytic degradation of methylene blue (86.84%) under xenon lamp irradiation
which was found to be an efficient material for wastewater purification.
Furthermore, the authors demonstrated the effect ZnO and GO on the structure and
photocatalytic activity of PVDF/GO/ZnO ternary nanocomposite membranes. Due
to the strong hydrophilic nature of the carboxyl group, the addition of graphene
oxide enhanced the dispersibility of ZnO in PVDF membranes. Figure 4.9 shows
synergistic effects of ZnO, GO and PVDF in PVDF/GO/ZnO-based nanomembrane
on photodegradation mechanism of methylene blue.

Moztahida et al. [93] demonstrated photocatalytic degradation of methylene blue
using P25/graphene/polyacrylamide hydrogels which showed remarkable photo-
catalytic activity for degradation of methylene blue as shown in Fig. 4.10.
Furthermore, the authors investigated that rGO not only improved the adsorption
capacity of the hydrogel by increasing the surface area but also enhanced the

Table 4.2 Some reported graphene-based insulating polymer nanocomposites for photocatalytic
application

Photocatalyst (nanocomposites) Preparation methods Photocatalytic
application

References

Graphene-PMMA Casting method Photodegradation
of amoxicillin
antibiotic

[90]

PU/rGO–TiO2 Chemical deposition Photodegradation
of MB

[91]

P25/graphene/polyacrylamide
hydrogels

Chemical synthesis route Photodegradation
of MB

[93]

Poly(vinyl alcohol)/poly
(acrylic acid)/TiO2/graphene
oxide

Radical polymerization
and condensation
reaction

Photodegradation
of organic
pollutants

[95]

Poly(vinylidene fluoride)
(PVDF)/GO/ZnO

Immersion-precipitation
phase transformation

Photodegradation
of MB

[92]

Poly(vinylidene
difluoride-co-trifluoroethylene)/
GO/TiO2

Electrospinning method Photodegradation
of MB

[96]

AgO-CoO-CdO/poly(alanine)-
chitosan-rGO

Chemical method Photocatalytic
degradation of dyes

[97]

Cu2O/3D-rGO/nano-chitosan
composites

In situ reduction
synthesis

Photodegradation
of RhB

[98]

rGO/chitosan/Ag Self-assembly process Photodegradation
of RhB

[100]
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Fig. 4.9 Schematic diagram of photodegradation adsorption and proposed mechanism of PVDF/
GO/ZnO nanocomposite membrane for methylene blue. Reprinted with permission from Ref. [92]

Fig. 4.10 Schematic diagram showing photodegradation of methylene blue with P25/graphene/
polyacrylamide hydrogels. Reprinted with permission from Ref. [93]

96 H. Bhandari et al.



photocatalytic performance synergistically by inhibiting the recombination of
electron–hole pairs.

Ni and co-workers also developed [94] ternary nanocomposite-based photocat-
alyst which involved reduced graphene oxide-based polystyrene ceria nanocom-
posites for photodegradation of methylene blue. While Moon and co-workers [95]
developed graphene oxide/insulating polymers-based nanocomposites containing
four components, the researchers developed a photocatalyst based on poly(vinyl
alcohol)/poly(acrylic acid)/TiO2/graphene oxide nanocomposite using radical
polymerization and condensation reaction. The nanocomposites exhibited superior
photocatalytic activity for degradation of organic pollutants from wastewater.

Some researchers have demonstrated the photocatalytic performance of
graphene-based insulating copolymer nanocomposites. For example, Almeida et al.
[96] investigated the photocatalytic performance of poly(vinylidene
difluoride-co-trifluoroethylene) (P(VDF-TrFE)) copolymer fibrous membranes/
titanium dioxide/graphene oxide (TiO2/GO) nanocomposite. The presence of the
TiO2/GO increases the photocatalytic efficiency of the nanocomposite membrane
towards the degradation of methylene blue (MB) when compared with the mem-
branes prepared with pristine TiO2 in UV–visible range. The significant photo-
catalytic activity shown by these nanocomposites was explained on the basis of
rapid electron transport and the suppressed recombination of electron–hole pairs
due to improved ionic interaction between titanium and carbon combined with the
superior electric properties of the polymer, such as high polarization and dielectric
constant in addition with low dielectric loss. Some researchers have developed
graphene-based biopolymers for photocatalytic degradation of organic dyes.
Recently, Zhang et al. [97] developed AgO-CoO-CdO/poly(alanine)-
chitosan-reduced graphene nanocomposite-based photocatalyst for degradation of
organic dyes from wastewater.

Chitosan is biodegradable and biocompatible non-toxic polymer, and the
nanocomposites based on graphene with chitosan have also been reported for
photodegradation of organic pollutants. Similarly, Zhang et al. [98] also reported
the photodegradation of rhodamine B dye using cuprous oxide/3D-rGO/chitosan
nanocomposites. The photocatalytic performance of the synthesized nanocompos-
ites for degradation of rhodamine B dye under visible light was found to be
enhanced by 68.2 and 46.8% when Cu2O/3D-rGO/nano-chitosan composite was
used compared with the pristine Cu2O and Cu2O/3D-rGO nanocomposite. The
superior photocatalytic performance shown by Cu2O/3D-rGO/nano-chitosan com-
pared to the pristine Cu2O and Cu2O/3D-rGO nanocomposite was due to high
porosity from 3D-rGO, an efficient charge transfer from Cu2O to rGO. Moreover,
the greater adsorption ability of nano-chitosan also played an important role for
enhancing the photocatalytic activity of nanocomposite.

Recently, Samuel and co-workers also [99] reported the photodegradation per-
formance of a new hybrid adsorbent material based on graphene oxide-chitosan and
Cu3(btc)2 (btc = benzene-1,3,5-tricarboxylic acid) which showed 98% degradation
of methylene blue within 60 min under UV irradiation. The higher adsorption
ability was due to the presence of chitosan biopolymer in nanocomposites. In
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another studies, nanocomposites based on reduced graphene oxide/chitosan/silver
hydrogel were reported by Jiao and co-workers [100] for degradation of organic
dyes under UV light irradiation. The authors investigated that the photocatalytic
performance of the nanocomposites was mainly due to presence of silver
nanoparticle on rGO sheets, whereas the chitosan molecule was incorporated to
facilitate the gelation process of the graphene oxide sheets.

In another work, Ahmad et al. [101] also developed biodegradable
polymer-graphene oxide composite based on cellulose/polypyrrole-graphene oxide.
Fluorescence spectra showed that the incorporation of graphene into the polymer
matrix remarkably enhanced charge separation and reduced recombination of
charge carrier which in turn favours the photocatalytic performance of the
composite.

4.5.2 Graphene-Based Conducting Polymers
Nanocomposites

Conducting polymers such as polyaniline, polypyrrole and poly
(3,4-ethylenedioxythiophene) have an extended p-electron conjugated system over
a large number of monomer units show high charge carriers mobility expressed
through high absorption coefficients that varied from visible light to near infrared
region, due to which they can be used as photosensitizers for semiconductor
materials, increasing their photocatalytic activity under ultraviolet as well as sun-
light irradiation. Photocatalysts based on conducting polymer hybrid composite
with graphene or functionalized graphene have become one of the potential tech-
niques for degradation of organic pollutants especially for wastewater remediation
[102–104] (Table 4.3).

These polymers show high hole transport ability and stability, slow charge
recombination rate and fast charge carrier separation. However, when these poly-
mers are incorporated with graphene molecules, the photodegradation ability of the
composite was found to be enhanced. Thekkayil and co-workers demonstrated
[105] photocatalytic activity of graphene oxide/polyaniline composite. Moreover, it
was suggested that polymerizing monomers such as aniline with graphene oxide
leads to generation of some remarkable bonding between polyaniline and graphene
oxide. The composite has partial hydrogen bonding between imine of polyaniline
and the oxygen-containing functional group of graphene oxide sheet, which shows
enhanced photocatalytic performance as compared to pristine polyaniline due to
efficient photogenerated electron–hole pairs and charge separation.

Ameen et al. [51] reported graphene/polyaniline-based nanocomposites for
degradation of rose Bengal dye (RB). The prepared graphene/polyaniline
nanocomposites showed a remarkable degradation of RB dye by � 56% within
3 h under light illumination. Mitra and co-workers [52] investigated photodegra-
dation of organic dyes such as malachite green, rhodamine B and Congo red using
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reduced graphene-based polyaniline photocatalyst. The composite showed uniform
distribution polyaniline in rGO sheet as shown in TEM image (Fig. 4.11), and it
exhibited remarkably enhanced activity towards the degradation of cationic and
anionic dyes in comparison with polyaniline or rGO. The superior activity of the
polyaniline/rGO composite was explained by the improvement of charge separation
due to incorporation of rGO in the polyaniline matrix. The authors explained the
photodegradation mechanism of rGO/polyaniline composite. As shown in
Fig. 4.11, the authors suggested that in the presence of visible light, polyaniline
gets electrons flow downhill from the conduction band (CB) of polyaniline to the
Fermi level (FL) of rGO, resulting in the suppression in the charge pair recombi-
nation process. As rGO shows a higher reduction potential than O2/∙O2

− (+0.07 V).
Hence, the electrons present at the surface of rGO can easily react with dissolved O2

to produce a superoxide radical anion (∙O)2
−, which in turn produces hydrogen

peroxide in the presence of water. Photo-oxidation and photoreduction of hydrogen
peroxide take place with electrons and holes at the catalyst surfaces, resulting in the
formation of oxidant species ∙OH radicals, which degrade the dye molecules to
colourless products.

Table 4.3 Some reported graphene-based conducting polymer nanocomposites for photocatalytic
application

Photocatalysts
(nanocomposites)

Preparation
methods

Photocatalytic
applications

References

Graphene/polyaniline In situ
polymerization

Photodegradation of RB
(Rose Bengal dye)

[51]

Rgo/polyaniline In situ
polymerization

Photodegradation of
malachite green, Rh B
and Congo red (CR)

[52]

rGO/CuI/polyaniline Self-assembly
approach

Photodegradation of
RhB

[124]

rGO-ZnFe2O4-polyaniline In situ
polymerization

Photodegradation of
RhB

[125]

NiO/polyaniline/rGO Interfacial
polymerization/
solvothermal
process

Photodegradation of
MB

[107]

rGO/polyaniline/ZnO In situ
polymerization

Photodegradation of
MB

[108]

PANI/SnS2/N-doped rGO In situ
polymerization

Photocatalytic reduction
of Cr(VI)

[111]

PEDOT/GO/MnO2 Template-free
solution method

Photodegradation of
MB

[113]

Graphene-polyaniline-BiVO4 Sonochemical
technique

Photodegradation of
MB, RhB

[109]

BiVO4-GO-TiO2-polyaniline One-pot
hydrothermal
method

Photodegradation of
MB and phenol

[110]
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Furthermore, some researchers have developed polyaniline-based ternary
nanocomposites. For example, Miao et al. [106] developed reduced graphene oxide/
polyaniline/Cu2O composite hydrogel with a 3D porous network in which
polyaniline acts as an electron donor and a hole conductor, whereas graphene oxide
acts as an electron acceptor on photoexcitation with UV–visible light. Therefore,
their composites with inorganic materials such as metal oxide additionally increase
the degradation rate due to the synergistic effects by reducing recombination losses.
The authors investigated that the photocatalytic performance of the nanocomposites
based on graphene oxide/polyaniline/Cu2O was found to be 97.91% in 20 min
under UV–visible light irradiation. In addition, it was suggested that both LUMO
and HOMO of polyaniline are present at a higher energy level as compared to
Cu2O, resulting in the facile electron transfer from LUMO of polyaniline to con-
duction band of Cu2O, while the hole transfer between valence bands of Cu2O
moves to the HOMO of polyaniline. Therefore, this charge transfer suppresses the
recombination of the photogenerated electrons–hole pairs. In another work reported
by Ahuja and co-workers [107] on photocatalyst based on NiO/polyaniline/rGO
composites, the synthesized composite exhibited remarkable photocatalytic degra-
dation of methylene blue dye. The photodegradation efficiency of the nanocom-
posites for degradation of methylene blue was reported as 98% within 11 min,
whereas polyaniline/rGO, polyaniline and rGO exhibited an extended time duration
to degrade 97, 84 and 32% of methylene blue, respectively.

Similarly, Wu and co-workers [108] also reported photocatalytic performance of
ternary nanocomposites photocatalyst based on rGO/polyaniline/ZnO nanocom-
posite. The nanocomposites showed enhanced photocatalytic performance for the
photodegradation of methyl orange with a maximum degradation efficiency of
almost 100% within 60 min under UV light irradiation compared to pure ZnO. This
improvement is due to the presence of rGO which effectively enhances the ability to
transfer the photo-excited electrons and the specific surface area of material;

Fig. 4.11 a Schematic diagram showing proposed mechanism of the visible light-driven charge
transfer process of the photogenerated electrons and holes in the reduced graphene oxide/
polyaniline composite and b TEM image of rGO/PANI composite. Adapted with permission from
Ref. [52]
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moreover, the role of conducting polymer such as polyaniline is to increase the
absorption of light and adsorption of dyes.

Similarly, Biswas et al. [109] demonstrated photodegradation performance of
polyaniline/bismuth vanadate/graphene oxide for methylene blue and rhodamine B
dyes. These improvements in photocatalytic degradation performance and photo-
catalytic stability were due to the formation of a heterojunction free electron
between polyaniline and BiVO4/graphene oxide.

In another work, Zhao and co-workers [110] developed a quaternary system by
inclusion of TiO2 nanoparticles in polyaniline/bismuth vanadate/graphene oxide
matrix to enhance the photocatalytic activity of the nanocomposite. Therefore,
nanocomposites photocatalyst based on four components materials exhibited
remarkable photodegradation of methylene blue and phenol under visible light
irradiation.

Beside photodegradation of organic dyes from wastewater, graphene-based
polyaniline nanocomposites were also investigated for photodegradation of heavy
metals from contaminated water. Zhang et al. [111] developed a ternary photo-
catalyst based on N-doped reduced graphene oxide/polyaniline/SnS2 nanocom-
posite. The photocatalytic experiments demonstrated that the synthesized ternary
nanocomposite prepared under the optimum conditions (N-doped rGO/polyaniline/
SnS2 2%) exhibited remarkably higher photocatalytic activity than SnS2 nanoplates,
polyaniline/SnS2 and N-doped rGO composites in the reduction of aqueous Cr(VI)
under the irradiation of visible light. Figure 4.12 shows a schematic diagram for
photocatalytic activity of ternary nanocomposite based on N-doped rGO/
polyaniline/SnS2 for reduction of Cr(VI) ions. The photocatalytic performance of
SnS2 was increased by incorporation of N-doped rGO and conducting polymer,

Fig. 4.12 Schematic diagram for photocatalytic activity of ternary nanocomposite based on
N-doped rGO/polyaniline/SnS2 for reduction of Cr(VI) ions. Reprinted with permission from Ref.
[111]
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polyaniline as shown in Fig. 4.12, in which polyaniline acts as a transporter of
photogenerated electrons and holes, while rGO acts as a receptor which can accept
the electrons on photoexcitation with visible light due to which highly toxic Cr(VI)
ions get easily reduced Cr(III) ions.

Beside polyaniline, some researchers have incorporated other conducting poly-
mers such as polypyrrole and poly(3,4-ethylenedioxythiophene) in graphene matrix.
Recently, Ahmad et al. [112] developed graphene oxide-based polypyrrole/CdS
nanocomposites for photodegradation of organic pollutants such as rhodamine B,
reactive blue 171 dyes and toluene. Similarly, Zhang et al. demonstrated [113] the
photocatalytic performance based on nanocomposite of poly(3,4-ethylenedio
xythiophene)/graphene oxide (PEDOT/GO), poly(3,4-ethylenedioxythiophene)/
MnO2 (PEDOT/MnO2), and poly(3,4-ethylenedioxythiophene)/graphene oxide/
MnO2 (PEDOT/GO/MnO2) for photodegradation of methylene blue. The photocat-
alytic performance of pure PEDOT and nanocomposites was found to be in the order
of PEDOT/GO/MnO2 > PEDOT/MnO2 > PEDOT/GO > pure PEDOT. Among
pure PEDOT and nanocomposites, PEDOT/GO/MnO2 nanocomposites exhibited the
highest photodegradation efficiency under different light sources. This phenomenon
has been explained on the basis of hydrogen bonding between surface hydroxyl
groups of MnO2 and the nitrogen atoms present in methylene blue molecules.
Furthermore, graphene oxide is an excellent electron acceptor and transporter which
could reduce the recombination of charge carriers and increase the photocatalytic
performance of nanocomposites. Hence, the synergetic effects between PEDOT,
MnO2 and graphene oxide would be combined together to enhance the catalytic
activity of nanocomposites.

4.6 Conclusions

In this chapter, the great interest and advantages of using different nanomaterials
such as inorganic nanoparticles (metal, metal oxide, metal sulphide, etc.) and
polymers (insulating, biopolymers and conducting polymers) as a support with
graphene and functionalized graphene for the development of highly efficient
photocatalyst has been presented. The inherent properties of graphene such as large
surface area, greater electron mobility, high thermal conductivity and good
mechanical strength can be enhanced by the development of different nanocom-
posite hybrid materials with graphene which have opened up new pathways to
develop high-performance photocatalysts. On the basis of research carried out in the
field of graphene-based photocatalyst nanocomposites in last few decades, it was
observed that graphene oxide is believed to be a better starting material than pure
graphene for the development of nanocomposite with semiconductor photocata-
lysts. This chapter provides new insights into the development and application of
graphene-based nanocomposite for environmental remediation. Various preparative
routes such as sol–gel, in situ growth, hydrothermal/solvothermal, self-assembly
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and in situ polymerization have been explained to develop the high-performance
graphene-based semiconductor photocatalyst which have exhibited potential
applications in photodegradation of organic contaminants, photocatalytic hydrogen
generation and photocatalytic reduction of toxic hazardous elements into non-toxic
ions. Incorporation of different inorganic materials such as metals, metal oxide,
metal sulphides, metal oxyhalide and polymers into the graphene matrix can
improve the properties like adsorption capacity, extended light absorption range and
increase charge separation properties which enhance the overall photocatalytic
performance of the nanocomposite. In this chapter, graphene-based binary, ternary
and quaternary nanocomposites systems have been reported, and it was observed
that a ternary and quaternary system was employed to enhance the photocatalytic
performance of graphene-based nanocomposites. In order to achieve recyclable and
reusable graphene-based nanocomposites photocatalysts, some magnetic nanoma-
terials such as Fe2O3 nanoparticles have been incorporated in the functional gra-
phene matrix. Incorporation of polymers in graphene-metal nanocomposites is used
to prevent aggregation and release of nanoparticles from composite matrix.
Additionally, use of conducting polymers in graphene-based nanocomposites offers
enhanced photocatalytic performance of the nanocomposite. Moreover, nanocom-
posites based on graphene oxide modified with biodegradable and non-toxic
biopolymers such as chitosan and cellulose hybrid nanomaterials were exhibited
enhancing the adsorption ability for the contaminants. This study demonstrates that
graphene-based nanocomposites are very promising candidate for development of
high-performance photocatalysts for environmental remediation.
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Chapter 5
Polymer Nanocomposite Films Based
on Two-Dimensional Materials
for Photocatalytic Applications

Jyoti Gupta, Prachi Singhal, and Sunita Rattan

Abstract 2D material-based polymer nanocomposites are potential contenders for
the development of photocatalytic structure for ecological remediation. It is a tac-
tical way in the direction of the advancement of innovative photocatalytic materials
involving synergistic combination of the distinctive properties of 2D nanostructures
along with the outstanding advantages offered by polymer. The exclusive properties
of 2D materials which make them promising photocatalytic materials include their
tunable atomic thickness, larger surface-to-volume ratio, superior electron mobility
and high light absorption capacity. Further, the band gap of 2D materials can be
altered through various modifications to extend the photo-response range from UV
(*390 nm) to visible light (*480 nm). Combination of polymers with 2D mate-
rials address the challenges confronted by 2D materials related to stability,
agglomeration, and recovery issues. Polymers help in immobilization, provide
chemical, mechanical and environmental stability to photocatalytic material, sim-
plify the recovery of photocatalytic material which overall reduces the commercial
cost of the material. The chapter recaps the state-of-the-art construction of 2D
material-based polymer nanocomposites. The emphasis is on the recent innovations
in photocatalytic functions of 2D material/polymer nanostructures involving gra-
phene, 2D transitional metal dichalcogenides (TMDs), and transition metal oxides
(TMOs).
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5.1 Introduction

Rapid industrialization and constantly increasing population are responsible for
worsening the problem of environmental pollution. Organic contaminants such as
dyes, the common byproduct contaminants including other industrial contaminants
in the industrial sector in water, could be a terrible hazard to human health.
Traditional practices of organic contaminant degradation include adsorption tech-
nique, filtration, membrane separation, coagulation, flocculation, ion exchange,
oxidation, biodegradation, and microbial treatment. But the degradation efficiency
obtained is still insufficient through these techniques. For partial or complete
conversion of organic dyes (into non-harmful products), recently the most sus-
tainable way out is photocatalytic oxidation, one of the advanced techniques which
constitutes a green, sustainable, and economical chemical processes [1, 2].

The photocatalytic oxidation phenomenon includes photochemical reactions
decomposing organic contaminants into carbon dioxide (CO2) and water or
non-toxic byproducts, under the presence of sunlight illumination and a photocat-
alyst. The utilization of efficient photocatalysts to directly convert the sunlight
energy into chemical energy is a long-term solution to address the current envi-
ronmental challenges. Photocatalyst, mostly metal oxides or sulfides as semicon-
ductors owing to their typical structure, produces electron–hole pairs upon sunlight
illumination (abundant natural energy resource) with an appropriate wavelength,
followed by their movement toward photocatalyst surface and generates hydroxy
radicals and other superoxide anions which have high oxidizing power and capable
of oxidizing organic pollutants into harmless substances [3, 4].

Conventional photocatalysts such as TiO2, CdS, Ag, etc. among many others
pose challenges in terms of efficiency and economics that remain to be overcome.
Different photocatalytic materials were described such as metal oxides-based
semiconductors, sulfides, nitrides, and silver-based materials applied for various
photocatalytic phenomenon such as selective organic synthesis, [5] splitting water
[6, 7] as well as degradation of organic pollutants [8]. The intrinsic drawbacks of
the conventional semiconductors as (a) large bandgap energy can respond to
ultraviolet (UV) light of higher energy, which account for only *4.0% in the solar
spectrum, (b) lower photo-generated carrier separation and migration efficiency,
(c) insufficient active sites and the relatively delayed catalytic kinetics, photocat-
alytic redox reactions scarcely occurred even on reaching the photo-induced carriers
to the exterior side of the catalyst. Therefore, it is considerable to concern the
design of semiconductors for obtaining high efficiency photocatalytic activity.
Photocatalysis phenomenon is gazing at innovative materials, exploring strategies
to enhance photo absorbance, charge carrier lifetimes, stability, etc.

In recent decades, upcoming two-dimensional (2D) material-based photocatalyst
system has generated new opportunity in the field of photocatalysis because of their
fascinating properties as tunable structure, surface area, etc. that are absent in the
corresponding bulk counterparts [3, 4]. The large defect-free surface of 2D inor-
ganic material sheets plays a crucial role in minimizing the charge recombination
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and thus strengthening the photocatalytic efficacy. Intense exploration activities
have been devoted for the optimization of 2D material-based photocatalytic
material to achieve high absorptivity of visible light, less charge recombination,
narrowing band gap, etc. A significant approach to get an optimized and
high-performance photocatalytic material is the growth of coupled structure formed
by the blending various 2D materials to attain a typical product with synergistic
blending between constituent properties. Unusually strong electronic coupling is
possible between 2D inorganic nanosheets and other hybridized components of 2D
material-based nanocomposites as all the component ions of these materials are
exposed on the interfacial surfaces.

Further, combination of 2D nanoheterostructures with polymer substrates sig-
nificantly improves the photocatalytic action (PA) of the fabricated photocatalyst.
The immobilization of the 2D nanoheterostructures catalyst in a specific polymer
substrate provide environmental stability, chemical inertness and resistance to
ultraviolet radiations, mechanical stability, reusability, low cost, ease of availability,
etc. Further, use of conjugated polymers, which exhibits unique conjugation
mechanism, remarkable charge-transporting properties, high thermal and photo-
chemical stability, photosensitizing property, helps in lowering band gap and
widening the absorbing range of photocatalytic material toward visible light. Thus,
2D material/polymer nanocomposite is developed as a photocatalytic material
through optimization which provides a chance of facile separation and reuse of
material, also reduces the cost of procedure and eliminates post treatment separation
process.

This chapter will focus on 2D material-based polymer nanocomposite photo-
catalysts and their application for the photocatalytic decomposition of waste-water
organic pollutants. It also focuses on the impact of various factors such as con-
centration of dyes, pH, light intensity, and contact time [9–12].

This review will specifically focus on polymer nanocomposites photocatalyst
containing most popular 2D structure as graphene oxide (GO), reduced graphene
oxide (RGO), two-dimensional metal dichalcogenides (MoS2, WS2, MoSe2, WSe2
etc.) and two-dimensional metal oxides (ZnO nanosheets, TiO2 nanosheets, WO3,
CeO2, MoO3 etc.) for good photocatalytic degradation of organic pollutants under
the UV or visible light.

5.2 Characteristics of an Efficient Photocatalytic Material

The basic technical requirements for an efficient photocatalyst are (a) low recom-
bination rate of electron and hole (e−h+) pairs, (b) lesser bandgap energies, (c) un-
constrained movement of charge carriers, (d) higher surface area, (e) higher number
of exposed active locations and (f) have ability to efficiently yield and utilize
photons in the visible range to create electron–hole pairs. Further, it should be cost
effective, prerequisites to energy efficient and operationally feasible.
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Conventional photocatalysts reported in literature such as ZnO, TiO2 have some
shortcomings as (a) increased band gap, making the materials appropriate for
mainly absorption in UV range instead of visible range [13]; (b) only having the
capacity to catalyze either reduction or oxidation reaction at a time, leading to their
unsuitability for dual function overall water splitting catalysts [14]; (c) their higher
charge recombination rates in bulk medium and on the surface, resulting in lower
activity [15]; and (d) inaccessibility of active sites lying in bulk material [16].

Therefore, 2D materials such as transition metal oxides (TMOs), transition metal
dichalcogenides (TMDs), graphene derivatives have been investigated as new and
more efficient photocatalytic materials. For example, visible light-driven TMOs,
such as WO3, MoO3 and V2O5, have narrower band gap ranging from 2.6 to
3.0 eV, thus can absorb in visible range and thus promotes higher absorption.
Further, their better electron transport properties enhance charge separation in
TMOs. But the problem lies in the band gap, not suitable for effective photocat-
alytic redox reactions due to their low CB positions, resulting in ineffective con-
sumption of photo-induced electrons. Thus, hybrid structures involving
combination of different 2D materials are needed.

5.3 Two-Dimensional (2D) Nanosheet Materials

The 2D nanosheets are highly anisotropic crystalline structures having thickness in
the range of subnanometer to few nanometer and lateral dimension in micrometers
range. Depending upon the synthesis method of 2D materials, these consist of 1–10
stacked monolayers.

5.3.1 2D Materials for Photocatalytic Applications

The layered 2D materials are reported as promising photocatalyst alternatives as
sheet-like structure possess exceptional electrical, thermal, and mechanical prop-
erties; maximize the light absorption with ultrafast transfer of photo-induced
charges and more surface-active spots for the development of multijunctions [17–
19]. The coupled structures enhance light absorption capability and results in
narrower bandgap energy [20, 21].

First known example of 2D material is graphene that exhibits a sp2 bonded
hexagonal packed lattice that exhibits many interesting characteristics as excep-
tional mechanical strength, superior thermal conductivity, outstanding transparency,
a huge specific surface area, and excellent charge transport [22–24]. Graphene and
other graphene modifications (e.g., GO and RGO) have stimulated curiosity in the
fabrication of high-performance graphene-based composite materials to induce
some positive effects on the PA of catalysts by creating synergies among carbon
and the semiconductor [25–27].
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Beside graphene derivative, some other 2D material nanosheets with semicon-
ducting nature can be used for photocatalytic active components for hybrid pho-
tocatalysts nanostructures. The 2D nanosheet-based hybrid photocatalysts reported
in literature can be classified broadly into following five categories as shown in
Fig. 5.1—(a) TMO nanosheet-based photocatalysts, (b) layered double hydroxide
(LDH) nanosheet-based photocatalysts, (c) TMD nanosheet-based photocatalysts,
(d) g-C3N4 nanosheet-based photocatalysts, and (e) other types of 2D
nanosheet-based photocatalysts including black phosphorus, metal carbide
(MXene), bismuth oxyhalide, and boron nitride. The exposed active site of 2D
photocatalyst, fast charge transfer phenomenon and strong electronic coupling are
the advantages of 2D nanosheets as illustrated in Fig. 5.1. The present chapter will
focus on TMOs nanosheet-based photocatalysts, TMD-based photocatalysts and
graphene-based photocatalysts.

5.3.2 2D Transition Metal Oxides (TMO’s)

TMOs are made up of transition metal and oxygen atoms, where oxygen atoms are
bounded with central transition metal. Different types of crystal structure are found
for TMOs such as monoxide (NiO), di-oxide (MnO2), tri-oxide (WO3) perovskite
(LaNiO3), spinel (NiCo2O4), etc. It was first attempted in 1990s to exfoliate TMOs

Fig. 5.1 Classification of 2D nanosheets and their advantages. Adapted with permission from Ref.
[28]. Copyright 2019 Elsevier B.V.
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to form flexible 2D TMOs which display excellent characteristics for various
technical applications [29]. Some of the 2D TMOs include Mn, Ta, Rh oxides.
Some of the TMOs as molybdenum oxide (MoO3), vanadium oxide (V2O5),
tungsten oxide (WO3), etc. exist naturally in layered formed and can be easily
exfoliated to 2D TMOs. Other includes perovskites, which can also be stacked in
2D layered form through bottom-up synthesis techniques. The high surface area,
high chemical and photochemical stability, tunable electronic structure, and
exceptional physiochemical, optical properties of 2D TMOs facilitate their photo-
catalytic action. Polarizable oxygen ions provide non-uniform charge distribution
responsible for exceptional surface and interfacial properties and help in coulombic
interactions with neighboring ions. These polarizable groups can change the stoi-
chiometry followed by change in electronic properties, i.e., bandgap structure can
be tuned such as TMO’s semiconductors can have sizable band gaps such as WO3:
2.6 eV, MoO3: 3.2 eV, etc. [30]. Transition metal cations can adopt different charge
states and thus binding configurations can be altered. The interfacial properties of
2D TMOs are desirable for coulombic interactions when coupled with other
semiconducting materials to fabricate a multijunction semiconducting material. 2D
TMOs have rich and reversible acid–base redox property, helpful in photocatalytic
activities [31–34].

Some examples of the 2D TMOs explored for photocatalytic applications
include TiO2, MnO2, TaO3, Ca2Nb3O10, ZnO, Bi2WO6, WO3, NaBiO3, SnNb2O6

etc. used for hydrogen–water splitting, CO2 conversion under effective consump-
tion of solar radiation and efficient photocatalytic decomposition of organic con-
taminants such as dyes, phenol, etc. [6, 35–44].

5.3.3 2D Transition Metal Dichalcogenides (TMD’s)

TMDs are made up of hexagonal metal atoms (M) and two layers of chalcogen
layers (X) with a MX2 stoichiometry. Various types of combination of transition
metal (Mo, W, Nb, Re, Ni, or V) and chalcogenides (S, Se, or Te) create 40
different categories. Hexagonal packed layer of transition metal is sandwiched
between chalcogen layers. Each layer has thickness * 6–7 A°. Sandwitched layer
is coupled with weak van der walls forces, whereas intralayer is coupled with
covalent bonds. TMDs such as cadmium sulfide (CdS) and zinc sulfide (ZnS) are
the two most reported materials [44–48]. CdS (2.4 eV) provides better results as
compared to other TMO-based photocatalysts. Generally used TMDs (MoS2,
MoSe2, WS2, and WSe2) undergo transition from indirect in the bulk and direct in
the monolayer as shown in Fig. 5.2 [49].

TMDs provide band gap in wide range 1–2 eV, more suitable for photocatalytic
degradation under UV–visible light [50] as depicted in Fig. 5.2. Figure depicts the
potential level of CB and VB of TMOs and TMDs, which are favorable for the
photocatalytic action.
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5.3.4 Graphene and Graphene Derivatives (GO and RGO)

Graphene sheet (GS) represents a honeycomb-like structure consisting of sp2-
hybridized C-atoms with exceptional opto-electrical properties, still directly its use
as photocatalytic material is restricted owing to its zero band gap, but capable of
acting as competent co-catalyst in fabrication of photocatalytic material. Extended
p–p conjugation of GS prevents the recombination of photogenerated e−h+ pair that
further enhances the adsorption of dye molecule [52, 53].

Graphene derivatives also exhibit many advantages over 2D GS which promote
the photocatalytic efficiency further. The advantages include improved hydrophilic
character, the possibility of optimizing the band gap by adjusting oxygen func-
tionalities, unique electrical properties, better adsorption of positively charged
entities, providing reactive centers for photodegradation, etc. [54, 55]. The oxygen
functionalities of GO and RGO also help in uniform distribution of other photo-
catalytic elements on them which proves to be beneficial for the fabrication of
graphene-based nanocomposite photocatalytic materials. For example,
NiO@PANI/RGO nanocomposites were reported as photocatalytic material
involving the influence of oxygen containing functional groups on GO surface on
PA [56].

Fig. 5.2 Band structure of some a TMOs; b TMDs for photocatalytic applications. Adapted with
permission [51]. Copyright © 2017, Springer Nature, Haque et al.
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Hence, coupled structures of semiconductor photocatalysts with 2D graphene
derivatives accelerates the photocatalytic action (PA) due to the synergistic influ-
ences of the constituents and proves to be better photocatalytic materials.

5.4 Factors Effecting the Photocatalytic Activity
of 2D Material

2D photocatalyst with thickness reduced to atomic-scale and increase exposed
surface area shows variation in structural characteristics such as bond angle and
bond length, defect in atomic arrangements, etc. [57–59]. These variations result in
modified material for efficient photocatalytic applications with superior intrinsic
physiochemical properties over the bulk counterpart. Major intrinsic changes
include quantum confinement effect (QCE) and density of states (DOS) [60]. QCE
leads to change in VB and CB potential variation and wider band gap suitable for
carrying out the required redox reactions at the catalyst surface. Further, enhanced
DOS aids the speedy transfer of photo-induced charges and thus reduces the rate of
charge recombination.

5.5 Challenges

TMOs, TMDs or graphene are considered as competent 2D structures for photo-
catalytic functions. However, they suffer from number of intrinsic drawbacks that
limit their PE and their practical applications as efficient photocatalyst. For
example, it is challenging to enhance the thin 2D material stability and to control its
structure and defect density during the synthetic procedure. The electron–hole pair
(e−h+) recombination is still significant in 2D materials with respect to the photo-
catalytic application and redox potentials are insufficient for the dye decomposition.
The 2D materials can be oxidized easily through the photogenerated holes which
lead to the deterioration of the photocatalytic material [61–64].

To clear off the shortcomings, 2D materials can be coupled with other semi-
conductors to obtain optimized structure for maximum utilization of solar energy.
Coupling of 2D materials to form heterojunctions proves to be an effective means of
enhancing the photocatalytic activity by promoting charge carrier separation and
extending visible light absorption range.
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5.6 Methods to Increase the Photocatalytic Efficiency
(PE) of 2D Structures

Light harvesting, charge separation and interfacial catalysis reactions are three main
crucial factors which must be adjusted to enhance the PA of 2D material-based
photocatalysts.

1. Light harvesting: Most of the reported photocatalyst have band gap suitable for
excitation through UV light with higher energy, which accounts for a narrow
portion of the solar light (while visible light accounts for 52%) (Fig. 5.3). Thus,
one important tactic to improve the PA includes the modification of bandgap
positions of 2D semiconductors to below 3 eV, which tune absorption scale of
the photocatalyst toward visible portion of the sunlight.

2. Charge separation and transfer: After illumination by light radiation, the pho-
togenerated electrons (e−) and holes (h+) will move to the exterior side of
semiconductors. However, most of the photo-induced e−h+ are recombined
during migration process that largely restricting the further enhancement of
photocatalytic performance. Heterojunction design with other components
exhibited as a realistic approach to reduce charge recombination rate. Moreover,
photocatalytic action could also be improved by the assembly of nanoscale units
into 3D functional architectures, which are beneficial in terms of enhancing light
adsorption and carrier and transfer.

Fig. 5.3 Solar spectrum (red) and photon flux curve (in blue) versus wavelength and optical band
gap. Reproduced with permission from Ref. [65]. Copyright @ 2016 Elsevier B.V.
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3. Surface reactive sites: Owing to insufficient reactive sites and the relatively
delayed catalytic kinetics of semiconductors, photocatalytic redox reactions
hardly occurred even when the photo-generated carriers reach to the surface of
catalyst. Therefore, it is significant to concern the design of semiconductors with
high efficiency by increasing the reactive sites at surface of 2D materials.

2D materials allow achieving these crucial features to enable high photocatalytic
efficiency (PE) through different procedures such as doping, surface sensitization,
coupling, improving electrical conductivity, increasing electrocatalytic reactive
sites, increasing photostability, constructing nanostructure (Fig. 5.4). All these
modifications can be simultaneously achieved through fabrication of multijunction
in the form 2D material-based nanohybrid structures.

5.7 Two-Dimensional (2D) Nanosheet-Based Hybrid
Nanostructure Materials

Hybrid nanostructure fabrication provides the most feasible way to optimize the
crucial constraints and to investigate highly efficient photocatalytic materials [66–
70]. 2D materials with thickness ranging in few nanometers, large lateral dimen-
sions, diverse and tunable chemical structure are most efficient building units for
development of hybrid nanostructures. Coupling 2D materials with other semi-
conductor materials by forming well-matched heterogeneous junctions can syner-
gistically improve the PE of the fabricated materials. The exposed interfacial
surfaces of 2D nanosheets are great advantage because they provide a strong
electronic coupling [71, 72]. Apart from this, the exfoliation of nanosheets shows
extra advantage of defect-free surface which helps in minimizing the charge
recombination centers and improves the photocatalytic action [69, 70].

Fig. 5.4 Approaches for
advanced photocatalytic
activity of 2D
nanocomposites
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Figure 5.5 has shown the exfoliated nanosheets that have anisotropic 2D
structure with large surface area and atomic level thickness. The chemical reaction
and electronic coupling between hybridized species occur at inadequate interfacial
regions [74, 75]. The heterostructures of thin 2D nanosheets with other nanoma-
terials can persuade extraordinarily strong electronic coupling and provides
required opto-electronic properties. This type of coupling tunes the electronic
structures which result in optimization of their functionalities.

Figure 5.5b represents diverse electro-optical properties achieved in 2D
nanosheets due to wide spectrum of chemical compositions and their crystal
structure [76–78]. Chemical substitution is a controlled way to achieve various
chemical compositions in 2D nanosheets. The layered material is chemically sub-
stituted in 2D nanosheets for exfoliation process [79–81]. Chemical substitution
also provides significant modification in interband states of electronic structure and
bandgap energy [82–84]. This chemical modification also improves the electronic
connection between the blended species and optimizes the electrochemical and
catalytic functionalities of the resulting hybrid materials.

Well-defined defect-free surface is another advantage of exfoliated 2D
nanosheets. Generally, large number of surface defects creates during nanocrystal
formation. The surface defects are main cause of charge recombination; hence, the
photocatalytic efficacy is reduced [85, 86]. Exfoliated 2D nanosheets can be simply
modified by changing the layered structure of the pure host material without notable
creation of surface defects as shown in Fig. 5.5c [87, 88]. This defect-free nature of
exfoliated 2D nanosheets is highly important for photocatalytic activities. As seen
from Fig. 5.5d, the hybridization of 2D nanosheets played a vital part in forming
the micropores and mesopores structure [89–91]. The hybridized species are

Fig. 5.5 Unique and beneficial features of 2D inorganic nanostructures as fundamental units for
hybrid photocatalytic structures. Reproduced with permission from Ref. [73]. Copyright 2019
Elsevier B.V.
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selected with appropriate size and bonding nature between hybrid species. This
pore structure of 2D nanosheets heterostructure photocatalyst improves the pho-
tocatalytic activity. From Fig. 5.5e, the graphene and 2D nanosheets can easily
mixed and form colloidal solution as they behave similarly in chemical nature and
morphologically [92, 93]. Graphene improves the electrochemical and catalytic
activities of 2D nanosheets.

Further, polymers, significantly conducting polymers such as polyaniline (PANI),
polyacetylene (Pac), polythiophene (Pth), poly (3, 4-ethylenedioxythiophene)
(PEDOT), etc. have also been studied which influences the PA of the photocatalytic
nanocomposite materials [94]. The conducting polymers exhibit unique conjugation
mechanism, remarkable charge-transporting properties, high thermal and photo-
chemical stability, and they act as organic photosensitizers also. Further, polymer
matrix enhances mechanical strength and recyclability of the photocatalytic material.
Moreover, the low cost and flexibility of the photocatalyst design constitute
appealing features. The merging of the excellent ability of conjugated polymers to
absorb in visible light, with exceptional charge transfer characteristics of 2D
GS-based materials (GS, GO, and RGO) and semiconductor moieties represents the
cutting-edge on water treatment technology [95]. However, the majority of the
reported work centered on polymers as PANI, PPy, or PTh, but recent work reported
the synthesis of donor–acceptor conjugated polymer-based conducting microporous
polymers (CMP) with bandgap energy ranging from 2.95–1.94 eV [96].

Some scientists also make positive use of the insulating polymer for supporting
photocatalysts in the form of film, but the work is limited to small reactors [97].

5.8 Mechanism of Action: Photocatalytic Decomposition
of Organic Pollutants in 2D Heterostructures

The heterostructure photocatalyst has the property of semiconductors such as
electronic band structure consisting of a fully filled VB and unoccupied CB with
intrinsic band gap and light absorption capacity which totally depends upon the
intrinsic band gap or bandgap energy. The factors important for designing photo-
catalytic materials involve bandgap energy and band structure. The photocatalytic
reaction to occur needs appropriate band structure with CB and VB positions
located in between redox potentials of reactants and products [98–100].

The basic process of photocatalytic operation is illustrated in Fig. 5.6. In the
photocatalytic process, (a) photocatalyst is illuminated by a source of light with
appropriate energy and intensity; (b) after irradiation, e− move from VB to CB,
creating h+ in the VB; (c) some of the photo-induced charge carriers drift to the
surface of semiconductor, the energy is released in the form of heat or photons
[101]. The electron-accepting species pull out the available electrons in conduction
band and generate radical anions; (d) the photo-induced holes in VB with potential
lower than that of OH−/H2O may interact with surface-bound H2O or OH− to
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produce hydroxyl radicals (OH∙). The OH∙ and radical anions act as primary oxi-
dizing species in the photocatalytic oxidation processes while removing the organic
compounds such as dyes, pesticides, phenols [102–107]. Therefore, the following
parameters must be considered for efficient photocatalytic action on the surface of
photocatalyst.

• A source of light with energy in the visible or UV spectrum, or solar energy.
• To generate the (holes) h+ and (electrons) e− pairs, a semiconductor catalyst

must be capable of absorbing light energy equal to or greater than its bandgap
energy cited in [6, 108, 109]

Numerous kinds of hybrid structures for photocatalytic applications are inves-
tigated and reported as shown in Fig. 5.7. Z-scheme-based hybrid structure is
demonstrated as effective hybrids which constitutes of different semiconducting
photocatalytic material with a mediator shuttling the charge carriers [110]. Mediator
with redox property plays a major role encouraging the coupling among e− of one
semiconductor and h+ of an added semiconductor. This reduces the e−h+ recom-
bination of each semiconductor and performs photocatalytic activity without use of
any sacrificial agents.

Three types of redox mediator such as redox ionic couple, noble metal
nanoparticle, and conductive nanosheet are used in Z scheme photocatalyst systems
[111–113]. For example, redox mediators are Au noble metal nanoparticles which
can help in internal charge transfer between hybridized CdS and g-C3N4 materials.
In this similar way, Fe2+/Fe3+ ions in solution act as redox couple for transferring
charge between hybridized material. This process boosts the photocatalytic activity
[114]. Like the metal nanoparticles, conductive nanosheets such as RGO act as
redox mediator to construct the Z scheme photocatalyst which improves the PA
such as H2 production and O2 generation [115].

Fig. 5.6 Photocatalytic mechanism pathway of 2D TMDs and TMOs. Adapted with permission
[51]. Copyright © 2017, Springer Nature, Haque et al.
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As observed from Fig. 5.7, the photosensitization of wide bandgap photocatalyst
can also be achieved by hybridization with narrow bandgap semiconductor [116–
118]. In this process, light is absorbed at lower bandgap photocatalytic structure and
chase the internal charge transfer phenomenon from narrow bandgap to wide
bandgap photocatalyst under visible light. It leads to separation of electrons (e−)
and holes (h+). The life span of charge is increased via the transfer of electrons from
narrow bandgap to wide bandgap. The type with type I-straddling band and type
II-staggered alignments are other hybrid scheme that improves charge separation
and photocatalytic activity [119, 120].

5.9 2D Material-Based Polymer Nanocomposites
as Photocatalysts

5.9.1 2D Transition Metal Oxide (TMO)-Based Polymer
Nanocomposites

2D TMO-based nanocomposites have been focused for photocatalytic functions as
interfacial synergy acting between 2D TMOs and polymer surface, resulting in
change in electronic structure beneficial for photocatalytic applications.
Nanocomposites facilitate transfer of charge and broaden photo-responsive range
for photocatalytic applications.

2D TMO-based photocatalysts were reported with enhanced PA and extended
photo response to visible region PTh/TiO2-Cu nanocomposite, g-C3N4/F-TiO2, etc.

Fig. 5.7 Various types of band structure in 2D materials. Reproduced with permission from Ref.
[28]. Copyright 2019 Elsevier B.V.
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[121, 122]. Photocatalytic Z scheme configurations have been fabricated through
coupling 2D materials along with polymer, resulting in appropriate band structures
and tendency for degradation of contamination on light exposure. Kaur et al. [123]
designed 2D TMO-based photocatalytic material by hybridizing them with poly-
thiophene (PTh). PTh is an excellent conducting polymer with small band gap of
*2.0 eV, which results in photogeneration of electrons on exposure to visible light.
Kaur et al. suggest through computational investigation the appearance of discrete
band levels in PTh-TMO complex, resulting in interfacial transfer of charge from
PTh to TMO CB and restricts charge recombination. Merkulov et al. demonstrated
PANI/TiO2-based photocatalysts, used for degradation of various organic con-
taminants as pharmaceuticals and pesticides under UV light irradiation [124]. This
heterostructure is carried out for photocatalytic degradation under different water
bodies: double distilled water, river, and lake. Sulcotrione is showing best photo-
catalytic action with degradation up to 93.8% under the presence of TiO2/PANI
among all the pollutant. Xu et al. have presented PANI/bismuth oxyhalide photo-
catalyst in which PANI has improved separation of photo-induced e− and h+ and
broadens the range of light absorption [125]. PANI will not only widens the light
absorption region but also enhances the photocatalytic decomposition efficacy.
PANI/Bi12O17Cl2 will decomposed the ciprofloxacin (CIP) higher degradation
efficiency as compared to pristine Bi12O17Cl2. Simultaneously, it degraded the RhB
than pristine Bi12O17Cl2. Hence, TMO-based polymer nanocomposites not only
widen the light response region but also enhanced the PE. The photocatalytic
mechanism of PANI/Bi12O17Cl2 is explained in Fig. 5.8. The photo-generated
electrons instantly transferred to the Bi12O17Cl2 CB which is having favorable more
negative CB position than lowest unoccupied molecular orbital of PANI, resulting
into improved PA.

Fig. 5.8 Photocatalytic mechanism for PANI/Bi12O17Cl2 composite under visible light.
Reproduced with permission from Ref. [125]. Copyright @ 2018 Elsevier B.V.

5 Polymer Nanocomposite Films Based on Two-Dimensional … 125



The PANI/TiO2-graphene hydrogel photocatalyst is prepared for photodegra-
dation of organic pollutants [126]. Xu et al. have presented the PANI/gray-TiO2

photocatalyst for photocatalytic decomposition of RhB [127]. Deng et al. performed
single crystal TiO2 (MS–TiO2) with PANI for PA [128]. PANI has increased the
PA of TiO2 up to 99.8% in 120 min for RhB and 99.5% in 150 min for MB. Wu
et al. have synthesized zinc oxide/reduced graphene oxide (rGO)/PANI and per-
formed the photocatalytic activity on MO (methyl orange) pollutants [129]. Remita
et al. reported 1D poly(diphenylbutadyne) (PDPB) which exhibits superior PE for
removal of MO and phenol molecules in comparison to simple conjugated PTh,
PPy, PANI, etc. polymers [130]. B-BT-1,4-E/TiO2 nanocomposites were fabricated
using conjugated polymer B-BT-1,4-E (poly benzothiadiazole) which showed
outstanding PA for CIP (ciprofloxacin) degradation [131] (Table 5.1).

5.9.2 2D Transition Metal Dichalcogenide (TMD)-Based
Polymer Nanocomposites

2D heterostructures is synthesized based on monolayer transition metal dichalco-
genides (TMDs) and some other 2D nanosheets or other nanomaterials. 2D layered
TMD polymer hybrid nanostructures are most important photocatalytic material
because of increased number of reaction sites for photocatalytic decomposition of
organic dyes and fast transfer of photogenerated excitons.

For example, MoS2/PANI hybrid structure is used by Saha et al. for degradation
of 4-CP and MB. The positive synergistic combination of PANI and MoS2 enables
the transfer of electrons form LUMO of PANI to CB of MoS2, thus enhancing
charge separation and efficient photocatalytic degradation of dyes. Conducting
polymer polyaniline (PANI)/BiS3 heterostructure is synthesized by chemisorption
method for photodegradation of methylene blue aqueous solution. BiS3 is prepared
in various weight percentage form (1, 2, 5 and 10 wt%) [146]. The
solar-light-driven semiconductor photocatalyst ZnO-MoS2-RGO is developed by
Kumar et al. for the removal of organic dyes from waste-water [147]. 2D MoS2/
RGO nanosheets are synthesized by Zhang et al. by using simple one-step
hydrothermal method. In this MoS2/rGO nanoheterostructure, MoS2 clusters were
strongly intertwined with some RGO sheets. On increasing the amount of RGO,
crystalline behavior of MoS2 is slightly changed by reducing the diameter of crystal
which resulted in a large surface area of the hybrid photocatalyst [148]. Jo et al.
have presented MoS2 nanosheets supported TiO2/g-C3N4 semiconductor photo-
catalyst for the decay of MB in visible range [149]. The photocatalyst displayed
improved PA in comparison to other photocatalyst. The exfoliated-hexagonal-WS2
nanostructure investigated for photo-decomposition of dyes solution with 4 ppm
aqueous concentration [150]. The photocatalytic response of 2D/2D BiOCl/WS2
(BWX) hybrid nanosheets was explored for the photo-decomposition of Malachite
Green (MG) and photoreduction of Cr(VI) ion under visible irradiation. Nearly
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Table 5.1 2D TMO-based nanocomposites for organic photodegradation

Photocatalyst Light
irradiation

Pollutants Initial conc. of dye
solution, amount of
photocatalyst,
irradiation time,
percentage
degradation (%)

References

GR–TiO2 150 W
high-pressure
Xe lamp

MB (1 mg L−1) 180 min [132]

RGO–SnO2 350 W Xe
lamp

MB (2.7 � 10−5 M)
360 min

[133]

RGO@ZnO Simulated
solar light

RhB 120 min [134]

RGO–ZnO 12 W UV
lamp

MB (5.0 � 10−5 M)
130 min

[135]

GR–TiO2 UV light,
100 W
mercury lamp

MO (10−4 mol L−1)
240 min

[136]

RGO–TiO2–ZnO 300 W Xe
lamp

MB (0.3 mg L−1) 120 min [137]

a-Fe2O3 nanoplate/
graphene
composites

Xe light
(350 W)
irradiation

RhB under [138]

GO–TiO2 Visible light
1000 W Xe
lamp

MO (12 mg L−1) 180 min [139]

RGO–ZnO UV light MB (5 mg L−1) 260 min [140]

TiO2 nanosheet/
graphene
composite

UV light RhB 30 ml of
5 � 10−5 mol/L
concentration of RhB
30 mg of
photocatalyst; 98%
degradation after 1 h

[141]

g-C3N4/
surface-fluorinated
TiO2 nanosheets

50 W 410 nm
LED light
irradiation

Methylene
blue

100 mL 10 mg/L
aqueous solution of
MB and 0.1 g
photocatalyst
30% g-C3N4/F-TiO2

shows 13.9 times
degradation than that
of commercial
Degussa P25 TiO2

[142]

TiO2 nanosheet
arrays on carbon
fibers

300 W xenon
lamp (UV
source)

MO Initial concentration
5 mg L−1

Almost complete
degradation after
45 min

[143]

(continued)
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98.4% of the MG degradation was achieved over BiOCl/WS2 (2%) photocatalyst in
45 min of irradiation. BiOCl/WS2 (2%) hybrid nanosheet catalyst indicated max-
imum quantum efficiency (EQE) in both the UV and visible regimes [151]. As
illustrated in Fig. 5.9, PANI/Bi2S3 polymer nanocomposite is used as photocat-
alytic material under visible light illumination. Bi2S3 VB and CB are positioned at
+1.3 and −0.1 eV versus NHE, respectively [152], whereas the bandgap potentials
of PANI are more negative and positioned at −1.9 and +0.8 eV NHE [153]. The
band structure of PANI and Bi2S3 is favorable for charge carrier transfer. The
photogenerated electrons instantly drift to the Bi2S3 CB from the LUMO of PANI,
while the holes drift from the VB of Bi2S3 to PANI HOMO lowering the charge
coupling rate. The holes from VB of Bi2S3 with favorable band position (more
positive than the standard oxidation potential of O2/H2O (1.23 eV vs. NHE [35])
have tendency to combine with H2O to produce oxygen O2 and hydrogen ions (H

+).
Similarly, the CB potential of Bi2S3 is favorable for the conversion of O2 into
hydrogen peroxide (H2O2) [154, 155]. Thus, photogenerated electrons and holes
results in production of production of OH� radicals and superoxide anion radicals
(O−2) through secondary reactions resulting into photo-decomposition of MB dye
molecules. The nanostructures have been evaluated for their PA on MB under
visible light illumination. Ninefold increase has been observed in the photocatalytic
action of Bi2S3/polyaniline nanocomposite. The interfacial coupling between con-
stituents PANI and Bi2S3 significantly suppress the recombination of photo-induced
e−h+ and results in improved PA of the nanocomposites.

Table 5.1 (continued)

Photocatalyst Light
irradiation

Pollutants Initial conc. of dye
solution, amount of
photocatalyst,
irradiation time,
percentage
degradation (%)

References

Black phosphorus
@ TiO2 hybrid

UV (4 W,
365 nm,
visible light
(150 W Xe
lamp,
420 nm)

Black 5,
RhB

Rho B
concentration = 3 mg/
L, pH 5.5,
photocatalyst samples
(1 g/L)
92% after *1 h

[144]

GO/fluorinated
TiO2 nanosheets

UV light
irradiation
(250 W
365 nm Hg
lamp)

MB under 100 mL 10 mg L−1

aqueous solution of
MB and 0.1 g
photocatalysts
96% MB degradation,
showing superior
catalytic activity to
commercial Degussa
P25 and pure TiO2

[145]
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Hou et al. synthesized triple-junction C3N4/N-doped graphene/MoS2 which
showed a high PA on MB oxidation and reduction of Cr(VI), under visible light
[156]. Some other example of TMD-based nanoheterostructures are mentioned in
Table 5.2.

5.9.3 2D Graphene-Based Polymer Nanocomposites

In current era, 2D graphene-based materials have been emerged as an efficient
contender for photocatalytic applications for the purpose of environmental reme-
diation. A range of 2D graphene and reduced graphene-based composites have been
reported in literature for the photocatalytic decay of organic toxins [166–169]. In
the last 10 years, *6000 research papers on 2D GS-based nanocomposites were on
Scopus search engine [170].

Thus, the design of 2D GS-based hybrid nanocomposites for photocatalytic
applications is one of the favorable ways for the organic pollutant degradation. 2D
GS-based hybrid photocatalytic nanocomposite materials includes graphene
derivatives with metal oxides, metal–metal oxides, salts, metals, etc. The combi-
nation of GS GO or RGO with photoactive materials aims to enhance the PA of the
formulated systems by boosting the separation and transfer of photo-generated
charges, which constitutes a critical step in photocatalytic reactions. Figure 5.10
represents of various semiconductors coupling at graphene nanosheet surface.

2D graphene-based polymer ternary nanocomposites gained immense attention
as photocatalytic materials owing to the unique synergistic combination of the
constituent properties. For example, ZnFe2O4/GR/PANI-based photocatalytic

Fig. 5.9 Probable photocatalytic degradation mechanism for PANI/Bi2S3 nanocomposite under
visible light
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Table 5.2 2D TMD-based nanocomposites for organic degradation

Photocatalyst Light
irradiation

Pollutants Initial conc. of dye solution,
amount of photocatalyst,
irradiation time, percentage
degradation (%)

References

MoS2/TiO2 Xenon
lamp

MB Time—90 min [157]

RGO–SnS2 500 W
Xe lamp

Rh B phenol (10 mg L−1), 120 min
(10 mg L−1) 240 min

[158]

RGO–MoS2 Visible
light, 5 W
white
LED

MB (60 mg L−1) 60 min [159]

SnS2
nanosheets/TiO2

nanofibers

UV light
Visible
light

Rh B MO kapp for RhB
solution = 0.035 min−1

[160]

SnS2
nanosheets/
graphene

Visible
light
Visible
light

RhB phenol 12.5 mg of photocatalyst
added in 25 mL of an MB
(0.01 mM), Rh B
(0.01 mM), aqueous
solution with maximum of
99% degradation

[161]

P-doped ZnO
nanosheets/
MoS2 layers

Sunlight MB and RhB 40 mg of the photocatalysts
with different MoS2 loading
levels in 40 mL MB aq.
solution with of 10 mg/L−1.
95% degradation reported
within six minutes with rate
constant of 1.413 min−1

[162]

SnS2
nanosheets/
g-C3N4

nanosheets

Visible
light
irradiation

RhB 100 mL of aq. solution with
conc. of 10 mg L−1 can
remove � 99.8% of RhB
after only 20 min of
irradiation

[163]

Ultrathin MoSe2
nanosheets/
graphene

Visible
light
300-W
Xe lamp

photodegradation
of organic dyes

15 mg of MoSe2
nanospheres powder used
with 20 mL of aq. solutions
of RhB (50–100 mg L−1).
The maximum adsorption
capability of RhB on MoSe2
reached 133 mg g−1 in
5 min

[164]

Copper-doped
SnS2
nanosheet-RGO
junctions

Visible
light
irradiation

Photodegradation
of MO

10 mg of the photocatalysts
used with 20 mL of a
25 ppm aqueous solution of
MO, 60% degradation
before 30 min

[165]
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material showed enhanced degradation action on rhodamine B dye [172]. Zhang
et al. explored PEDOT/GR/MnO2 nanocomposite with 7 h of reported time for
complete photocatalytic decomposition of MB [173]. PANI@TiO2/GS nanocom-
posite was reported showed degradation of methylene blue within 180 min [174].

Significant research work has been reported in this field to develop 2D graphene
polymer ternary nanocomposite-based photocatalytic material with optimized
material design with the aim to exploit the advantage of constituents’ synergistic
action. Biswas et al. described the use of bismuth vanadate/graphene oxide/
polyaniline (BiVO4/GO/PANI) as visible range photocatalysts, with enhanced
electron–hole pair separation efficiency due to coupling at interface of the com-
ponents [175]. PANI/GR hybrids were fabricated as photocatalyst for decomposi-
tion of dyes as MO, RhB, etc. In the PANI/GR NCs GR aids in charge transport
through its 2D pi-conjugated structure, photo-induced electrons transit from
PANI LUMO level to the CB of GR and thus can be rapidly transferred through 2D
network of GR and can participate in degradation redox reactions at the exterior
side of the photocatalyst. Further, PANI/GR-based photocatalytic material is syn-
thesized and used for decomposition of RB dye. Mechanism of action involved
adsorption of dye, p–p* stacking of dye molecules and graphene results into
enhanced absorption, followed by photoexcitation of electrons in PANI (Fig. 5.11)
[176].

The improved PA of the PANI/GR hybrids results from the enhanced e−h+

separation and formation of radicals by 2D GSs. Ternary PANI/SnS2/RGO com-
posite was developed by Zhang et al. which exhibits enhanced PA with facilitated
charge transfer due to conductive character of RGO and PANI. Further, redox
reactions on RGO and PANI inhibit the photo-corrosion of the semiconductor
(Fig. 5.12) [177].

Fig. 5.10 Schematic for 2D graphene-based nanocomposites used for photocatalytic applications.
Adapted with permission from Ref. [171] Zhang et al. Copyright @ 2020 Elsevier B.V.
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Ahuja et al. developed visible light active ternary NiO@PANI/RGO
nanocomposites hierarchically structured, i.e., PANI/RGO matrix is intercalated
by NiO nanoparticles, showed PA in UV–Vis extended light absorption range with
98% methylene blue (MB) decomposition within 11 min with 0.086 min−1 as rate
constant [56]. The NiO@PANI/RGO ternary nanocomposites showed effective
sunlight utilization due to decreased band gap of 1.9 eV, in comparison to 2.6 and
2.3 eV reported for PANI and PANI/RGO, respectively. Even the ternary
nanocomposites reported to maintain consistent PA after 10 cycles.

Adsorption and photocatalytic applications of GN@PANI and CuO/GN@PANI
were explored. It was observed that CuO/GN@PANI nanocomposites with low

Fig. 5.11 Scheme representing photocatalytic RB dye decomposition by PANI/Gr nanocompos-
ites. Reproduced with permission from Ref. [176]. Copyright @ 2012 Elsevier B.V.

Fig. 5.12 Mechanisms of photocatalytic reduction of Cr(VI) by PANI/SnS2/NRG composite and
SnS2
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band gap and better charge separation are better adsorbent and photocatalyst than
GN@PANI nanocomposites. Some other examples of graphene-based hybrid
polymer nanostructures are mentioned in Table 5.3.

Table 5.3 Various Graphene-based polymer nanostructures used in different photocatalytic
reactions

Photocatalyst Light
irradiation

Pollutants Initial conc. of dye solution,
amount of photocatalyst,
irradiation time, percentage
degradation (%)

References

PANI/RGO
(RGO—5 wt%)

Visible light MG
RhB
CR

Ci—1.7 � 10−5 M,
V = 50 ml, pH—7, mC—
10 mg for each dye. Contact
time—15 min for MG, 30 min
for RhB and 40 min for CR
99.68% (MG)
99.35% (RhB)
98.73% (CR)

[81]

Reduced
graphene oxide/
CuI/PANI

24 visible
light
wavelength

RhB
MO

50 ml RhB or MO
(1 � 10−5 mol L−1)
Complete degradation of RhB
after 50 min
Complete degradation of MO
after 70 min

[178]

PANI/
conjugated
graphene

41 visible
light

MO, MB,
RhB

100% degradation of MO, MB
and RhB in 40, 140 and
100 min, respectively

[170]

PANI/graphene
oxide

42 300 W
Xenon lamp

Rose
Bengal dye

50 ml of 20 ppm dye
100 mg dye
95% degradation on 300 min

[179]

MnO2/PEDOT/
GO

FSL
MW1-Y-15
(k = 254 nm)

MB 92.7% degradation in 420 min [180]

NiO/PANI/
RGO

Sunlight MB 8 mg photocatalyst was mixed
with the MB solution (10−5 M)
98% degradation within 11 min

[56]

CuO/
GN@PANI

104 W
visible light

2-Chloro
phenol

0.03 g (1.6 cm) of the thin film
was hanged in the 150 mL
2-CP solution of 25 mg/L
concentration under continuous
stirring condition

[181]

GO/PTh
composites

4.2 W LED
light with
CREE
XM-L2 lamp

MB 10 mg of photocatalyst
100 MB with conc. 28.2 mg/L

[182]

(continued)
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The chapter delivers a review of photocatalytic materials centered on 2D
nanosheet/polymer nanocomposites. 2D TMOs, TMDs and graphene have inherent
advantages of having readily tunable electronic structure and diverse
physio-chemical properties that enable limitless opportunities for the coupling
hybrids in the field of development of efficient and optimized photocatalysts.
Further, with advances in polymer chemistry, and the intrinsic merit of band gap
engineering with conjugated polymers, designing of 2D nanosheet/polymer
nanocomposites plays a significant role in practical photocatalytic applications.
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Chapter 6
Photocatalyst Composites from Bi-based
and Carbon Materials for Visible Light
Photodegradation

Nikita Sharma, Zsolt Pap, Seema Garg, and Klara Hernadi

Abstract This chapter gives a brief overview of the progress in bismuth-carbon
nanocomposites as promising visible-light-driven photocatalysts. The fundamental
structural features of bare bismuth-based photocatalysts and their historical back-
ground is highlighted. The composites of BiOX with carbon nanotubes are dis-
cussed in detail. Overview of some composites with other carbon nanomaterials,
such as activated carbon, graphene, and g-C3N4, are also discussed. Based on this,
significant roles played by these carbon nanomaterials are reviewed as well. The
important examples are collected, compared and analyzed thoroughly. The intro-
duction of carbon nanomaterials has a pronounced effect on the photocatalytic
performance of bare bismuth-based metal oxides owing to the synergetic effect that
exists between carbon nanostructures and bismuth-related photocatalysts, besides
the effect on their morphological, structural and optical properties.
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Keywords Bismuth-based � Carbonaceous materials � Photocatalytic degrada-
tion � Composites � Layered structure

6.1 Introduction

The abundance of solar energy points to the potential applications of fuel generation
and environmental remediation by photocatalytic materials. For long, this has been
a hot topic for researchers across the globe. Figure 6.1 shows the growing number
of publications in the field of photocatalysis. Over three decades, the total number
of publications in the field of photocatalysis reached more than 50,000, if the
keyword “photocatalytic” is used on web of science (searched on 9 November
2020), out of which nearly 10,000 publications were reported for
visible-light-driven photocatalysts (inside picture), using keyword “visible-light”
and “photocatalytic”. Till now, many different types of photocatalysts have been
developed and several advances have been made to understand their course of
action. However, substantial challenges are still on the way. Among those, the
major challenge is to find their practical use in industries, thus cutting down the
overall cost in comparison to the existing technology. This chapter aims to provide
a novel perspective of one such class of visible light-driven photocatalyst (of bis-
muth family) and their composites with popular carbon nanostructures.

The “bismuth” class of photocatalyst came into attention when different strate-
gies were being adopted including, developing novel materials using visible light as
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source of irradiation. The aim was for improving the photocatalytic performance by
widening the absorption of light, maximizing the charge transfer phenomena at the
surface, suppressing the recombination process by efficient charge separation and
enhancing surface redox reactions. The practical applications of these materials are
still too low, as stated previously, due to easy recombination of charge carriers
which resulted in decrease in photocatalytic efficiency. Therefore, here came the
need for adopting other strategies investigated for achieving enhanced photocat-
alytic performance, as shown in Fig. 6.2. For instance, Niu and coworkers high-
lighted the key points on introducing oxygen vacancies in BiOCl crystal structure
that helped in the removal of bacteria (E. coli and S. aureus) and RhB dye under
simulated sunlight with (010) and (001) exposed facets [66]. The prepared BiOCl
experienced reduction in band gap by forming impurity energy levels that promoted
visible light absorption and also acted as trapping sites for electrons, thus boosting
charge separation [18, 88, 106]. To get into the details of each one of these is
beyond the scope of this chapter. Therefore, the most popular and widely used
approach which is “composite” formation, is discussed here.

6.2 Photocatalysts from “Bismuth” Family

Bismuth-based photocatalysts have reported several positive characteristics, such
as high stability, low cost, efficient photocatalytic response, abundance in nature,
and non-toxicity [114]. The increasing popularity of these materials can be seen in
Fig. 6.3, which shows the total number of articles published on using Bi-based
photocatalysts in almost two decades.

As a result of this, these novel and high-performance photocatalytic materials
have found various applications, for example, in degrading organic pollutants,
water splitting, photocatalytic removal of heavy metal ions and hazardous gas, and
photo reduction, and oxidation of air pollutants [114]. The bismuth-based semi-
conductors have reported good UV and visible light photocatalytic activity due to
their narrow band gap, typically less than 3.0 eV. The band gap energy values of
these have been shown in Fig. 6.4 [100]. In their band structure, the valence band
consist of hybrid orbitals of Bi 6s and O 2p, unlike TiO2 which consists of only O

Fig. 6.2 Different strategies adopted for enhancing the photocatalytic activity of a photocatalyst
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2p orbitals. The presence of this well-dispersed Bi 6s orbitals reported the increased
mobility of photogenerated charge carriers and reduction in band gap [37]. A study
done by Rengaraj et al. revealed that Bi–O sites act as electron trapping sites in the
case of TiO2 doped with Bi3+ for the degradation of methyparathion, an endocrine
disruptor, under UV-A radiation. The degradation efficiency reached almost 97%
within 2 h [70].

Synthesis methods like sol–gel, hydro/solvo-thermal, microwave irradiation,
micro-emulsion, precipitation, sonochemical, chemical vapor deposition have been
used to obtain higher photocatalytic activity for these bismuth-related nanostruc-
tures. Different synthetic methods result in different photocatalytic yields for the
nanocomposite [40]. Likewise, different synthesis conditions also results in dif-
ference in photocatalytic performance. For instance, one of the studies done by our
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research group investigated the influence of hydrothermal crystallization parameters
(time and temperature) on the final properties of BiOX [5]. Recently, combination
of these methods have also been used. For example, in the study by Yang and
Zhang, BiOCl/BiOBr composite was prepared by using microwave-assisted
co-precipitation method (MWAC) and the composite was quite stable even after
5 cycles [110]. However, the downfall of using microwave-assisted method is
uncontrolled growth of crystal structure and size [75]. Due to the stability of Bi3+

than Bi5+, most of the work is focused on Bi3+ containing compounds which
include Sillen-structured (BiOX: X = Cl, Br, I), Aurivilius-structured (Bi2MO6;
M = Mo, W) and Scheelite-structured (BiVO4, Bi2S3). These can be classified into
different categories, namely bismuth chalcogenides (binary sulfides or oxides),
bismuth oxyhalides, bismuth vanadate, and other bismuth-related nanoparticles
(multi-component oxides). These compounds mainly have layered structure with
mainly platelets-type of morphology [100]. Such class of photocatalysts has been
tested on a wide range of organic pollutants ranging from azo dyes (Rhodamine B,
Methyl Orange, Methylene Blue) to toxic gases (acetaldehyde, bisphenol A, nitric
oxide) for determining their photocatalytic activity under visible light [32]. They
have found a number of applications ranging from eliminating toxic organic pol-
lutants to solar water splitting and CO2 photoreduction, as shown in Fig. 6.5. In
subsequent sections, only the most widely studied Bi-family members including
BiOX (X = Cl, Br, I), Bi2WO6 and BiVO4 are discussed and also their
carbon-based composite structures.

Bismuth Oxyhalides (BiOX) are one of the promising candidates among visible
light photocatalyst and are extensively studied. Their outstanding photocatalytic
activity is attributed to their unique layered structure. This layered structure is
beneficial for the transfer of electrons to the photocatalyst surface along the layered
network since the recombination of charge carriers could be suppressed by trans-
ferring electrons to a layered host [58]. BiOX has open-layered crystalline structure
and belongs to a family of multicomponent metal oxyhalides which crystallizes into
tetragonal matlockite structure (PbFCl-type structure). This was first determined by
Bannister in 1935 [4]. Their crystal structure consists of Bi2O2 slabs interleaved by

Fig. 6.5 Different applications of bi-based photocatalysts
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double halogen atom slabs forming a layered structure, as shown in Fig. 6.6. In each
[X–Bi–O–Bi–X] layer, a bismuth atom is surrounded by four oxygen and four
halogen atoms. Such arrangement of layers provides large enough space to polarize
the related atoms and orbitals, generating static internal electric fields. This promotes
the separation and migration of photogenerated electron–hole pairs, one of the
important factors in photocatalysis. The intralayer atoms are held together by strong
covalent bonding whereas the weak interlayer is held by Van der Waals interaction.
The presence of such kind of bonding leads to highly anisotropic structural, optical,
electrical, and mechanical properties. Their layered structure bestow them with
fascinating physicochemical properties including high chemical and optical stability,
chemical inertness, and resistance towards corrosion, apart from its low cost and
abundance in nature. BiOX has found potential applications for hydrogen evolution
by solar water splitting, indoor-gas purification, photocatalytic wastewater treat-
ment, selective oxidation of alcohol, photodegradation of volatile organic com-
pounds (VOC), and recently, in nitrogen fixation. The first work of BiOX was
reported for BiOCl in 2006 by Zhang et al. [107]. They synthesized irregular BiOCl
nanoplates which effectively degraded methyl orange under UV light. Not only did
the BiOCl photocatalysts performed better than commercial P25 TiO2 but also
reported high stability even after 3 runs in comparison to P25.

It is interesting to note that the band gap energy value (Eg) for the three bismuth
oxyhalides is variable [16, 17]. For BiOCl Eg is *3.3 eV, for BiOBr Eg is 2.7 eV
and in case of BiOI, it is 1.8 eV. Due to their narrow band gap, they can be easily
excited using visible light, except for BiOCl which is UV-active just like TiO2 due
to its large band gap (Eg < 3.0 eV). Although BiOCl is mainly active under UV
light but with certain modifications it could be employed under visible light. For
instance, the work by Wang and coworkers reported synthesis of modified BiOCl
nanocomposites with PANI which showed superior photocatalytic activity for the
degradation of methyl orange (MO) under visible light [89]. The composite showed
synergetic effect between BiOCl conduction band maximum and p* orbital of PANI
due to the chemical interaction and around 67% of dye was removed within
210 min using visible light. Another work of extending BiOCl absorption range to
visible region was reported by Cai et al. where they synthesized the composites of
BiOCl and g-C3N4 [12]. These composites showed remarkable photocatalytic

Fig. 6.6 Structural representation of BiOX (X: Cl, Br, I) a single-crystal cell b 2-D layered
structure with a two-layer thickness. Reprinted from Ref. [19] with permission from Elsevier
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activity in the photodegradation of phenol and 4-chlorophenol under visible light.
The superior photocatalytic performance is due to the effective separation of charge
carriers by the introduction of g-C3N4 into BiOCl crystal structure.

As stated earlier, a number of synthesis methods are used and have also been
reported for the fabrication of bismuth oxyhalides. Lin et al. used deposition–
precipitation approach for the synthesis of BiOBr/AgBr composite for the degra-
dation of methyl orange under visible light [31]. They reported O2

.− as the main
active species responsible for the photodegradation of methyl orange. Lately, a new
greener approach towards BiOX synthesis have been followed. One such example
is the synthesis of BiOBr using leaf extract of Azadirachta indica and comparing its
photocatalytic efficiency with the chemical version of BiOBr using methyl orange
and phenol as model pollutant [24].

Bismuth Vanadate (BiVO4) is another famous class of metal oxide semicon-
ductors under Bi-based photocatalysts which shares similar beneficial characteris-
tics such as nontoxicity, good visible light harvesting property, and chemical
corrosion resistance, that marks it as a good candidate for environmental applica-
tions [61]. The first report on use of BiVO4 photocatalyst for solar oxidation was
reported by Kudo et al. in 1988 [45]. Prior to this, it was mainly used as a yellow
pigment due to its nontoxic nature and coloristic properties [8]. It has an advantage
over toxic, expensive, and less stable organic pigments, for example, Cd- or
Pb-based pigments [27]. However, its uncontrolled pigmentary color is a serious
drawback [27]. Nowadays, the applications of BiVO4 has wider spectrum ranging
from gas sensors [26], temperature indictor [81] to photoanode material in photo-
electrochemical cells [43, 68]. Based on its light absorption properties under UV
and visible light, BiVO4 is now widely used in degrading organic pollutants such as
noxious dyes [20] and endocrine disruptors like bisphenol A [2]. A study reported
the effective photodegradation of an endocrine disruptor, diethylstilbestrol, under
visible light using BiVO4 and persulfate system [55]. Li et al. reported the superior
visible light photodegradation of methylene blue by ordered mesoporous mono-
clinic BiVO4 using silica as a template [47]. Also, BiVO4 with olive-like mor-
phology was found to exhibit excellent visible light photocatalytic activity for
phenol [39]. Recently, numerous encouraging results have also been reported for
carbon dioxide reduction and oxygen evolution using BiVO4 apart from degrading
organic pollutants. The lamellar BiVO4 prepared by Ke et al. demonstrate the best
photocatalytic activity for oxygen evolution [42]. Other applications arise from its
ferroelasticity [10], conductivity [7] and catalytic properties such as its use as a
catalyst in oxidative dehydrogenation reactions [27].

BiVO4 occurs in its natural form as a mineral pucherite with an orthorhombic
crystal structure. However, when synthesized in laboratory, it crystallizes into either
scheelite or zircon-type crystal structure. The scheelite structure has two crystal
forms, monoclinic (distorted) and tetragonal phase while zircon-type has only
tetragonal phase. Both the tetragonal phases differ only in their lattice parameters.
The tetragonal zircon is obtained at low temperature while synthesis at
high-temperature results in monoclinic phase. It was reported that the reversible
phase transition occurs from monoclinic to tetragonal scheelite structure when
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heated above 255 °C [9]. Similarly, the irreversible phase transition of tetragonal
zircon-type structure to monoclinic scheelite structure occurs above 400–500 °C. It
has been demonstrated by Noor et al. in Fig. 6.7 [67]. Therefore, it shows that the
phase transition of BiVO4 strongly depends on temperature, although in some cases
mechanical treatment (for e.g. manual crushing of the powder) at room temperature
also resulted in irreversible phase transition [9].

Out of all three polymorphs, monoclinic exhibits higher photocatalytic activity
under visible light irradiation (k > 420 nm) due to its narrow band gap energy
(2.4 eV) [33] [62]. This visible light absorption is mainly due to the distortion in
monoclinic structure [64, 84] and is associated with the transition from valence
band (VB) formed by Bi 6s or a hybrid orbital of Bi 6s and O 2p to a conduction
band (CB) of V 3d. On the other hand, in case of UV absorption by both tetragonal
and monoclinic BiVO4, the transition from O 2p to V 3d is responsible [69]. For
that reason, it is crucial to control its crystal form in order to develop
visible-light-driven photocatalysts [97].

The basic structure of BiVO4 is composed of vanadium ions (VO4) tetrahedron
units coordinated by four oxygen atoms in V site and bismuth ions (BiO8) poly-
hedron unit surrounded by eight oxygen atoms. These eight oxygen atoms are
connected at Bi site through eight different VO4 tetrahedral units. The basic unit cell
of monoclinic BiVO4 is represented in Fig. 6.8.

In this monoclinic structure, Bi and V atoms are alternatively arranged along the
crystallographic axis exhibiting a layered structure. The bond lengths of V–O and Bi–
O in tetragonal scheelite structure are equal while in monoclinic phase are different.

Fig. 6.7 Phase transition of
BiVO4 from monoclinic to
tetragonal, and vice-versa,
depending on temperature
conditions. Reprinted from
Ref. [67] with permission
from 10th international
conference on electrical and
computer engineering
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Fig. 6.9 Band gap structure of a pure tetragonal BiVO4 (left) and b pure monoclinic BiVO4

(right). Reprinted from Ref. [67] with permission from 10th international conference on electrical
and computer engineering

Fig. 6.8 Single unit crystal structure of monoclinic BiVO4 (created using VESTA)
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As a result of this, the monoclinic BiVO4 has narrower band gap energy value than
tetragonal BiVO4. Noor et al. explain this reduction in band gap of monoclinic phase
via a graphical representation shown in Fig. 6.9, where, the higher bond lengths of O–
O in monoclinic results in decrease in repulsion between O 2p electrons and lone pair
electrons of Bi3+, thereby resulting in reduced band gap energy.

Moreover, its photophysical and photocatalytic properties vary significantly
depending on the crystal form and the type of synthesis [27, 97]. A variety of
methods have also been reported for the synthesis of BiVO4 including solid-state
reaction, hydrothermal, sol–gel, aqueous solution, solvothermal, microemulsion,
chemical precipitation, microwave irradiation, etc. Another alternative route for
synthesizing BiVO4 was by metalorganic decomposition technique to form thin
films of BiVO4 [22]. Through this method, control over the particle size can be
achieved by slight change in thermal condition (duration). Depending on the type of
synthesis, different phases can be obtained. Sometimes even the same crystal
structure can show different photocatalytic behavior. For example, one study
compared the photocatalytic efficiency of the monoclinic phase BiVO4 prepared by
two different methods and the results revealed that same crystal structure can show
different photocatalytic activity, the one synthesized by an aqueous process at room
temperature shows higher photocatalytic activity than the one prepared by con-
ventional solid-state reaction [27]. Bhattacharya et al. prepared zircon structure
BiVO4 using co-precipitation method and found out that the method is sensitive to
both pH and temperature of the solution from which the compound is precipitated
[9]. Zhang et al. reported the synthesis of mixed-phase BiVO4 (tetragonal and
monoclinic) via hydrothermal method where they reported the dependence of
morphology and phases on pH of the precursor solution. According to their report,
in acidic condition (i.e., pH � 3.8) a pure tetragonal phase was obtained while in
alkaline medium (pH � 8.5) a pure monoclinic phase was formed and in between
this pH values (3.8–8.5) a mixture of these two phases was formed. In another
study, monoclinic BiVO4 with nanofibrous morphology was synthesized by
hydrothermal method using a cationic surfactant cetyltrimethylammonium bromide
(CTAB) as a template directing agent [102].

Bi2MO6: (M = Cr, Mo, W) types belong to Aurivillius family and its crystal
structure falls under orthorhombic space group Pca2(1). Unlike BiVO4 band gap
structure (as discussed previously), the valence band and conduction band for this
family consist of hybridized Bi 6p, O 2p, and M nd orbitals (n = 3, 4, 5 for
Bi2CrO6, Bi2MoO6, and Bi2WO6, respectively) [60]. The predicted band gaps for
Bi2CrO6, Bi2MoO6 and Bi2WO6 are 1.245 eV, 1.96 eV and 2.2 eV, respectively
[60]. Since the band gap of Bi2CrO6 is very narrow, the recombination of charge
carriers is easy and therefore, limits its applications in photocatalysis [60]. Bi2WO6,
on the other hand, is the most widely studied due to its physical and chemical
properties like pyroelectricity, piezoelectricity, ferroelectricity, etc. [15, 59].
Bi2WO6 has shown excellent visible-light induced-photocatalytic activity for
degrading organic pollutants, water splitting (oxygen evolution) and certain toxic
gases such as nitric oxide, bisphenol A, acetaldehyde [48]. The Bi2WO6 consists of
layered structure with perovskite slabs interleaved with Bi2O2 layers and WO6 units
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sharing the corner sites. The work done by Kudo and coworkers was the first on
Bi2WO6 for photocatalytic oxygen evolution from AgNO3 solution [44]. It has been
known to show comparable activity to that of anatase TiO2 but its instability at low
pH limits its application in liquid phase [21]. However, its strong absorption ability
for visible light and resistant to photocorrosion makes it suitable for photocatalysis
and photoelectrocatalysis applications [33]. Different methods could be used to
prepare Bi2WO6, such as solid-state reaction and hydrothermal process. In a study
of Bi2WO6 synthesis via solid-state reaction (SSR), large particle size, and low
surface area was obtained [109]. However, with hydrothermal synthesis, the
advantage of smaller crystal size, narrower band gap, and higher surface area was
obtained and these materials showed better photocatalytic activity than those pre-
pared by SSR method [60, 87]. Furthermore, the control over morphology could be
possible in hydrothermal treatment by regulating parameters like pH or use of
shape-tailoring agents [41]. A number of model pollutants were successfully
degraded using Bi2WO6 reaching more than 95% of removal efficiency in case of
azo dyes and above 90% for endocrine disruptors like bisphenol A under visible
light irradiation [35]. The removal of CHCl3, acetaldehyde [83] and nitric oxide in
air [36] has also been reported.

One of the most important and beneficial points for photocatalyst is to have
organized hierarchical structures. This results in their high physicochemical prop-
erties and also provides various channels for diffusion of small molecules much
faster to the reaction sites [92]. For instance, flower-like superstructure of Bi2WO6

was synthesized by Wang and coworkers which resulted in degradation of RhB
upto 97% in only 60 min under visible light [108]. The interesting fact about their
work is that they obtained this morphology without using surfactant or template,
rather with facile hydrothermal treatment and the samples exhibited high surface
area. The high photocatalytic activity of Bi2WO6 flower-like morphology than that
of TiO2 is due to its novel hierarchal transport pores. A wide range of morphologies
for Bi2WO6 were obtained such as microspheres [48], nanoplates [105], hollow
spheres, nest-like [14], flower-like [108], hollow tubes [54], nanocages [74].

6.3 Carbon-Nanostructures in Photocatalysis

Recombination is a very common and rapid phenomena that lower the performance
of a photocatalyst. But when it is combined with a material which is conductive in
nature, it boosts the overall photocatalytic efficiency by lowering the recombination
rate [65]. Conductive carbon-based materials are a good choice and are well-known
for ages for their high surface area, porous structure, high adsorption capacity,
excellent electrical and thermal conductivity, and extremely high mechanical
strength. The increasing popularity is also due to their chemical inertness, low cost
as compared to other commercial polymeric agents, environmentally benign nature,
thermal stability, and easy availability. For example, activated carbon is a very good
adsorbent used for pollutant removal and can be obtained easily from waste
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material, such as by burning any kind of nut shells [73]. The obtained carbon has
very high BET surface area, one of the vital aspects in heterogeneous photocatal-
ysis. Carbonaceous-based materials are the most valuable material, in terms of its
unique and novel properties and their diverse applications including wastewater
treatment. Another significant feature of carbon is that it can be doped easily with a
variety of metal oxide nanoparticles and therefore, is regarded as a promising
material for pollutant removal. Additionally, their stability under acidic and basic
conditions and easy recovery of metals is another interesting property. The cause of
the enhanced performance by carbon-nanomaterials, when combined with semi-
conductors, takes place via 3 main mechanisms: (i) high adsorption, (ii) enhanced
absorption of visible light, and (iii) easy separation of photogenerated charge car-
riers [11]. This resulted in the overall enhancement of their photocatalytic activity.
Figure 6.10 gives the general visual representation of removal of organic pollutants
by the use of different forms of carbon nanomaterials [28].

The introduction of carbon nanostructures can have significant impact on pho-
tocatalysts, as listed in Fig. 6.11 such as, it reduces the recombination of electron–
hole pair, enhances the adsorption capacity, and prevents the agglomeration of
particles, all of which are essential in photocatalysis. These are known to increase
the dispersion of the photocatalysts owing to their high surface area.

Fig. 6.10 Illustration of photocatalytic degradation mechanism of organic contaminants by
different forms of C-nanostructures (Fernanda D. Guerra, https://pubmed.ncbi.nlm.nih.gov/
30021974/. Licensed under CC BY)
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The carbon nanostructures play significant roles, such as (i) a support material
for metal oxide nanoparticles (ii) as an adsorbent due to its high adsorption capacity
towards pollutants and that increases active sites as well, (iii) acting as electron
acceptor and transport channel due to its high electrical conductivity, preventing the
recombination of photogenerated electron-holes (iv) as a co-catalyst (v) as a pho-
tosensitizer. A visual representation of the different roles played by C-nanostructure
family (in photocatalysis) can be seen in Fig. 6.12. In a study of Tryba et al., TiO2

coated with carbon layers experienced increase adsorption for phenol but lower
photodecomposition as compared to bare TiO2 [85]. This is because the activated
carbon, here, merely acted as a support material for the TiO2 deposition and did not
participate in photodegradation process. Besides this, another important role played

Advantages of Carbon materials in 
photocatalysis

efficient 
separation of 
photoinduced

charge 
carriers

abundant nucleation sites
(due to defect sites and oxygen 
functionalities on their surface )

improved 
charge transfer 
(due to enhanced 
contact interface)

retard 
aggregation 

and improved 
structure 
stability

enhanced surface 
area 

(increased active 
sites)

chemically 
inert and 
thermally 

stable

Fig. 6.11 Advantages of
incorporating carbon
nanomaterials to the
semiconductor during
photocatalysis

Fig. 6.12 Different roles
played by carbon
nanostructures in a
semiconductor-carbon hybrid
photocatalyst system
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was the suppression of phase transformation from anatase to poorly photoactive
rutile phase. In another study, Xian et al. described the dual roles played by gra-
phene in the composite system of BiOBr–TiO2-graphene. The 2-D graphene in the
composite system served as both as an electron sink to capture the photogenerated
electrons from semiconductor and as a conductive network to improve the migra-
tion of these electrons. In addition, the author reported random dispersion of gra-
phene as evident by absence of any kind of shift in the absorption edge of the
composite and no effect on their band gap energy.

Conventional carbon forms used in photocatalysis are activated carbon, graphite,
and graphitized materials. Recently, carbon nanotubes (CNT), graphene (or gra-
phene oxide GO), carbon nanofibers, C-60 (fullerenes), carbon quantum dots
(CQD), and carbon nitride (g-C3N4) have expanded the list of carbonaceous
materials under heterogeneous photocatalysis. Figure 6.13 shows the structure of
different carbon nanomaterials used in photocatalytic applications. Such carbon
nanostructures having different morphologies made a great impact as a promising
material for diverse applications, particularly in environmental remediation. It has
been reported to extend the absorption edge of bare semiconductor photocatalyst
into visible region that led to the enhancement of photocatalytic response of the
composite. In a further section, a brief summary of the general characteristics of
these novel promising nanomaterials are discussed.

Graphene is a single-layer 2D graphite structure with fascinating electrical and
structural properties. Although the study on it goes back to 1859 but the wide-scale
research started in 2004 and for which Geim and Novoselov were awarded Nobel
Prize in 2010. Since then it is in limelight. Some of its outstanding properties
include large specific surface area, high charge mobility at room temperature,
remarkable electrical conductivity that makes the transmission of electrons rela-
tively easy, and excellent adsorption capacity, apart from its high strength. Its
combination with a semiconductor would result in a composite structure with a
great tendency to eliminate pollutants. Additionally, the pronounced adsorption of
pollutants on its surface is another beneficial point that accelerates the pho-
todegradation mechanism of adsorbed pollutants. Liang et al. reported the first
study on photocatalytic CO2 reduction [52]. Since then, it is greatly studied, par-
ticularly from the aspect of CO2 photoreduction. Their introduction into composite
system has resulted in high photocatalytic efficiency of the photocatalyst. Their
large specific surface area and high chemical stability also plays significant role in

Fig. 6.13 Different forms of carbon nanomaterials
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enhancing the photocatalytic efficiency of CO2 reduction. The use of hollow and
mesoporous nanostructures result in increase of surface area and as a result of this,
large number of active sites are generated which further enhances the diffusion and
adsorption of reactant molecules, resulting in enhanced photocatalytic activity [30].

Reduced-Graphene oxide (rGO), yet another sub-class of graphene is formed
by reducing graphene oxide in various reductive conditions. Figure 6.14 shows
synthesis of rGO from graphite [46]. It has also received much attention due to
several oxygen functionalities present on its surface and its high surface area, that
makes it suitable as an excellent support and electron acceptor [112]. It has similar
properties as that of graphene. Due to the oxidation of graphite, several functional
groups containing oxygen are introduced on its surface that makes them hydrophilic
in nature. As a result of this, it is easily mixed in water and therefore, has much
higher exposed area in aqueous solution. This has an advantage in solar water
splitting applications.

Graphitic carbon nitrides (g-C3N4) has been extensively used in photocatal-
ysis and are sometimes referred to as “metal-free visible light photocatalyst” [40].
The electronic properties differ markedly from graphene. g-C3N4 exists in seven
different phases (a-C3N4, b-C3N4, cubic-C3N4, pseudocubic-C3N4, g-h-triazine,
g-h-heptazine and g-o-triazine), out of which only polymeric graphitic-C3N4 is the

Fig. 6.14 Schematic representation for preparation of reduced graphene oxide from graphite.
Reprinted from [3], Copyright 2011 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim
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most stable with highly ordered polymeric structure with pendant amino groups and
tri-s-triazine (C6N7) as the building structural units. It has a narrow band gap of
2.7 eV, which is appropriate for excitation under visible light while graphene is a
zero band gap conductor with excellent conductivity properties. Due to its high
reduction ability, it has shown many effective results in photoreduction for H2

production and CO2 reduction. The tremendous surface properties of g-C3N4 makes
it perfect as a support material for other photocatalysts [57] or as a photosentisizer
in other cases. Besides its rich surface characteristics, g-C3N4 offers other beneficial
features such as high specific surface area, good chemical stability even under harsh
acidic conditions, good light absorption properties, and low-cost for photocatalytic
CO2 reduction [115, 116].

Activated Carbon, also sometimes called active carbon or activated charcoal,
since long have been widely used as a support or adsorbent in case of removal of
pollutants from air [38] or eliminating organic amides from aqueous solutions [82].
Owing to its large adsorption capacity, it is one of the common choices for
adsorbents in industries as the intermediates produced after photodegradation
process can be effectively adsorbed on its surface. Like with other carbon nanos-
tructures, the combination of AC with semiconductor can suppress the recombi-
nation of electron/hole pairs to some extent. It is also the most preferred choice in
the case of carbon-supported catalysts [72].

Carbon Nanotubes (CNT) are, yet, another group of promising materials in
environmental remediation. These are grouped into two categories, namely,
single-walled CNT (SWCNT) and multi-walled CNT (MWCNT). SWCNT consists
of only the layer of graphene sheet while MWCNT is composed of multiple con-
centric layers of graphene. By virtue of their high specific surface area, hollow
layered structure, and presence of delocalized p-electrons, CNT facilitated in
enhancing light adsorption capacity and charge transportation phenomena. From
past, numerous research and efforts have been put to increase the photocatalytic
activity by using CNT, especially of the well-known TiO2 and in many cases,
visible-light response was obtained due to the beneficial properties imparted by
CNT, such as serving as temporary electron reservoir [6]. Besides acting as electron
sink, MWCNT, during photocatalysis process, could also act as a photosensitiszer,
as reported by Wang et al., in which the photogenerated electrons from MWCNT
are injected into the TiO2 conduction band, on the other hand, the
positively-charged MWCNT leaves a hole onto TiO2 by scavenging the electrons
from valence band of TiO2. Although, MWCNT has resulted in increased perfor-
mance of the photocatalysts, in several cases, however, this is valid only upto
certain amount. This has been proven by a study done by Réti et al. where the
author observed that increased MWCNT amount deteriorates the activity due to
light-absorbing properties of MWCNT and their shadowing effect [71]. This study
revealed that low amount of MWCNT proved beneficial for obtaining higher
photocatalytic efficiency and MWCNT were considered to act as “conductive
wires” that is responsible for transferring and storing electrons and, therefore,
increases the lifetime of these charge carriers.
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Shaowen et al. has interestingly summarized different roles of these carbon
nanostructures during the photocatalytic process, shown in Table 6.1 [13]. As
rightly quoted by him, particular carbon material can show multi-functional roles
during the entire photocatalytic reaction while it may not be true for other specific
carbon materials because of limitations of their texture and properties.

6.4 Nanocomposites of Bismuth/Carbon as Visible
Light-Driven Photocatalysts (VLD)

This section deals with the following subjects: significant roles played by carbon
nano-family in Bismuth/Carbon composite system and the effect of incorporation of
these carbonaceous materials on bismuth family members. The strategy of forming
“composite” materials proved successful in many cases and accounted for superior
photocatalytic activity as compared to their pristine materials. This is mainly due to
the efficient transfer and suppression of recombination of photogenerated electron–
hole pairs which ultimately led to an increase in photocatalytic activity. For
example, the advantage of incorporating carbon materials resulted in enhancement
of photocatalytic reduction of CO2, depicted in Fig. 6.15 [40]. Here, such examples
of bismuth-carbon hybrid photocatalyst systems are discussed.

1. BiOX/Carbon nanocomposites for visible light photodegeradation:

Carbon materials have been reported to improve the dispersion and increase the
surface active sites on semiconductor-carbon interface. Yin et al. reported that in the
composite of BiOCl/MWCNT, the transfer of electrons was promoted by the
introduction of MWCNT and suppressed the recombination of electron and holes.

Table 6.1 Possible roles of different carbon nanostructures as summarized by Shaowen and
coworkers in their review

Role of nano-carbons Type of carbon nanostructure

CNT Graphene C60 CQD Carbon
fibers

Activated
carbon

Supporting material ✓ ✓ ✖ ✖ ✓ ✓

Increasing adsorption and
active sites

✓ ✓ ✓ ✓

Electron acceptor and
transport channel

✓ ✓ ✓ ✓ ✓ ✓

Cocatalyst ✓ ✓ ✓ ✓ ✖ ✖

Photosensitization ✓ ✓ ✓ ✓ ✖ ✖

Band gap narrowing
effect

✓ ✓ ✖ ✖ ✖ ✖

Photocatalyst ✓ ✓ ✓ ✓ ✖ ✓

Source Ref. [13]
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Another significant observation was the structural stability of MWCNT, as evident
by SEM images, even after being embedded into BiOCl crystal structure [101]. In
another work, BiOI/MWCNT composite was synthesized and showed enhance
photocatalytic activity for Acid Orange II (AOII) dye. The enhanced photocatalytic
activity was attributed to the efficient transfer of electrons between BiOI and
MWCNT. The composite also demonstrated high adsorption for AOII dye via p-p
interaction between MWCNT surface and AOII [79]. Further, novel work was done
by Weng et al. to form a composite of BiOX-carbon nanofiber (CF)/CNT [91].
Such type of hierarchal structure where there is a combination of
“semiconductor-substrate”, was designed to maximize the recycling possibility of
nanosheets from aqueous solution after photocatalytic process [29]. In the study,
BiOX nanosheets were grown over carbon composite fiber embedded with CNT by
ionic layer adsorption and reaction method. This prepared composite system of
CNTs well aligned and embedded into CF matrix is confirmed through SEM and
TEM images as shown in Figure 6.13. Figure 6.16a–f shows the morphology of the
pure CF with smooth surface and CNT/CF composite with rough surface.
Figure 6.16f shows the TEM images of the 30% CNT/CF composite fiber which
confirms that CNT are aligned and embedded into CF matrix. This composite
structure resulted in photodegradation for MO and exhibited excellent stability as
well as recycled ability under simulated sunlight. The CFs were chosen as a sub-
strate due to its flexibility and 1-D conductivity while CNTs for its ability to
effectively store and transport the electrons. Furthermore, there exists a synergistic
effect between the semiconductor and C, as reported by Guo et al., that retards the
recombination of photogenerated electron-hole pairs, thereby, enhancing the pho-
tocatalytic performance [29]. Figure 6.17a, b shows the recycling tests done for MO

Fig. 6.15 The increased photoreduction of CO2 by different carbon-based materials. Reprinted
from [40] with permission from The Royal Society of Chemistry
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dye and the results revealed that even after 5 consecutive tests, the photocatalytic
performance of the composite remained the same suggesting the remarkable sta-
bility and recycling ability of the prepared composites. Both the carbon sources had
the advantage of large surface area and stability under corrosive conditions, apart
from their excellent conductive nature. Additionally, due to high adsorption

Fig. 6.16 SEM images of a pure CFs, b–d CNT/CF composite fibers and different amount of
CNT (10%, 20%, 30%, respectively), e cross-sectional view of (d) and, f TEM image of sample
(d). Red arrow marks CNTs. Reprinted from Ref. [91] with permission from Springer

Fig. 6.17 Cycling graphs for MO photodegradation with a CNTs/CFs-BiOCl NSs, b CNTs/
CFs-BiOI NSs. Reprinted from Ref. [91] with permission from Springer
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capacity for pollutants and excellent mechanical strength of CNTs, it is said to tailor
the energy gaps of semiconductors through the covalent bonds [91]. In some
reports, the effect of carbon nanomaterials on narrowing band gap energy of the
composite has also been reported. For instance, the study by Wu et al. for the
fabrication of BiOBr/g-C3N4 composites by hydrothermal method reported nar-
rowing of band gap of BiOBr/g-C3N4 composite as compared to pure bulk BiOBr
and C3N4 [93]. Furthermore, through photoluminescence (PL) spectra, it was evi-
dent that the electrons majorly originated from C3N4 and then transferred to the
surface of BiOBr. The low intensity in case of composite indicates suppression of
recombination of photogenerated carriers and no signal for pure BiOBr indicates no
radiative recombination of charge carriers. This means that little electrons were
provided by BiOBr separately. The PL spectra are shown in Figure 6.18. Also, the
composites exhibited excellent photocatalytic activity for the degradation of
bisphenol A in 120 min under visible light.

The study by Zhang et al. reported the enhanced photocatalytic degradation for
RhB and NO by nanocomposites of BiOBr and graphene and graphite oxide [111].
The enhanced visible light absorption by nanocomposites was attributed to the
increased surface area, pore volumes, and effective charge separation and transfer at
the interface as compared to pristine BiOBr. Figure 6.19a, b illustrates the

Fig. 6.18 Photoluminious
spectra (PL) spectra of pure
BiOBr, g-C3N4 and BiOBr/
g-C3N4 composite (Jun Wun,
https://www.frontiersin.org/
articles/10.3389/
fchem.2019.00649/full.
Licensed under CC BY)

Fig. 6.19 Photocatalytic degradation mechanism of RhB by a BiOBr-GE and b BiOBr-GO
nanocomposites. Reprinted from Ref. [111] with permission from Elsevier
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photodegradation mechanism by BiOBr-GE and BiOBr-GO nanocomposites for
RhB, respectively. After achieving some remarkable and positive results for green
BiOBr synthesis [24], as mentioned under BiOX section, motivated by this, another
study was performed to explore the combining effect of using plant extract and
benefits of incorporating carbon nanostructures. This study included the impreg-
nation of BiOI, synthesized by using plant extract, over activated carbon
(AC) matrix [98]. The interesting results revealed that there exist multiple interfaces
by the introduction of AC, which not only facilitated charge flow and transportation
that led to reduced recombination rate of photogenerated charge carriers, but also
subsequently, aided the formation of superoxide radical anions (O2

.−), one of the
active species responsible for the superior performance.

Work by Shijie Li and coworkers reported excellent photodegradation for RhB,
MO and 4-chlorophenol (CP) by BiOI/MWCNT composite, prepared solvother-
mally, with degradation efficiency of 98.3% (after 60 min.), 84.2% (after 180 min.),
and 78.3% (after 180 min.), respectively, under visible light [50]. The enhanced
photocatalytic performance is attributed to the strong coupling interface between
MWCNT and BiOI that promoted the efficient separation of electron–hole pairs.
The author reported the following significant findings by the incorporation of
MWCNT: (a) higher surface areas of composites than pure BiOI (b) more
adsorptive and reactive sites for organic pollutants (c) enhanced visible light
absorption of BiOI (d) efficient charge transfer and separation (f) low recombination
rate. However, this may not be true in every case. The magic of combining such
fascinating materials may not always work. For instance, a study by our group
reported the opposite trend observed in case of composites of BiOBr with
MWCNT. We observed that addition of MWCNT in BiOBr did not lead to
enhancement of photocatalytic activity of the composite, rather the samples without
MWCNT showed the highest degradation efficiency for phenol under visible light.
Therefore, in our case, MWCNT did not contribute in efficient charge separation
and electron trapping phenomena. Other interesting fact witnessed was that the
not-so reported facet (003) reported for the first time ever to play a significant role
in enhancing the photocatalytic performance. The trend observed between different
sample series in regard to overall photocatalytic efficiency of the composite system
(BiOBr/MWCNT) for phenol photodegradation under visible light is shown in
Fig. 6.20.

Other than MWCNT, composites with graphite oxide (GO) were also reported
for the photodegradation of pollutants. For example, composite of BiOCl and
graphite oxide synthesized via in-situ sol-gel method exhibited high photocatalytic
activity for RhB [112]. The reason for enhanced activity was due to the nanosized
interfacial contact of these nanofibers. Other novel works reported on BiOX
composites with carbon nano family includes [1, 34, 53, 56, 77, 86, 90, 94, 101].
Recently, Singh et al. fabricated composites of BiOX (X = F, Cl, Br, I) with
g-C3N4 and investigated their photocatalytic performance for a dye (Congo Red)
and a fungicide (carbendazim) under natural sunlight [78]. The author confirmed
the significant interaction between BiOX and g-C3N4 via a shift observed in the
binding energies of the components. This intimate interaction between them can
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boost the charge transfer during the photocatalytic process. Other than this, as
expected, enhanced UV–Vis light absorption and relatively higher surface area of
composites in comparison to bulk counterparts, was observed. The degradation
efficiency of composites for Congo Red dye ranged from 92 to 79% for different
BiOX in 90 min under natural sunlight. The increased photocatalytic performance
was due to the presence of g-C3N4 into BiOX which resulted in generation of more
charge carriers and at the same time, cause of suppressing the recombination
phenomena. Figure 6.21 is a pictorial representation of addition of g-C3N4 and its
impact on the photodegradation efficiency of BiOX/g-C3N4 composites.
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Fig. 6.20 Trend of different sample series of BiOBr/MWCNT composite system reflecting
degradation efficiency for phenol under visible light irradiation. Reprinted from Ref. [76] with
permission from Elsevier

Fig. 6.21 Pictorial
representation of
photodegradation efficiency
of BiOX/g-C3N4 composites.
(Singh, https://pubs.rsc.org/
en/content/articlepdf/2020/
ma/d0ma00294a. Licensed
under CC BY 3.0)
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2. Bi2WO6/Carbon nanocomposites for visible light photodegradation:

The composites of Bi2WO6 with carbon nanofamily has also shown superior
photocatalytic performance. The effect of carbon on Bi2WO6 could be seen through
several studies reported. For instance, Ge et al. reported the composite of Bi2WO6

with g-C3N4 for the degradation of methyl orange under visible light [25]. On the
other hand, Li et al. studied the highly selective photoreduction of CO2 to CO by
Bi2WO6/g-C3N4 composite [49]. In the study by Ge, red shift and strong absorption
in visible-light region was observed after incorporating g-C3N4. However, signifi-
cant effect of the doping amount of g-C3N4 on the catalytic activity was seen. The
interfacial charge transfer and photocatalytic activity of the composite was lowered
when the amount of g-C3N4 doping exceeded 70 wt%. Here, g-C3N4 played the
role of a sensitizer and Bi2WO6 as a substrate. In another study, Bi2WO6 nanos-
tructures were modified by carbon via hydrothermal synthesis, as reported by Li
et al., where glucose was used as a source of carbon [51]. Parallel to the study of
Ge, in this study also, the amount of carbon had a significant impact on the pho-
tocatalytic activity. In general, the glucose transforms to some carbonaceous species
under hydrothermal conditions. Following this, glucose acted as a surfactant here
and resulted in change of morphology after hydrothermal treatment, from 2-D
plates to 3-D hierarchal structure, as shown in Fig. 6.22. However, beyond a certain
increase in glucose content, agglomeration of nanoplates was seen. Photocatalytic
activity of the C-modified Bi2WO6 decreased dramatically after adding excess
amount of glucose due to thick coating of carbon formed that prevented the optical
absorption of Bi2WO6.

Other significant work done on Bi2WO6 composite using activated carbon
(AC) by Zuo and coworkers for eliminating microcystin under simulated sunlight
[117]. The composite with 5% AC showed the highest photocatalytic performance
with degradation efficiency reaching more than 90%. Similar study to investigate
the role of activated carbon on the photocatalytic activity of Bi2WO6 was reported
by Lopez et al. [63]. As discussed about the benefits of incorporating

Fig. 6.22 SEM images of a pure Bi2WO6 b Bi2WO6/glucose, c aggregated 2-D nanoplates
Bi2WO6/glucose (excess of glucose). Reprinted from Ref. [51] with permission from The Royal
Society of Chemistry
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two-dimensional layered structure graphene into composite system of photocata-
lysts in previous section, several works were reported on the composites with
Bi2WO6 as well. Gao et al. prepared Bi2WO6/graphene composite via hydrothermal
method for the decomposition of RhB under visible light [23]. The composite of
Bi2WO6 and graphene offered higher conduction band position of Bi2WO6, thus,
increasing the reduction ability. The composites of uniform Bi2WO6 nanoparticles
with reduced graphene oxide (RGO) was fabricated by Juang et al. via a facile
self-assembly approach [99]. They revealed some interesting facts about the
dependence of energy levels of photogenerated charge carriers on the photocatalytic
activity of the Bi2WO6/RGO composite. An upshift of valence and conduction band
edge of catalyst was observed due to close interfacial contact and electronic
interaction between Bi2WO6 and RGO. However, its influence on the photocat-
alytic reduction and oxidation reactions was different. There was significant
enhancement in the photocatalytic reduction reactions because of upshift of con-
duction band edge and improved charge separation while a very slight improvement
for the oxidation reactions in comparison to pure Bi2WO6 was found. Therefore,
they concluded that the prime reason for the difference in the enhancement of
photocatalytic activity for different reactions is based on the energy levels of
photogenerated charge carriers. Figure 6.23 shows a schematic diagram of the
proposed mechanism and photocatalytic efficiency of the prepared composites

Fig. 6.23 Graphical representation of the effect of introducing graphene into Bi2WO6 showing
upshift of valence and conduction band (left) and order of photocatalytic selective reduction of
4-NP by different Bi2WO6/RGO composites (right). Reprinted from Ref. [99] with permission
from The American Chemical Society
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series. The composites of Bi2WO6 with MWCNT have also shown promising
results. Longfei et al. synthesized Bi2WO6/MWCNT mesoporous composites to
study the photodegradation of tetracycline [103]. As predicted, the performance of
the composite was significantly enhanced after introduction of MWCNT as com-
pared to pure Bi2WO6. The obvious reason for enhancement is because of efficient
charge separation, thus facilitating charge transportation. Additionally, the
adsorption of tetracycline on catalysts surface was enhanced due to large surface
area of MWCNT and p-p electron coupling with the contaminant and MWCNT.

3. BiVO4/Carbon nanocomposites for visible light photodegradation:

The composites of BiVO4 with carbon nanostructures also seems to play an
important role in removing pollutants and photoreduction applications. The BiVO4/
r-GO composite was fabricated by J. Sun et al. to study the photodegradation of
acetaminophen under visible light [80]. The composites were synthesized in different
morphologies including nanotubes, nanosheets, and nanoparticles, out of which
nanosheets showed superior photocatalytic activity and relatively high stability, as
shown in Fig. 6.24. Obviously, the interfacial contact between GO and nanosheets
helped in the photodegradation process but to some extent, in this case, the mor-
phology also contributed. Figure 6.25 explains the charge separation mechanism for
BiVO4/r-GO composite. Similarly, another work was done on BiVO4/graphene
composite synthesized via single-step method [95]. Interestingly, leaf-like mor-
phology was obtained and the outstanding performance, for RhB under visible light,
is due to coupling with r-GO as well as rough surface of the leaf-like BiVO4. The
leaf-like morphology could be seen in SEM images shown in Fig. 6.26.

In a composite of BiVO4 with MWCNT, the particles of MWCNT were tightly
embedded within BiVO4 [113]. However, some of them could be seen on the
surface of BiVO4 also. This growth mechanism of MWCNT on BiVO4 is shown in
Fig. 6.27. This is advantageous as it resulted in more active sites in addition to
enhancement of optical properties as compared to pure BiVO4. As expected, the

Fig. 6.24 a Photocatalytic degradation curves of acetaminophen under visible light irradiation and
b stability curves for the sample BiVO4/r-GO nanosheets (Jing Sun, https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC6630799/. Licensed under CC BY 4.0)
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high photocatalytic performance of the composite for RhB under visible light is
because MWCNT is well embedded which enhanced the visible light absorption.
Activated carbon fibers (ACF) have also been used with BiVO4 for decomposing
pollutants. For instance, Zhang et al. synthesized nanocomposite of BiVO4/ACF to
study the photodegradation of Reactive Black KN-B (RB5) under visible light
[104]. The formation of heterojunction electric field between catalyst and ACF
resulted in higher photocatalytic activity. Xuan and coworkers reported the syn-
thesis of BiVO4/graphene nanocomposites where good dispersion of BiVO4 on
graphene sheet led to an improved photodegradation of RhB under visible light
[96]. The presence of graphene provided the high mobility of charge carriers,
therefore, facilitating the charge separation. However, with increase in graphene
content, no enhancement in the photocatalytic activity of the nanocomposite was
observed. Thus, in every case, the beneficial effect of such nanostructures could be
seen only upto an optimal quantity, beyond this, the effect seems to be detrimental.

Fig. 6.25 Schematic diagram to show electron–hole separation in BiVO4/r-GO composite (Jing
Sun, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6630799/. Licensed under CC BY 4.0)

Fig. 6.26 SEM image of
BiVO4/r-GO composite with
leaf-like morphology.
Reprinted from Ref. [95] with
permission from The Royal
Society of Chemistry
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In summary, the development of visible-light-driven photocatalysts is pro-
gressing significantly and group of “bismuth” family contributes to a great extent.
The appropriate band gap energy of Bismuth-related photocatalysts is an added
advantage. However, the high instability of photogenerated charge carriers, during
the photocatalytic process, ends up in recombining with other processes and as a
result, the adsorbed energy is lost in the form of heat which leads to lower pho-
tocatalytic efficiency. Bismuth/Carbon nanocomposites have emerged as promising
materials and helped in solving such issues to some extent. The introduction of such
nanostructures into semiconductor metal oxide has the benefit of providing high
surface area support, besides the advantage of facilitating charge separation. This
charge separation has been possible via one or more mechanism: lowering the
recombination rate of charge carriers, availability of high adsorptive active sites,
and in some cases, tuning band gap/photosensitization. Therefore, it could be
concluded that the role of carbon nanostructures may vary depending on a number
of factors. It is anticipated that with growing research on carbon-bismuth hybrid
system, newer versions of such photocatalytic composites will evolve and be one of
the powerful systems in the fields of energy and environmental protection.

Fig. 6.27 Schematic diagram showing growth of MWCNT on BiVO4 spheres (D. Zhao, https://
pubs.rsc.org/en/content/articlepdf/2017/ra/c7ra04288d. Licensed under CC BY-NC 3.0)
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Chapter 7
New Photocatalytic Materials Based
on Complexes of Nanodiamonds
with Diphthalocyanines of Rare Earth
Elements

Vasily T. Lebedev, Gyula Tӧrӧk, Yuri V. Kulvelis, Marina A. Soroka,
Vladimir A. Ganzha, Vera A. Orlova, Eduard V. Fomin,
Larisa V. Sharonova, and Alexandr V. Shvidchenko

Abstract New photoactive catalysts have been synthesized from Europium diph-
thalocyanine molecules dissolved in dimethylformamide and transferred to aqueous
dispersion of detonation nanodiamonds (*4.5 nm in size, positive f-potential
*30–40 mV), forming diphthalocyanine–diamond complexes. The weight ratio of
diphthalocyanine to nanodiamonds was varied in the range CR = 0.1–1.0%. The
formation of complexes was detected by optical absorption, dynamic light scat-
tering and Raman spectroscopy. The complexes remained stable in water and
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demonstrated fractal-type self-assembly into chain-like structures at low fraction of
molecular component (CR = 0.1–0.2%). However, at critical concentration
CR * *0.3% it was detected a transition to branched structures of diamond parti-
cles linked via hydrophobic molecules of diphthalocyanine. Dried complexes with
Eu atoms settled on diamond carriers showed an intensive characteristic lumines-
cence at wavelengths *600 and 700 nm under X-ray irradiation (0.154 nm). The
developed hybrid structures may serve as catalysts for singlet oxygen generation in
surrounding media (air, water, biological tissues) for their cleaning and disinfection.
It is assumed the advanced usage in photodynamic therapy and in processes with
chemical photoreactions exploiting the activity of molecular oxygen by using light
of long wavelength *600–700 nm.

Keywords Catalyst � Diphthalocyanine � Nanodiamond � Complex � Singlet �
Oxygen � Generation

7.1 Introduction

In global aspect, the problems of purification of natural water, industrial and
domestic effluents play a key role for mankind, which requires new scientific
approaches for saving and restoring fresh water resources. Presently, the tasks of
chemical and radiation decomposition of organic matter into less toxic or safe
components come to the fore. A high total volume of water resources to be cleaned
makes it necessary to develop relevant ecologically clear technologies, e.g., using
effective catalytic nanoparticles made of natural components.

For example, valuable results were achieved in the synthesis and photocatalytic
applications of new green BiOBr nanoparticles for waste water treatment and
recently developed bismuth semiconductor oxyhalide composites (BiOXs) [1]. It
was realized a fast green synthesis of BiOBr nanostructures with high photocat-
alytic activity induced by visible light. There was shown also that plant leaf extracts
as photocatalytic agents positively affect the natural biological activity in general,
contributing to the restoration of the environment [2]. The results of the analysis of
the problems of ecotoxicology and environmental safety are summarized in recent
review devoted to BiOX (X = Cl, Br, I) nano(micro)structures and their photo-
catalytic applications [3]. In following researches, the temperature and synthesis
duration effect on the morphology and photocatalytic activities of BiOX materials
(X = Cl, Br, I) have been studied to create the basics for producing new industrial
catalysts [4].

On the other hand, good opportunities removing aromatic organic compounds
from water are opened up by new materials such as graphene nanocomposites [5]
and heterogeneous photocatalysis based on TiO2 particles immobilized on glass
spheres [6]. For such objects, an analysis of photoactivity was carried out in con-
nection with the leaching, regeneration of water systems [5, 6].
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Along with these approaches, it seems crucially important to find profitable ways
to generate active forms of molecular oxygen like in living nature where it is
possible a process of photo excitation of molecules O2. Normally, they are in triplet
state but can be transferred into singlet state when they get extremely high chemical
activity.

In living nature, singlet oxygen (SO) plays a substantial role in photochemical
and photobiological processes of catalysis and synthesis [7]. On the other hand, SO
molecules may initiate a photodegradation of organic molecules (polymers). It is
applied in medicine (blood sterilization, photodynamic therapy) and sanitary (pu-
rification of water, air, surfaces) [8–10].

Studies of the chemical properties of SO have shown its high ability to oxidize
substances that do not interact with oxygen in the ground energy state. But in
singlet state, oxygen becomes a stronger electrophile than triplet and get an order of
magnitude greater oxidative ability. Such excited oxygen quickly reacts with
unsaturated carbon–carbon bonds, nucleophiles (sulfides, amines), anions [11]. The
methods for producing singlet oxygen are especially important, primarily by optical
pumping of photosensitizer molecules, which in turn are capable of exciting sur-
rounding molecular oxygen existing normally in low-energy triplet state [12].

Reactions using SO are applied in therapy of viral diseases and for photody-
namic inactivation of bacteria by UV irradiation [8–10]. Mechanisms of singlet
oxygen formation as well as its chemical and physical properties are reviewed in
detail [11–13]. Usually, a direct generation of SO in gas or liquid phase is not
profitable because of low absorption of UV by oxygen irradiation. Therefore,
various dyes (photosensitizers) with high cross section of light (UV) absorption are
exploited in the processes of their primary excitation and following energy transfer
to oxygen molecules which finally become in singlet state.

Among different ways of the generation of singlet oxygen, the processes using
sensitizers are most attractive and prevalent in nature [14]. For biomedical appli-
cations, the ideal photosensitizer should be not toxic and fulfill several requirements
including the presence of intense absorption band in red or near IR regions of
spectrum, the absence of aggregation lowering quantum yield by SO generation. It
is useful also if these substances are highly fluorescent for simultaneous diagnos-
tics. At last, their life time in triplet state must be long to have intense photody-
namic effect. Obviously, these requirements in general are common for other
applications of sensitizers to solve sanitary, ecological and medical tasks.

During last decades, a search of effective photosensitizers is widened toward the
applications of spread natural and synthetic dyes such as porphyrines [15]. These
are molecular pigments containing a flat ring composed of four linked heterocyclic
groups often captured a central metal atom. At the same time, most water-soluble
porphyrines have not intense longwave absorption band. Therefore, their structural
analogs, phthalocyanines (PC), are more suitable for application in photocatalytic
processes.

These molecules with nitrogen bridges in the structure possess a stronger
absorption ability shifted toward red edge of spectrum where a higher transparence
of biological tissues promotes better photodynamic effect [16–19]. Introduction of
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diamagnetic atoms (Al, Ga, Zn, Si, etc.) into the molecules of PC allows to prepare
effective fluorescent substances for diagnostics and photo-dynamic therapy (PDT),
while the incorporated transition metals (Co, Fe, Mn, etc.) bring them a high
catalytic activity in oxidation reactions although diminish luminescent properties
[20, 21].

A combination of these useful properties (fluorescence, catalytic activity) is
achieved in more complicated structures being macrocyclic ligands like PC bonded
via the rare earth atom (metal tetrapyrrole double- and tripple-deckers) [22]. Such
first synthesized structures [23–25] with lanthanides or actinides (Fig. 7.1) are very
thermally and chemically stable and combine catalytic and magnetic properties with
optical absorption at characteristic wavelengths depending on atomic number of
metal atom as well as demonstrate luminescent properties under UV and X-ray
irradiation [26].

These macrocyclic compounds, diphthalocyanines of lanthanides (DPC), are
optically active materials which may serve as pigments and catalysts with redox
potential [27]. Their use can be diversified for relevant applications for cleaning
water resources by means of optical or X-ray excitation of these materials.
A relaxation of PC or DPC molecules from exited states trigger a generation of
chemically extra active singlet oxygen [28] in surrounding medium to cause a
degradation of organic impurities. Especially antiviral and antibacterial activity of
these materials seems attractive for medicine and sanitary [28].

For advanced applications of these molecular substances (DPC), it should be
solved the key problem of deposition of molecules on nanocarriers to provide
maximum interface and to prevent a coagulation and irreversible sedimentation of
molecules losing catalytic activity in such a case. In this way, it seems a progress of
heterogeneous catalysts is developing [29].

For these purposes, we proposed to link the active DPC molecules with diamond
surface. The latter is highly stable, chemically inert and very suitable for modifi-
cation by grafting various functional groups providing desirable interactions of
diamonds with ions or molecules in solutions. This is the first step in the creation of
new generation of photocatalysts promising a synergy of active DPC and diamond

Fig. 7.1 Molecule of
diphthalocyanine with metal
atom coordinated with plane
macrocyclic ligands
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components for multiple applications (cleaning water and air, surfaces disinfection,
PDT with UV and X-ray pumping). Use of DPC is considered as more profitable
way as compared to putting into practice some other nanostructures.

For example, fullerenes may serve as photosensitizers for singlet oxygen gen-
eration with quantum yield higher than that for most dyes [30]. On the other hand,
fullerenes remain very expensive substances insoluble in water that does not allow
use them directly in aqueous solutions and it is needed a synthesis of water-soluble
derivatives. Therefore, a search of the ways of the application of more profitable
cheaper and easily synthesized substances still remains important.

In this work, the authors tried to create really new nanocatalysts with active
macrocyclic DPC component associated with nanodiamonds which can amplify the
quantum yield of photosensitizers because of semiconducting properties of dia-
monds carrying mobile charges on the facets and interior the volume of crystals
[31].

7.2 Experimental

7.2.1 Samples

Active component of new catalyst, DPC with Europium, was chosen because of
suitable optical absorption and luminescence spectra of Eu attached to ligands
shows characteristic bands at short wavelengths k * 300–400 nm and long
wavelengths k * 600–700 nm near red edge of visible diapason [26]. The latter
band is really exploiting in PDT due to lower extinction of such light in biological
tissues and media.

The synthesis of DPC with Europium has been performed using the methods
developed by the authors [23–25]. The Eu-acetate salt was mixed with melted
o-phthalonitrile in a quartz reactor flushed with argon current by heating at the
enhanced temperatures 220–250 °C (proportion Salt:o-phthalonitrile = 1:6, melt
intensively stirred for 1–2 min). Following reaction of the formation of DPC has
taken a time within 25–30 min. Then, the temperature was raised up to 350–400 °C
to ward off excess o-phthalonitrile condensed in the upper part of the reactor.
Further, it was provided cleaning the final product from the residue of
o-phthalonitrile and reaction byproducts. The chemical structure of the obtained
DPC samples was confirmed by IR spectroscopy.

The other component was prepared from detonation nanodiamonds (DND) first
milled and then chemically purified by etching in acids. To produce the diamonds
with positive surface potential, the authors have applied the procedure similar the
method [32]. The materials were treated by heating in hydrogen flow (500 °C) to
get nanocrystals (DND Z+) with grafted surface groups (CHx, COH). This provided
positive f-potential of particles in aqueous media (*30–40 mV) and allow obtain
stable dispersions. In detail, the procedures of nanodiamonds preparations,
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formation their dispersions and gels, studies of chemical and physical properties of
these materials are described in the papers [31, 33, 34].

To prepare the diamond complexes with DPC the original dispersion containing
0.35% wt. of DND Z+ (size of particles 4.5 nm found by dynamic light scattering,
see Fig. 7.3) was twice diluted and a small amount of the solution of DPC in
dimethylformamide (DMF) was added. The DPC component is insoluble in water,
while diamonds have a good solubility in both media (H2O, DMF) as well as DMF
is soluble in water unlimited. Then, the mixture was sonicated, cooled and stored
two days. To find the upper limit of molecular component in complexes, we
increased the amount of DPC till a saturation. Above this critical point, it was
observed a sedimentation of DPC not associated with diamonds because of insol-
ubility of DPC in water. After drying the saturated mixture, we found the maximum
content of DPC in complexes CR = 12% wt. The powder of composite was soluble
in water where formed a stable dispersion. The data of optical absorption have
shown the presence of DPC molecules in aqueous solution (Fig. 7.2). At wave-
lengths k * 300–400 nm, 580–650 and k * 700 nm, the characteristic bands
corresponding to the coordination of Eu atom with PC ligands [26] are detected in
spectrum (Fig. 7.2). This confirmed a formation of stable complexes DND-DPC
since the DPC molecules are insoluble in water.

The formation of the complex was irreversible. Upon dissolution of the dry
powder of the complex in DMF, no dissociation of the complex was observed with
the transition of DPC molecules into solution. Since on the surface of DND Z+ the
attached H and OH groups dominate, we conclude a probable formation of com-
plexes DND-DPC with these groups’ participation.

Fig. 7.2 Optical densities of DPC in DMF and aqueous solutions of DND Z+ and DND-DPC
complexes versus light wavelength
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In aqueous solution, the complexes showed the aggregation at submicron and
micron scales (Fig. 7.3). A bimodal distribution of complexes’ clusters indicates the
presence of particles with characteristic dimension of 400–500 nm and their
aggregates of few microns in size.

The formation of complexes of diamonds with DPC molecules is a result of a
number of different type interactions of components. In aqueous medium,
hydrophobic DPC molecules via ligands prevail contact hydrophobic regions at
diamond surface and possible hydrogen bonds between ligands and functional
groups promotes in complexes formation. But the main factor for complexing
responsible is electrostatic attraction between positively charged diamonds DND Z+

and electro-negative DPC molecules. Oppositely to this, the procedure of com-
plexes preparation with negatively charged diamonds DND Z– (with carboxyl
groups on the surface) did not allow obtain complexes. In this case, the molecules
did not show any association with diamonds, vice versa a sedimentation of mole-
cules in the dispersion of DND Z– was observed.

Along with discussed physical mechanisms, complexes formation is confirmed
by Raman spectroscopy. Powder samples of DND Z+, DPC and binary system after
drying of aqueous dispersions were studied by Raman scattering (laser wavelength
of 532 nm, radiation power of 6.25 mW spectral resolution of 1.5 cm−1) (Figs. 7.4,
7.5). A typical spectrum with bands 1,320 and 1,628 cm−1 was observed for
pristine DND Z+ (Fig. 7.4). The position of the C–C vibration band (1,321 cm−1)
really corresponds to small diamonds (*3 nm) according to the data [35], where
the calculated and experimental spectra for diamonds of different sizes were

Fig. 7.3 Particle size distributions of DND Z+ and DND-DPC complexes in water obtained by
dynamic light scattering
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compared. The 1,628 cm−1 band in the spectra for diamonds is attributed to partial
sp2 hybridization of carbon and the presence of single C=C bonds (precursors of
graphitization), surface defects and functional groups (OH) on the diamond surface
[36].

Comparatively to DND Z+, the molecular DPC component demonstrates more
complicated spectrum (Fig. 7.5, data 1) with a broad photoluminescence band
(2,439 cm–1) reflecting electronic transitions in Eu ions [37]. Lines in the range
1,700–600 cm−1 characterize stretching modes (1,590; 1,490 cm−1) of benzene
rings and isoindole groups, C=C ring bonds vibrations (1,322 cm−1), in-plane
deformation vibrations of C–H groups (1,000–1,200 cm−1), out-of-plane vibrations
of phthalocyanine rings (675–811 cm−1). At low wavenumbers (100–200 cm–1),
the observed lines indicate sandwich structures [37].

Then we analyzed the spectra for binary system with DND Z+ (Fig. 7.5, data 2)
to find the indications of complexing when hydrophilic diamond serves as a carrier
of water-insoluble DPC molecules to transfer them into aqueous media. In fact, the
components’ integration is revealed in DPC lines’ intensity change and in their shift
relative to the data for pure DPC (Fig. 7.5).

Due to complex formation, well-pronounced band for the pristine DPC
(stretching vibrations of benzene rings, 1,590 cm−1) weakens and merges with the
neighboring band (1,490 cm−1, vibrations of isoindole groups) which increases on
the contrary (Fig. 7.5). The lines (1,112; 1,167 cm−1) are shifted toward high
wavenumbers, the band at 1,322 cm−1 (vibrations of C–C bonds) becomes more
intense.

Along with the shift and redistribution of the band intensities for DPC mole-
cules, a disappearance of molecular luminescence was observed. In sum, it proves
DPC molecules are involving in complexes when components’ interaction has the
character of chemical bonding.

Fig. 7.4 Raman spectrum for DND Z+ layer obtained after drying a diamond aqueous dispersion
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7.2.2 Neutron Scattering Experiments

These observations delivered mostly qualitative information on the formation of
complexes. To recognize the structure of complexes in detail as dependent on the
content of DPC, we carried out a series of neutron scattering experiments on
complexes’ aqueous solutions (Budapest Neutron Centre, Small Angle Neutron
Diffractometer “Yellow submarine”). The set of samples included a control spec-
imen (No 0) of pure aqueous dispersion of DND with concentration
CDND = 0.175% wt. (Table 7.1). The other samples (No 1–7) have had the same
content of diamonds and varied fracture of DPC, CDPC = (1.8–18.0)10–4% wt.
Relatively to diamonds, the amount of DPC covered the range CR = CDPC/
CDND = 0.1–1.0% (Table 7.1).

Fig. 7.5 Raman spectrum for DPC powder (1) and complex (2)

Table 7.1 Aqueous solutions
of complexes

Sample, no CDPC, 10
–4% wt CR, % wt

0 0 0

1 1.8 0.1029

2 3.6 0.2057

3 5.4 0.3086

4 7.2 0.41s14

5 10.8 0.6171

6 14.4 0.8229

7 18.0 1.0286

Concentrations of DPC (CDPC) and its mass fractions relatively to
fixed amount of diamonds CR = CDPC/CDND
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The goal was to find out how DPC molecules order ensembles of diamond
particles in water. In the samples, neutron scattering occurred mainly on diamond
particles with high contrast in light water, where the DPC molecules had a weak
contrast and were practically not observed in scattering.

For the selected proportions of DPC to diamonds, CR = 0.1–1.0 wt%, the
numerical concentration of diamond particles (NDND) was higher or comparable to
that for DPC molecules (NDPC). Figure 7.6 shows the calculated ratio
nDND = NDND/NDPC = CR � 102 (MDPC/MDND), where MDPC = 1,176,
MDND = 1.01 � 105 are the molecular weights of DPC, Eu[C64H32N16], and dia-
mond particles having characteristic size of dP = 4.5 nm.

At a minimum fraction of DPC (CR * 0.1%), we have the number of diamonds
nDND * 12 per a molecule in solution while at the upper edge of the concentration
range (CR * 1.0%) it is only one particle, nDND * 1. Hence, in the case of DPC
deficiency each molecule can bind several diamond particles from a solution, or
integrate into existing diamond structures. With comparable amounts of molecules
and particles (CR * 1.0%), the formation of molecule-particle pairs is likely. The
neutron scattering data on a series of samples with different DPC contents
(Table 7.1), indeed, showed that the nature of the structuring of an ensemble of
diamond particles varies depending on the amount of DPC in the system.

7.3 Results and Discussion

7.3.1 Neutron Scattering on Complexes in Solutions

Structural studies of aqueous diamond dispersion and complexes based on it
(Table 7.1) were performed by the method of small-angle neutron scattering
(SANS) (BNC, Budapest). Measurements on solution layers with a thickness of

Fig. 7.6 Solutions of
complexes, the number of
diamond particles per DPC
molecule depending on the
mass fraction of DPC in the
complexes
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d = 0.1 cm were carried out at room temperature in the range of momentum
transfer q = (4p/k)sin(h/2) = 0.2–4 nm−1, defined by the scattering angle (h) and
neutron wavelength (k = 0.382 nm, Dk/k * 0.1).

To find the neutron scattering cross sections in absolute units, the scattering
intensities IE (q) from the cells filled with solutions were divided by the values of
their neutron transmission TrT. Then we subtracted the background
ICV(q) measured for the empty quartz cell and normalized to its transmission rel-
ative to the initial neutron beam. The values IS(q) = IE(q)/TrT-ICV(q) were nor-
malized to the data for light water IW(q) obtained under the same conditions and
multiplied by known differential cross section of water dRW/dX per cm3 of volume
[38].

As a result, the scattering cross sections of the samples were calculated r
(q) = dR/dX = [IS(q)/IW(q)]dRW/dX per unit volume (cm3) and per unit solid angle
(X) (Fig. 7.5). The selected q-range corresponds to spatial scales R � Rmin * 2p/
qmax * 1 nm from the size of DPC molecule and diamond particles up to the
distances R * Rmax * 2p/qmin * 40 nm by an order of magnitude higher than
the size of particle size. The scale available in the measurements in the upper limit
R * Rmax would be comparable with the distance between particles
Rint * NDND

−1/3 in the case of their uniform distribution at a given concentration of
diamonds, NDND * 1016 cm−3. However, at the scales R � Rmax the profiles of
cross sections growing with decreasing momentum clearly indicate diamond
aggregation (Fig. 7.7).

The behavior of the cross sections at small momenta q � 0.4 nm−1 approaches
the power law between the dependences, r (q) * 1/q2 and r (q) * 1/q. The first is
typical for coiled (Gaussian) and the second for straightened polymer like chains
composed of small units (size b � 1/q) [39]. The role of the units here is played by
the particles of size dP * 4 nm, capable of forming the chains of size R � Rmax

with the number of particles �Rmax/dP * 10.
Structures of this kind were detected in diamond dispersions [33, 34, 40, 41],

where the neutron scattering showed momentum dependences *q−b with fractal
indices b * 2.3–2.4 corresponding to branched chains of particles. In our case, this
indicator is lower, since even at lower q-band edge, q � 0.4 nm−1, we observe
only small aggregates fragments close to linear chains. Above, at momenta
q * 1 nm−1, the profiles of the scattering curves have a peculiarity that is weakly
pronounced wide peak, reflecting correlations between neighboring particles on
scales of the order of their diameter. The region q � 1 nm−1 relates mainly to
scattering within individual particles. At the upper edge of the q-band, incoherent
scattering predominates (mainly on water protons) with a constant cross section
rinc � 0.8 cm−1.

Regarding scattering at small angles, it should be clarified that in pure diamond
dispersion and the systems with the addition of DPC the measured cross sections,
minus the incoherent background, mainly reflect the contribution of diamonds. Due
to the high mass per unit volume (q = 3.5 g/cm3), they also have a large scattering
length density KDND = 11.67 � 1010 cm−2 comparatively to DPC molecules hav-
ing a similar parameter KDPC = 2.36 � 1010 cm−2. In light water having very small
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scattering density KW = −0.56 � 1010 cm−2 the contrast factor for diamonds
DKDND = KDND − KW = 12.23 � 1010 cm−2 is four times higher than the same
parameter for DPC molecules, DKDPC = KDPC − KW = 2.92 � 1010 cm−2. The
difference in cross sections between diamonds and DPC is proportional to the
squared contrast factors. For a molecule of DPC, the cross section is only *6%
relative to a diamond of the same volume. Due to very low DPC content
(CR � 1%) compared to diamonds, scattering directly from DPC molecules can be
neglected and the data should be attributed to diamonds. As follows from a sub-
sequent analysis of the data, these molecules contribute to the large-scale struc-
turing of the diamond component.

7.3.2 Fractal Structures Formed by Diamonds

To obtain detail structural information, the data were corrected for a constant
incoherent background, rinc � 0.8 cm–1. In double logarithmic coordinates
(Fig. 7.8), the coherent component of the cross sections rS(q) = r (q) − rinc varies
linearly for momenta q < 2p/dP * 1 nm−1; therefore, the data were approximated

Fig. 7.7 Cross sections r(q) versus momentum transfer for aqueous dispersions: a diamond (0),
b DPC-DND Z+ complexes (1–7) with different DPC contents (Table 7.1). The data are
approximated by the function (1). Straight lines represent the behavior of the cross sections r * 1/
q2, r * 1/q

190 V. T. Lebedev et al.



by the function rS(q) = Ab/q
b, where the parameter Ab is given by the scattering

power, and the fractal index b by the geometry of the observed objects. Figure 7.8
illustrates the results of data approximation by this power function using the
example of diamond dispersion and a solution of complexes.

For the samples, the dependences of the parameters Ab(CR) and b(CR) on the
content of the molecular component in the complexes are plotted in Fig. 7.9.
According to the data (Fig. 7.9), diamonds themselves and with the participation of
DPC molecules form aggregates with exponents close to b = 2. This is observed
usually for statistical coils being ideal Gaussian chains without excluded volume.
But really statistical chains have an excluded volume, and the scattering from them
is characterized by Flory index bF = 5/3 [42]. In the initial dispersion of diamonds
and solutions of complexes, the values b(CR) > bF. Hence, between the units in the
chains there is a volume interaction of attraction. The increase of the fraction of
DPC in the complexes does not lead to the collapse of chains observed in scattering.
On the contrary, there is a slight decrease in the index b * 1.8–1.9, i.e., the chains
become even slightly straightened. This is accompanied by a decrease in their
scattering ability. The parameter Ab (CR) lowers by *25% (Fig. 7.9).

In this connection, it was important to find out whether we observed single
chains of particles linked like in linear polymers or these structures are linear
associates of small aggregates of particles when the aggregates the role of chain
units. The data in Fig. 7.9 allowed us estimate the size of such effective units.

We compared the data to generally used model function rA = ro/[1 + (qn)2]b/2

with the asymptotic behavior rA = (ro/n
b)/qb for (qn)2 � 1 [43]. The function

describes the scattering on chain aggregates with fractal dimension b and correla-
tion radius n. The forward cross section ro = rA(q ! 0) = (DKDND)

2uva is pro-
portional to the square of the contrast factor DKDND, the volume fraction of
diamonds u and the dry volume of aggregate va = (p/6)dP

3na composed of na units.
The correlation radius of the aggregate n is related to its gyration radius, rga =

(3b/2)1/2n. The latter depends on the size of units dP, their number na in a chain and

Fig. 7.8 Approximation of
the cross sections rS(q) by the
power function of momentum
transfer. Data for diamond
dispersion (1) and a solution
of complexes (2) (samples 0;
3) are presented

7 New Photocatalytic Materials Based on Complexes … 191



index b according to the formula rga = dP�na1/b [(1 + 2/b) (2 + 2/b)]−1/2 giving
rga = dP�na1/2/√6 for Gaussian chain [42].

The relationship between rga and na allowed us to calculate the parameter
Ab = ro/n

b = (DKDND)
2u(p/6)dP

3−b(3b/2)b/2[(1 + 2/b) (2 + 2/b)]b/2. For Gaussian
chains, it is proportional to the size of units, Ab = 3p (DKDND)

2udP. In a simple
case of chains like polymers, the size of units is directly equal to the diameter of
diamond particle dP * 4.5 nm known from previous DLS measurements.
However, the observed structures can be more complicated, e.g., composed of small
aggregates associated linearly. To check it, we have calculated the effective size of
units from the data in Fig. 7.9. The obtained magnitudes of dPEF * 3.5–4.5 nm are
close to the size of diamonds (Fig. 7.10) and certify mainly the presence of
single-diamond chains in the studied systems. Only a weak trend of lowering units’
size is observed by the enrichment of systems with the molecular component as
compared to original dispersion (Fig. 7.10).

These results have confirmed a formation of chain fragments in original dis-
persion and complexes solutions even at comparable numerical concentrations of
diamonds and molecules (CR * 1%). However, the conclusion refers to the scales
of tens of nanometers, on which chain fragments of diamond structures are visible.
At the local level, the molecular component does not cause qualitative changes in

Fig. 7.9 Approximation
parameters: a Ab(CR) and
b b(CR) depending on the
mass fraction of DPC in
complexes
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the structure of the studied systems while at larger scales we found the effects of
aggregation stimulated by DPC that is discussed below.

7.3.3 Features of Diamond Surface and Complexes
Formation

The peculiarities of diamonds aggregation depend strongly on the structural features
of their surface. The latter contribute to the scattering mostly at high momenta
q > 1 nm−1. Typical behaviors of cross sections in this q-region are shown in
Fig. 7.11 for original dispersion and the solutions of complexes with DPC content
CR * 0.3% wt. (sample 3).

At the upper edge of q-range, the data obey also exponential scattering function
r(q) = AD/q

D being again the asymptotic form of general scattering law while
applied to fractal surfaces, r(q) = roc/[1 + (qqc)

2]D/2 [44]. Here the parameter roc is
forward cross section, the length qc shows the size of coherently scattering regions
at the surface (crystal facets) and the index 3 < D � 4 is defined by the fractal
dimension of the crystalline surface DS = 6 – D. The combination of the quantities
roc, qc and the exponent D determine the coefficient AD = (roc/qc)

D. From the
approximation of the cross sections by the function AD/q

D we found the charac-
teristics D(CR) and AD(CR) for the basic dispersion and solutions of the complexes
(Fig. 7.12).

The results show that diamonds in dispersion have a developed fractal surface.
This is evidenced by the parameter AD which exceeds that of the solutions of the
complexes, and the index D * 3.5 is lower than the value D = 4 for a smooth
border (Fig. 7.12). Accordingly, the surface of the diamonds in the dispersion has a
dimension of DS = 6 − D * 2.5 > 2 that is inherent defective borders. The for-
mation of complexes with small amounts of DPC (CR � 0.2%) did not disturb

Fig. 7.10 Effective size
dPEF(CR) of units forming
chains in dispersion and
complexes solutions with
various proportions of DPC
relatively to diamonds
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substantially the index in the scattering law, D * 3.2–3.5. For such values of the
parameter D, the particle surface dimension remains within the range DS * 2.5–
2.8. However, the value of AD decreased sharply (Fig. 7.12a). It means a reduction
of surface visible in scattering and may be due to close contact of particles when
they are bonded through DPC molecules.

The increase of the fraction of DPC in complexes (CR � 0.3%) caused the
growth of the index up to the values D * 3.8 close to the limit D = 4 for a smooth
surface (DS = 2). Moreover, the factor AD(CR) came down somewhat. Obviously,
DPC molecules more actively attach to surface defects under the action of a high
gradient of electric potential near them, and the surface is smoothed (DS * 2.2). In
addition, the dense crosslinking of defective fragments of the particles’ surfaces
through DPC molecules makes these fragments cease to contribute to scattering.
The conclusion is confirmed by the analysis of the correlations between the char-
acteristics of D(CR), AD(CR). From the values of AD = (roc/qc)

D, the correlation
lengths qc = (ro/AD)

1/D were found using the cross section of independently scat-
tering particles, ro = (DKDND)

2u(p/6)dP
3 (Fig. 7.13). At the distances

R � qc * 1 nm, the surface fragments scatter coherently, which really corre-
sponds to the size of a diamond facet *2qc * dP/2.

According to the data in Fig. 7.13, the structuring effect of the DPC on the
diamond system is already evident at low molecular concentrations, CR � 0.3%.

Fig. 7.11 Cross sections of dispersions versus momentum transfer: a diamond, b complexes
(sample no 3). Fitting curves r(q) = AD/q

D are shown
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Fig. 7.12 Fractal
characteristics of diamond
surface versus content of DPC
regarding to diamonds
amount: a AD(CR), b and D
(CR)

Fig. 7.13 Coherence length
qc(CR) for the scattering from
the surface of diamonds
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The introduction of DPC causes an increase in the correlation length Dqc/qc *
10% with reaching a plateau at CR > 0.3%.
While increasing the fraction of the molecular component CR = 0.3–1.0% in the

systems, their characteristics D(CR), AD (CR), qc(CR) remain stable (Figs. 7.12,
7.13). It follows from the analysis that the area of the observed fractal surface of the
particles should decrease significantly due to a decrease in the dimension
DS = 6 – D, following the change in the parameter D as the complex is enriched
with the molecular component.

In the dispersion of diamonds with the diameter of dP * 4 nm and the surface
dimension of DS * 2.5, the surface area of an individual particle is of Spfr * a
(√pdP/a)

Ds, where a = 0.357 nm is the diamond lattice constant. With a numerical
concentration of particles in the NDND system of *1.5 � 1016 cm−3, the total area
is of St * 3 m2/cm3. In the case of complexes (CR > 0.3%), the particles have the
surface dimension of DS * 2.2, which leads to the estimate of St * 1.4 m2/cm3.
Thus, the fractal character of diamond surface is revealed in developed surface. Its
area is by 2–4 times larger than this one SSM * 0.8 m2/cm3 for smooth spheres of
the indicated size at the same content in the solution.

7.3.4 Analysis of Scattering Centers Correlation

Further the data treatment on scales above and below the size of an individual
particle we supplemented by a general analysis of the correlations between scat-
tering centers at different scales (atoms within the particles, particles and aggre-
gates). Using the ATSAS [45, 46] software package, the distribution functions of
the distances between scattering centers G (R) = R2c(R), where c(R) is the pair
correlation function for centers at a distance R (Fig. 7.14), were reconstructed from
the data for the cross sections.

In general, all the G(R) spectra represent a broad hump with additional local
peaks (Fig. 7.14). The hump full width DR * 17 nm indicates a characteristic size
of diamond aggregates. Within them the distances between particles are distributed
in the range of R = 0–17 nm. The radius of such aggregates *DR/2 * 2dP is only
twice diameter of a particle. Therefore, it is needed to take into account their
discrete structure manifested in the spectra by local maxima. At small distances, the
maximum at R * 2 nm * dP/2 indicates atomic correlations inside the particles.
The coordinates of the following maxima, R1 * 4–5, R2 * 7–8, R3 * 11–12 and
R4 * 13–14 nm, are approximately multiple of particle’s diameter, and this con-
firms their chain linking.

For the initial dispersion and complexes with a low fraction of the molecular
component (CR � 0.2%), the correlation spectra differ little (Fig. 7.14, data 1–3).
Hence, these numbers of molecules do not cause a significant change in the
structure inherent in the base dispersion.

However, the increase in the fraction of molecules in complexes to CR * 0.3%
provoked a sharp effect of decrease in spectral intensity in the whole range of radii.
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Further enrichment of complexes with DPC up to the limit CR * 1% did not make
any substantial changes in spectra. Hence, DPC molecules deposited on a diamond
surface upon reaching a critical concentration of CR* * 0.3% violate the initial
conditions of aggregation. It means that original diamond structures have a finite
capacity CR � CR* * 0.3% for molecular component integration. Exceeding this
threshold causes a restructuring of diamond ensembles. This is evident in the
behavior of integral parameters obtained by the reconstruction of correlation
spectra. Such parameters, forward cross section roa = r (q ! 0) and aggregates
gyration radius Rga, are plotted in Fig. 7.15.

It is remarkable that in all the systems the aggregates are dimensionally stable
(Rga � const) but have variable cross sections (Fig. 7.15). The gyration radius of
aggregates Rga * 6 nm is comparable to DND diameter and indicates the corre-
lations of particles with environment within the nearest coordination spheres. Both
parameters, roa and Rga, reflect the interactions of particles DND Z+ via electro-
static forces, functional groups, hydrophobic fragments on diamond surfaces and
adsorbed DPC molecules.

At low molecular fractions CR � 0.2%, the values of cross section roa * 8–
9 cm−1 are close to the data for basic dispersion. However, by reaching the critical
concentration CR* * 0.3% the cross section comes down by *30%. However, a
greater adding molecular component did not cause significant changes in the cross
section (Fig. 7.15a).

The observed variations in cross section are defined by altering aggregation
degree since the values of roa(CR) = (DKDND)

2u(p/6)dP
3na are proportional to

aggregation numbers na. These numbers calculated from the roa data have shown a
drop from high initial level of na * 35 in basic dispersion and complexes solutions

Fig. 7.14 Spectra of distances distribution between the scattering centers G(R) in the diamond
dispersion (1) and solutions of complexes (2–8) (Table 7.1)
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with little DPC amount to low level of na * 24 in the DPC enriched systems,
CR* � 0.3% (Fig. 7.16).

The aggregation numbers are large enough for the structures with small gyration
radius Rga * 6 nm. If such structures were Gaussian chains with the diameter of

Fig. 7.15 Parameters of
aggregates versus fraction of
molecular component in
complexes: a forward cross
sections roa(CR), b gyration
radii Rga(CR)

Fig. 7.16 Aggregation
numbers na(CR) depending on
the concentration of DPC
component in the systems
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h = √6Rga * 15 nm, the aggregation number nag = (h/dP)
2 * 14 would be lower

than experimental values. So, an aggregate is an interweaving of 2–3 Gaussian
chains and its fractal dimension exceeding this one for a chain, dAF = ln(na)/ln(h/
dP) * 2.7 and 2.4 for aggregation numbers na * 35 and na * 24. Indeed, in the
case of the systems without or with low DPC content, the estimate of dAF * 2.7
has confirmed the existence of very branched structures of high aggregation
numbers. Meanwhile, in the systems enriched by molecular component the mag-
nitude of dAF * 2.4 has indicated lower branching in less dense aggregates.

7.3.5 Large-Scale Structures in Complexes Solutions

We considered above only a primary level of systems structural organization within
the correlation radii of the entire order of a dozen particle diameters. Higher
structural levels were discovered by the analysis of the neutron transmission
through the samples when we measured the intensities (Io, I) of the initial and
passed beams and calculated the ratio TrT = I/Io (Fig. 7.17). The latter reflects not
only absorption, but also integrated neutron scattering with momenta
q > qB * 2phB/k * 0.03 nm−1. Here the limit q = qB was set by the aperture of
the straight beam DX * phB

2 * 1 � 10–5 steric rad. within the angles
0 < h < hB * 2 � 10–3 rad. To separate the effects of scattering in the samples,
we compared their transmissions to similar parameter for pure water. The data for
water were corrected for the volume of dissolved components that gave the
transmission of solvent TrW � 0.61 (Fig. 7.17).

The transmissions for the samples TrT * 0.6 did not differ much from the data
for water, since neutron departure from the beam happened mainly due to intense
incoherent scattering from water protons (Fig. 7.17). The presence of diamonds in
the basic dispersion reduced the transmission by only a small value
TrW − TrT * 0.005 relative to water. With the introduction of DPC, the trans-
mission decreased substantially, TrW − TrT * 0.03, at the concentration of CR

* * 0.3% above which the effect remained almost unchanged. It should be clari-
fied that the changes in transmission were not associated with the absorption of
neutrons in diamonds and DPC in these diluted systems. Here the main role was
played by integral scattering from the diamond and molecular components.

To highlight the contribution of these components to the total scattering, we
found the ratio TrS = TrT/TrW (Fig. 7.17). The values of TrS(CR) = exp (−RSd) for
the solution layer with a thickness of d = 1 mm were determined by the integral of
the scattering cross section for diamonds and DPC, RS = −ln(TrS)/d = RrS(q)dX,
where the solid angle (X) is defined by the scattering angle hB � h � p
(Fig. 7.18).

At the initial part of the curve (Fig. 7.18a), the integral RS(CR � CR*) showed
a gain proportional to the squared DPC concentration. The data were fitted by the
function RS(CR) = So + SCCR

2 with the parameters So = 0.075 ± 0.001 cm−1,
SC = 3.24 ± 0.05 cm−1 where the cross section So corresponds to basic diamond
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dispersion and the coefficient SC reflects the influence of DPC molecules on the
structure of diamond ensembles.

Such a nonlinear effect testifies a crucial role of events when a diamond particle
absorbs at least two DPC molecules while due to deficit of DPC it is more probable
single molecule linking. A hydrophobic DPC molecule must be preferably screened
by diamonds from surrounding water, e.g., be localized between diamonds and bind
them. In this case, the DPC molecules help in formation of linear chains of dia-
monds although such formations are inherent in aqueous dispersion already. On the
other hand, a particle associated with two DPC molecules play a role of link
connecting at least three chain fragments. As a result, some star-shaped structures
are formed (Fig. 7.19).

A parabolic growth of cross section integral shows a progressive formation of
such branched structures due to the increase of DPC amount at CR < CR* until final
assembly of diamonds into dense gel-like aggregates at CR � CR* when the
integral of the cross section reached a plateau RS(CR) * 0.4–0.5 cm−1

(Fig. 7.18a). Since the value of RS(CR) is proportional to characteristic mass of an
aggregate, the increase of integral shows a gain of the number of arms fA � 3 in
star-shapes structures which trend to be integrated into gel droplets (Fig. 7.20).

In general, such formations can be described by the model of mass fractals with
dimension 2 < Df < 3. These large structures with correlation length LA � 1/qb
induce the scattering mostly within aperture of straight beam, q < qb. At the same

Fig. 7.17 Transmission data:
water layer (1), value TrW
adjusted for the total volume
fraction of DND and DPC;
magnitudes of TrT(CR) for
samples (2) with different
content of DPC; final
transmissions TrS(CR)
(3) related to dissolved
components
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Fig. 7.18 Characteristics of
aggregates versus content of
DPC in complexes: a integral
cross section RS(CR),
quadratic approximation of
the data at low DPC is shown;
b fractal dimension of
aggregates D (CR)

Fig. 7.19 Formation of
junction centers due to the
presence of two molecules at
the diamond surface
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time, a formation of dense gel-like structures makes stronger the scattering abroad
the apertures, q > qb. To describe the scattering in this q-region the cross section,
we used the exponent function r(q) = ronFA/(qLA)

Df. Here the parameter ro is the
forward cross section for the system of diamonds scattering independently,
nFA = (RGA/rgd)

Df is the number of particles in fractal having dimension Df and
gyration radius RGA = (3Df/2)

1/2LA proportional to the correlation length. The
aggregation number depends on the ratio of gyration radii of fractal and diamond
particle, rgd = (3/5)1/2(dP/2). For such a model, there was calculated the integral
cross section

RS ¼ ðro/rDfgd Þ 3Df /2ð ÞDf=2 k2/2p
� �

Df 	 2ð Þ	1 1/qDf	2
b 	 1/qDf	2

max

h i
ð7:1Þ

over the interval qb � q � qmax = 4p/k.
Using the cross sections data (Fig. 7.18a), the fractal dimension of aggregates D

(CR) was calculated from (7.1) depending on the fraction of the molecular com-
ponent in the systems. The results (Fig. 7.18b) show a linear growth in the Df(CR)
index with an increase in the DPC fraction at CR � CR * from the minimum
Df(CR) * 2.25 in the initial diamond dispersion up to values close to the limit
D = 3 in systems enriched molecular component.

Returning to the results discussed above, we can treat the parabolic increase of
the integral cross section as a consequence of formation of dense fractal aggregates
around the centers being diamond particles carrying two DPC molecules. The
observed increase of the exponent Df (CR � CR*) reflects a gain in the probability

Fig. 7.20 Transformation of short-range order in diamonds arrangement from mostly linear chains
to three-dimensional gel network
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of sedimentation of DPC molecules on a diamond particle, P2 = (1/2)(NDPC/
NDND)

2exp(−NDPC/NDND) � (1/2)(NDPC/NDND)
2 in the first approximation at NDPC/

NDND � 1. Such a molecule becomes a center of branching, and the number of
centers enhances proportionally, N2 = P2NDND at a constant concentration of dia-
mond particles. A formation of new centers occurs if certain number of molecules
(DnDPC) is introduced to the system according to the condition DN2 = NDPCDnDPC/
NDND = 1. The issued magnitude of DnDPC = NDND/NDPC = (1/CR)(MDPC/MDND)
will be of DnDPC * 17 in most diluted system (CR * 0.1%) while in more con-
centrated (CR * 0.3%) it is needed DnDPC * 6 molecules to create a center. As a
result, there is a gain in the integral cross section,
DRS(CR) = 2SC∙CRDCR = 2SC(MDPC/MDND)

2/NDND = 1.21 � 10–15 cm−1. Since
the integral cross section was measured per cm3 of sample’s volume, we get cor-
responding cross section of single aggregate R2 = 1.21 � 10–15 cm2. The com-
puted cross section

R2 ¼ ðDKDNDÞ2v2pn2 k2/2p
� �

3Df=2ð ÞDf =2r	Df
g q2	Df

B / Df 	 2ð Þ ð7:2Þ

includes the volume of particle vp = (p/6)dP
3 with diameter dP and gyration radius

rg = (3/5)1/2(dP/2) and the aggregation number n2. To estimate this number, we
used the fractal dimension Df = 2.25 for initial structures in basic dispersion.

Finally, from (7.2) we found the characteristics of an aggregate, its aggregation
number n2 � 218 and gyration radius RG2 � 17 nm. In the approximation of
star-shaped structure with the number of the arms f2 each of them is compose of
nB = n2/f2 particles we define the gyration radius of such formation, RG2

2 = [(3f − 2)/
f]rgb

2 where an arm has a similar parameter rgb
2 = nBdP

2/6 [47]. So known charac-
teristics n2 and RG2 give the number of arms f2 � 5.3 (functionality) with gyration
radius rgb�10 nm and the amount of particles nB � 41. The estimated magnitudes of
nB and rgb corresponds approximately to aggregation number na� 35 gyration radius
RGA� 6 nm found above for the structures in basic dispersion and solutions of
complexes having low content of DPC (Figs. 7.15, 7.16).

Thus, the formation of DPC complexes with diamonds with an increase in the
fraction of the molecular component leads to the transformation of fractal aggre-
gates close in structure to linear chains into highly branched gel-like structures.

Comparing these conclusions with the results of the analysis of the correlations
of diamond particles in dispersion and solutions of complexes, it is necessary to
clarify that the formation and densification of the gel network leads to stretching of
the chains connecting the junctions. With an increase in the numerical concentration
of junctions (NJ), a characteristic distance between them (cell size) changes as
RJ * NJ

−1/3.However, the contour length between the junctions
LCON * 2dPNDND/(fANJ) is inversely proportional to the concentration of junc-
tions. As a result, the ratio RJ/LCON * NJ

2/3 increases with the concentration of
junctions.

Hence, for a Gaussian chain between junctions, the number of links nA is pro-
portional to the factor 1/NJ

4/3and decreases with increasing concentration of
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junctions. To a lesser extent, the concentration of units nA/vJ * 1/NJ
1/3 in the cell

volume vJ * 1/NJ decreases. The estimates show that the transition of the systems
to the gel state at submicron scales is associated with a decrease in the local
concentration of diamond particles inside the cells of gel network in accordance
with the neutron scattering data (Fig. 7.14) discussed above.

7.3.6 Optical Luminescence of Complexes by X-ray
Irradiation

The analysis of neutron scattering data has enabled us to understand the mechanism
of ordering diamond ensembles as a result of integration of hydrophobic DPC
molecules which induce a qualitative transformation of these systems’
self-assembly. In these transformed structures, the optically active molecules of
DPC play the role of centers for structuring and simultaneously become the sources
of luminescence under irradiation by X-rays (monochromatic beam, wavelength
0.154 nm, Cu Ka line). The spectrum presented in Fig. 7.21 shows the character-
istic lines of Eu atoms and usual broad band of luminescence from nitrogen atoms
with neighbor vacancies in diamond lattice [48–52].

These first synthesized complexes DND-DPC demonstrated the ability to be
excited by X-rays and secondary produce optical radiation which may serve for a
generation of singlet oxygen is surrounding air or water media that can be applied
in relevant tasks of these media purification and biological disinfection.

Fig. 7.21 Spectrum of
DND-DPC complexes
powder luminescence I(k) in
optical diapason induced by
X-ray irradiation. The
characteristic peaks of Eu
atoms are revealed on the
broad band k = 400–800 nm
of the luminescence from
diamonds
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7.4 Summary

First prepared water-soluble complexes of hydrophobic electro-negative Europium
diphthalocyanines with positively charged nanodiamonds have shown intensive
self-assembly in aqueous solutions. In basic diamond dispersion, there was detected
mainly low-dimensional formations of diamond particles trend to be associated into
linear chains. However, even low amounts of diphthalocyanines caused substantial
structural changes in the ensemble of diamonds. According to neutron scattering
data, the systems integrated a critical mass of diphthalocyanines, CR * 0.3% wt.
relative to diamonds amount, showed a transition in the mode of short-range order
from linear diamond chains to highly branched clusters with fractal dimension close
to the upper limit Df * 3. This transformation became a consequence of increased
probability of two or more molecules to be settled on the surface of a particle which
in this way obtain a function of a center of junction associating a number of
diamond chains. As we found, a created center linked in average *5 chains and
such star-shaped cluster integrated totally *200 particles. The new hybrid
diamond-diphthalocyanine structures have shown stability because of irreversible
binding molecules to diamond surfaces, and dried powders of complexes were not
soluble in dimethylformamide oppositely to both components formed solutions in
them before complexing. The obtained complexes carried magnetic Eu atoms firmly
captured between ligands and demonstrated good luminescent properties under
X-ray irradiation that can be applied for the creation of new effective photocatalysts
for air and water purification and disinfection, further advanced applications in
photodynamic therapy.
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Chapter 8
Photoreactive Composite Coatings
with Tunable Surface Wetting
Properties and Their Application
Possibilities

Mohamed M. Abdelghafour, Ágota Imre-Deák, László Mérai,
and László Janovák

Abstract The self-cleaning surfaces play a crucial role in the present pandemic and
global crisis. Self-cleaning property is mainly associated to superhydrophobic
surfaces, from which the dust particles can be easily swept down by the rolling
motion of droplets. The second type of self-cleaning surfaces is photocatalytic
coatings that can induce the degradation of organic materials upon light-exposure.
In this chapter, we present non-conventional hybrid coatings with heterogeneous
surface energy distribution, superhydrophobic, and photocatalytic properties. Our
hybrid coatings are prepared by incorporating photocatalyst particles into the
hydrophobic poly(perfluorodecyl acrylate) (pPFDAc) fluoropolymer matrix. With
adjusting the loading of particles into hybrid coatings, the surface roughness, the
surface charge density, the surface energy, the wetting properties, and thus the
bacterial adhesion capacity were controlled. We showed that the surface roughness
and hydrophobicity increase with increasing loading of particles into the
fluoropolymer binder. The investigated hybrid coatings presented superhydropho-
bic, photocatalytic, and antimicrobial properties with the increasing content of the
photocatalyst particles. It was also presented that the surface wetting properties and
thus the pollutant’s adsorption on the photoreactive composites can be tuned by the
polymer hydrophilicity and surface roughness. Therefore, at the S/L interface, the
photocatalytic efficiency is dependent on the polarity of the subject model pollu-
tants. Moreover, antibacterial activity and self-healing behaviors of these
non-conventional hybrid layers with heterogeneous surface energy distribution are
also presented and discussed in this chapter.
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Keywords Hybrid coatings � Heterogeneous surface � Superhydrophobic surface �
Photocatalytic and antimicrobial coatings

8.1 The Importance of Self-Cleaning Photocatalytic
Surfaces in Healthcare

As the common human pathogenic bacteria, such as the Acinetobacter baumannii,
the methicillin-resistant Staphylococcus aureus (MRSA), or the Pseudomonas
aeruginosa gain multidrug-resistance, the number and severity of nosocomial
infections are increasing worldwide. To address this global issue, alternative
healthcare solutions emerge, and in general, the emphasis is being put on prevention
instead of post-infection treatment.

The most effective preventive measure against nosocomial infections is the
provision of a sterile environment for patients with weakened immune-system in
healthcare facilities. To fulfill this idea, the application of self-cleaning photocat-
alytic surfaces is a beneficial option. There are several examples of the utilization of
such coatings in antimicrobial scenarios, even in the cosmetic-, food-, and textile
industries. These composite systems can deal with a wide variety of pathogens,
regardless of their Gram-positive or -negative nature. Moreover, there are studies in
which the antimicrobial coatings effectively dealt with viruses and fungi.

The specific application possibilities include for example photoreactive wall
paints and other photocatalyst coated surfaces in hospital wards. If
visible-light-active semiconductor photocatalyst (e.g., noble metal-doped TiO2)
nanoparticles are incorporated in such coatings, the antimicrobial effect can be
sufficient without applying special (e.g., high power-output UV) light sources: in
this case the ambient light is utilized to prevent infections.

8.2 Photoreactive Surfaces

8.2.1 Second Generation of Photocatalyst Particles

Photocatalytic processes are such chemical reactions in which the role of the cat-
alyst is taken by a light-excitable photocatalyst. During the illumination of the most
commonly applied heterogeneous photocatalyst particles, reactive oxygen species
with high oxidative potential are formed. These species include superoxide radicals
(O2

�−), hydroxyl radicals (HO�), and hydrogen peroxide (H2O2): with the help of
these, the photocatalyst-containing surfaces can oxidize organic pollutants and
eliminate microorganisms.

If a photocatalytic surface exhibits such behavior upon UV-illumination, it is
called a first-generation self-cleaning surface. To elaborate on this kind of surface,
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photocatalyst particles with different excitation wavelengths (e.g., TiO2 or ZnO) are
applied. The most common candidate is TiO2, which is widespread due to its
cheapness and chemical inertness, but its application is limited by the relatively
high band gap energy (Eg = 3.2 eV for the anatase polymorph) as only UV-photons
(k > 388 nm) can cause excitation. The photocatalytic applications of TiO2 are
limited due to the small quantum efficiency, which is the result of the high electron–
hole recombination rate.

The already available extensive literature, covering various application-oriented
and fundamental aspects of semiconductor photocatalysis, is still growing expo-
nentially: the topics are generally ranging from size effects through enhanced
absorption of light, to phenomena, related to crystalline properties [1]. However,
the synthetic preparation procedures aiming for benign-by-design of nanomaterials
attracted less attention. The synthesis of TiO2 nanomaterials is extensively studied:
the applied different synthetic strategies [2] mostly revolve around the variations of
hydrothermal and sol–gel processes. Despite these efforts, the need for new, more
sophisticated methods shows a growing tendency, as various new samples with
improved specific-surface areas, physicochemical properties, and crystallinity are
still being prepared. On the other hand, the development of more economical and
greener synthetic methods is also popular as the shorter energy-payback time is of
high importance at all fields, related to the application of solar energy. For instance,
solution combustion synthesis [3, 4] is considered as an attractive approach where
the crystalline nanoparticle formation is the result of the exothermic reaction
alongside the release of different gases. Mechanochemical syntheses provide a
quick, mild, and simple alternative to the more widespread methods, ensuring high
reproducibility, as well [5]. Furthermore, dry milling (solvent-free mechanochem-
istry) can offer other second-to-none possibilities in the development of materials
with advanced catalytic activity [5]. For instance, a composite of two different metal
oxides (SnO2 and ZnO) has been reportedly synthesized in a one-pot preparation
process [6]. During the mechanochemical synthesis, the direct incorporation of the
product ZnO particles into synthetic polymers is also possible, paving the way
toward the preparation of future antibacterial composite coatings [7]. Despite the
promising results, these methods possess limited control over the resulting particle
morphology, size, and specific-surface area. To overcome these drawbacks, hard
and soft templates can be utilized as a feasible solution. As it has already been
presented in the literature [8–10], template syntheses provide samples with
well-controlled size, shape, and nanostructure. On the other hand, anodized alumina
or synthetic polymer templates were applied in most of these studies, which is not
in line with the aspirations of mechanochemists to reduce the overall environmental
footprint of the synthetic processes [11]. To overcome this contradiction,
biopolymers can also be applied as excellent sacrificial templates: their application
in semiconductor oxide photocatalyst syntheses promotes biomass utilization, as
well [12]. Previously, we have reported the benign-by-design synthesis of
nanocrystalline ZnO via an effective reactive dry milling route, using Zn(NO3)2 as
metal salt precursor and different polysaccharides (e.g., a biomass-derived agar
extracted from macroalgae) as sacrificial templates [13]. This method combined the
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advantages of mechanochemistry and template syntheses while employing a tem-
plate from environment friendly sources. In our work, the achievability of the
mechanochemical templating approach was studied, for a variety of photoactive
nanomaterials. This investigation included the qualification of photocatalytic,
photoelectrochemical, and antimicrobial properties of the mechanochemically
obtained nanoparticles. The reactive dry milling method was applied to prepare
ZnO, and TiO2 as semiconductor oxide nanoparticles, besides using different
polysaccharides (e.g., starch) as biotemplates. As it was found out during the study,
the mechanochemically prepared nanoparticles possessed photoelectrochemical and
photocatalytic performance similar to the widely applied commercial P25 TiO2 of
EVONIK, while ZnO displayed remarkable antimicrobial properties.

The bio-templated nanoparticle synthesis was carried out employing a ball mill
instrument [13]. In a general scenario, the chosen quantity of metal salt precursors,
namely titanium isopropoxide Zn(NO3)2�6H2O, was milled separately with the
corresponding starch-quantities to reach the desired 1:4 = metal precursor: starch
mass ratios (e.g., 2 g Zn(NO3)2�6H2O was co-milled with 8 g starch) in a 125 cm3

stainless steel recipient of a Retsch PM100 planetary ball mill at 350 rpm for
30 min (these are the optimized conditions), applying 18 stainless steel balls with a
diameter of 1 cm. During the milling process, the slightly colored solids were
transferred directly to a ceramic vessel and subsequently calcined for 4 h at 600 °C
in air atmosphere. The temperature of calcination was chosen based on the pre-
ceding thermal decomposition experiments which evidenced that most organic
materials were removed from the sample over 500 °C [13].

To identify the crystal phases in the resulting oxides and to examine the overall
crystalline properties, XRD diffractograms were recorded (Fig. 8.1). The TiO2

samples (Fig. 8.1a) were determined to be composed of 75% anatase and 25% rutile
phases. It is important to highlight that this composition is almost identical to those
of the most common benchmark semiconductor photocatalyst, EVONIK P25 TiO2

[14]. According to the analyses of TiO2 samples, the average size of the anatase
crystallites in majority was proven to be 22 nm, while the minority phase rutile
possessed crystallites with the size averaging 26 nm. Our findings supported the
previous results of Luque and co-workers, as a well-defined wurtzite phase was
featured in the prepared ZnO samples (JCPDS card No. 36–1451) (Fig. 8.1b). This
oxide semiconductor displayed noteworthy crystalline properties with an estimated
mean particle diameter of 44 nm (calculated from full profile fit).

To characterize the optical properties of the synthesized materials and the esti-
mated band gaps of the synthesized materials, UV–VIS diffuse-reflectance spec-
troscopy (DR) was applied: the band gaps in question were determined to be
3.04 eV for TiO2 and 3.22 eV for ZnO particles. These values agree well with
previously published results [15]. TEM examinations were conducted to collect
direct information on particle diameter and shape of the mechanochemically pre-
pared nanomaterials (Fig. 8.2). The most important observation of the studies was
that the synthesis resulted the formation of nanoporous, structured networks instead
of the expected individual nanoparticles. The same could be experienced, not even
in the case of ZnO, but in the case of TiO2 nanostructures, as well (Fig. 8.2a, d).
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The applicability of the synthesized nanomaterials was examined in two different
scenarios of solar light utilization. The first scheme was a model photocatalytic
environmental remediation process, applying ethanol vapor as a test material to
mimic the photodegradation of different volatile organic compounds (VOCs) [16].
During the photodegradation of EtOH, sequences of chemical transformations
occur on the surface of TiO2 until reaching complete mineralization (which results
in CO2 and H2O), including the generation of intermediates [16]. To monitor the
photoreactivity of prepared materials under practically relevant environmental
conditions, the EtOH vapor photooxidation tests were run in a circulatory reactor,

Fig. 8.1 XRD diffractograms of a TiO2 and b ZnO samples. In figure a, the crystal facets were
assigned to all reflections (A: anatase, R: rutile); the result of Rietveld refinement is also displayed
[13]

Fig. 8.2 a, b TEM images of TiO2 and d, e ZnO with the corresponding distributions of particle
sizes (c, f) [13]
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besides maintaining a constant rate of gas mixture flow. The composition of the gas
phase was anaylzed by gas chromatograph. Figure 8.3a displays the decomposed
EtOH amounts as a function of the duration of irradiation, normalized by the
catalyst surface area (30 and 15 m2g−1 for TiO2 and ZnO, according to BET
measurement results). As Fig. 8.3a presents, both TiO2 samples exhibited a similar
efficiency, while ZnO outperformed not only the mechanochemically prepared TiO2

but the commercial P25 photocatalyst particles, as well. To further qualify and
quantify the photocatalytic efficiencies, the apparent first-order reaction rates (k0)
were calculated as the slope of –ln(c/c0) = kʹt where c is the EtOH concentration at
a given time, c0 is the initial EtOH concentration, and t is the time of illumination.
As the observed kinetics of the process was pseudo-first-order, the application of
this approach was implementable. The apparent first-order reaction rates (kʹ) were
also normalized using the BET surface area to compare the specific photocatalytic
activity of the different semiconductor catalyst.

The nearly equal values obtained for both tested titania samples evidence that
after the peeling off of the obvious surface area, the other photocatalytic
activity-affecting factors (for instance, phase composition and crystallinity) are
basically the same for these two TiO2 samples.

The antibacterial performance of the photocatalysts was subsequently studied
applying a modified version of the ISO 27447:2009 standard method, during which
the number of the surviving bacterial cells per cm3 on the original inocula was
calculated after different exposure times (0, 30, 60, 90, and 120 min). As Fig. 8.3b
shows, the mechanochemically synthesized titania—similarly to the pure polymer
binder material and P25—exhibited insignificant activity: this can be considered as
the direct effect of irradiation. In contrast, bio-templated ZnO displayed significant
antimicrobial activity, destroying all bacterial cells after 90 min. It is important to
note that control experiments in dark environment were also performed, resulting in
the finding, that in all cases, *50% of the overall antimicrobial activity can be
attributed to the irradiation. These observations prove that the biomass-templated

Fig. 8.3 a Surface area normalized photocatalytic activity of the semiconductor oxide
nanomaterials during EtOH degradation tests. b Antibacterial performance comparison of the
synthesized TiO2 and ZnO samples, determined according to the standard ISO 27447:2009. The
activity of the polymer matrix and the benchmark P25 TiO2 particles is also displayed [13]
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dry ball milling resulted in the formation ZnO nanoparticles, possessing the
well-known remarkable antimicrobial character of ZnO nanomaterials.

The band gap energy can be adjusted to near-UV or visible range by doping the
TiO2 with different nonmetal elements, such as sulfur, phosphor, or nitrogen. As a
result of the doping process, the electron system and the optical properties get
affected beneficially.

These doped photocatalysts are called second-generation photocatalysts, and
therefore, their composite surfaces are considered to be the second-generation
photocatalytic surfaces. Second-generation catalysts can also be formed by intro-
ducing noble metal nanoparticles or nanodots to the surface of semiconductor
particles. Besides tuning the absorbance into the visible range, these metals take the
role of electron traps, hindering the charge recombination, thereby increasing the
overall quantum efficiency.

The noble metal particles are also famous for their plasmonic nature, which also
contributes to the photocatalytic utilization of visible light. The phenomenon of
local plasmon resonance (LSPR) is the photoinduced collective oscillation of the
valence electrons in the vicinity of the particle. This state can be achieved when the
wavelength of the incoming photons matches the wavelength of the electron
oscillations. As the energy of the exciting photons gets concentrated in this process,
the phenomenon can be applied for the utilization of diffuse solar light. The res-
onant wavelength is particularly dependent on the composition, and the morpho-
logical properties of the noble metal nanoparticle, but the distance between the
metal and photocatalyst surfaces also has a relevant contribution. A latter parameter
can be controlled, for example, through the intercalation of the metal nanoparticles
into non-swelling layered silicates or TiO2 templates with mesopores. Another
control opportunity is the formation of so-called nanophase reactors from biner
mixtures on the surface of supporting particles. All in all, the band gap energy of
the initially UV-active semiconductor photocatalyst particles can be lowered by
modification with noble metal nanoparticles, which can lead to visible-light pho-
toreactivity. This all means an opportunity to eliminate organic pollutants and
microorganisms with the help of visible light. In the instance of TiO2, Ag NPs are
excellent functionalizing agents because the release of Ag+ ions from such pho-
tocatalysts is proven to be far below the harmful level.

The release of metal ions can be easily quantified by ion-selective electrodes: in
an experiment, a hybrid thin layer of polyacrylate-immobilized Ag–TiO2 (124 cm2

surface area, a total of 0.775 mg Ag NPs in 155 mg photocatalyst) was immersed
into 100 ml deionized water. During the 1 week incubation period, only 1.4% of
the total silver content got released and entered the liquid phase as Ag+ ions [17,
18]. The immobilization of the particles with polymer also helps to avoid the release
of nanoparticles into the environment.
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8.2.2 Photocatalyst Immobilization, Nanohybrid Surfaces

During practical applications, it is of crucial importance to provide proper adhesion
between the photocatalyst particles and everyday substrate materials, such as glass,
textile, paper, ceramics, or wall and plastic surfaces. Thanks to the rapid devel-
opment of the field, self-cleaning TiO2-based coatings are now commercially
available. In the laboratory environment, TiO2 thin layers are achievable through
routes like sol–gel methods, spray-pyrolysis, hydrothermal processes, magnetron
cathode sputtering, or dip-coating techniques.

Polymer-based coatings are the state-of-the-art composites of this field, having
the highest versatility. Polymers are esteemed photocatalyst binders as they have
adjustable elasticity, low density, price, and excellent impact-resistance. Initially,
the photocatalyst particles are distributed uniformly in such matrices: however, their
surficial concentration increases as the polymer suffers photodegradation. As a
result of this, the particles get uncovered, and a gradual increase in the photocat-
alytic efficiency is expected during application. The methods of photocatalytic
activity quantification of such films are well described in the literature [17, 18].

8.3 Photoreactive Coatings with Lotus Leaf-Like Water
Repellency and Self-Cleaning Characteristics

The leaf-like superhydrophobic coatings belong to the third generation of antimi-
crobial coatings. Recently, surfaces with water contact angle values exceeding 150°
got increased attention. Water-repellent surfaces have many practical uses in our
everyday life: enough to think about the lotus effect-based self-cleaning wall
paintings or windows, but different water-repellent textiles are also commercially
available.

The so-called lotus effect (the name is inspired by the water-repellent character
of the lotus leaf) has two prerequisites: at first, a surface with low surface energy is
needed (e.g., hydrophobic fluoropolymers), which have to possess hierarchical
surface micro-/nano-roughness. Increasing the surface roughness of an initially
hydrophobic surface (H > 90°) can lead to the drastic increase of the contact angle,
and even superhydrophobic character is achievable (H > 150°) when a lotus
leaf-like surface with hierarchical roughness is formed.

A cooperative effect of low surface free energy and the rough surface structure is
completely crucial to attain suitable superhydrophobic surfaces. Superhydrophobic
surface with *12% ZnO material, which has photocatalytic properties, was syn-
thesized using spherical layered double oxide (LDO) particles (with *25 lm
diameter). On the one hand, the application of spherical structured LDO particles
ensures sufficient surface roughness, while with the synthesized low-energy
1H,1H-Perfluoro-n-decyl acrylate pPFDAc fluoropolymer binder content consisting
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of polyacrylate backbone with suspended perfluorodecyl functional groups, suffi-
ciently low surface energy was attained [19].

To obtain spherical layered double oxide (LDO) particles, inorganic ZnMgAl
layered double hydroxides (ZnMgAl-LDH LDH) were synthesized, [20] and to
obtain the photocatalytically active calcinated form of spherical LDO, the resulting
LDH powder sample was calcined at 600 °C for 2 h. The original LDH spherical
morphology was still maintained after calcination. Moreover, a low-energy
fluoropolymer binder material was used to lower the surface energy of the rough
surface LDO photocatalyst particles (Fig. 8.4).

The LDO photocatalysts’ band gap energies were determined using the
Kubelka–Munk function from the diffuse-reflectance spectra of the samples.
Figure 8.5 shows the Kubelka–Munk plot of the powdered LDO sample where the
obtained band gap energy (Eg) values of the ZnO-containing LDO powder and
Nanox ZnO (as reference) were 3.23, and 3.19 eV, respectively, and also the
excitation wavelength was determined at kg = 386 nm.

Using this special morphology of the obtained LDO particles, they were
incorporated into a low-energy hydrophobic fluoropolymer matrix. The initial poly
(perfluorodecyl acrylate) pPFDAc fluoropolymer binder material with low surface
energy has a relatively smooth surface with the Hw value which was 107.5°, which
is the low-energy flat surface characteristics [21]. With adjusting the loading of
LDO particles into hybrid layers, the surface morphology and roughness had
changed. Figure 8.6 illustrates schematic diagrams and SEM photographs of the
LDO/fluoropolymer photoreactive layers with increased LDO content.

Fig. 8.4 Preparation of the photoreactive superhydrophobic hybrid surfaces containing
LDO-based photocatalyst microparticles with corresponding SEM pictures [19]
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Fig. 8.5 Kubelka–Munk plot of the prepared LDO compare with the commercial semiconductor
ZnO photocatalyst (Nanox) [19]

Fig. 8.6 Schematic diagram and SEM images of increasingly LDO-loading photoreactive LDO
fluoropolymer layers. The nominal concentration of the LDO photocatalyst particles was: a 0,
b 20, c 40, d 60, e 80, and f 100 wt% [19]
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Figure 8.6a shows that the initial fluoropolymer layer (without LDO content) has
relatively smooth surface with the roughness 0.002 ± 0.0002 lm (Fig. 8.7) and
the contact angle of 105.6° ± 0.21°. Figure 8.6b–e demonstrate that the gradual
increase in the LDO content contributes to a pronounced increase of the surface
roughness of layers, and the SEM image Fig. 8.6f displays the well-separated
spherical particles of 100% particle content by weight (pure LDO layer) with
particle size *25 lm. The addition of 25.3 ± 2.3 lm spherical LDO particles
with structured surfaces increases the roughness to 8.78 ± 0.48 lm and 15.3
± 2.04 lm for 60 and 80 wt% LDO, and the obtained contact angles were 149.1°
and 156.3°, respectively. This indicates that the superhydrophobic hybrid layers
were obtained (Fig. 8.7).

Due to * 12% ZnO content of the LDO particles, photooxidation measure-
ments had evidenced photocatalytic efficiency of the reactive LDO particles con-
taining layers. Figure 8.8 confirms that the most benzoic acid test molecule (*24%
of the initial 0.17 g/L) can be degraded by the pure LDO particle thin photocatalyst
layer after 240 min UV-A light (kcharacteristic = 365 nm) illumination time at
25.0 ± 0.5 °C.

The immobilization of particulate LDO photocatalyst in the low surface energy
polymer matrix material resulted in a continuous decline in the rates of photocat-
alytic reactions, since the polymer partially covered the LDO photocatalyst particles
(Fig. 8.4]. As shown in Fig. 8.8, for the pure polymer film and control measure-
ment (the absence of sample film), photodegradation was not observable; so,
self-photolysis may be excluded. The rate of photooxidation became more pro-
nounced at 80 wt% LDO content. During the photocatalytic measurements, the
composite layers photodegraded *24% of the initial 0.17 g/L benzoic acid (test
molecule) content from this LDO loading (80 wt% LDO content).

Comparing the wetting and photocatalytic properties (Fig. 8.8) of the hybrid
layers, it can be concluded that the prepared hybrid layers have remarkable

Fig. 8.7 Surface roughness
(Rq) and water contact angle
(Hw) as a function of LDO
content in hybrid thin layers
(T = 25 ± 0.5 °C). Inset
topographies of surfaces with
extreme roughness (rough and
smooth). On top of the values
of the contact angles, the
photography of the liquid
droplet on the hybrid layer is
shown
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photoreactive characteristics between 80 and 90 wt% LDO loading, besides the
substantial superhydrophobic (>150°) property as well.

As a result, the prepared composite rough surfaces exhibited both photocatalytic
and superhydrophobic features (Fig. 8.9). The prepared layers were verified by
water contact angle experiments as non-wettable. For water-based methylene-blue
solution, almost spherical liquid droplets with H > 150° were observed, while
organic (hexane) dye solution was scattered on the surface, and the layer has been
stained by the applied Sudan IV molecules (Fig. 8.9). However, the interfacial dye
molecules have been fully photodegraded after *240 min of UV-A irradiation due
to the LDO/fluoropolymer hybrid layer with ZnO photocatalyst material content.

Fig. 8.8 Photocatalytic
degradation of benzoic acid
(as test molecule) as a
function of illumination time
under UV-A irradiation
(kmax = 365 nm) on
LDO-containing
fluoropolymer-based hybrid
layers [19]

Fig. 8.9 Superhydrophobic and photocatalytic properties of the hybrid layer [19]

220 M. M. Abdelghafour et al.



8.4 Adhesion and Inactivation of Gram-Positive
and Gram-Negative Bacteria on Hybrid Photoreactive
Coatings

There is a strong increasing trend toward infections due to bacteria (e.g., S. aureus,
P. aeruginosa), and therefore, it is important to avoid transmission from human to
human to optimize the efficacy of infection control. Bacteria, viruses, and fungi on
many surfaces in water and in the air may be inactivated by antimicrobial material
(and particularly composites) and may therefore be the key prevention method in
healthcare facilities [22–24]. Various techniques are published applied related to the
development of antimicrobial surfaces, but only a handful of them contains details
on the structural and chemical property optimization in order to maximize
antimicrobial activity [25–28]. Surfaces containing TiO2 can eliminate numerous
microorganisms due to their photocatalytic properties [29–31], as they generate
strong oxidizing species upon UV-light illumination.

The first step toward bacterial colonization that affects human health [32] and the
environment [33] is bacterial adhesion to surface of materials. The adhesion
mechanism is driven by physical and chemical interactions between surface and
microorganisms and is the first stage by attachment and survival, where nutrients on
the surface will increase the amount of bacteria, colonize the surface, and form
biofilms that are fundamental sources of more contamination [34, 35].

Different physicochemical properties of bacterial cells and material surfaces
influence on bacterial adhesion to different material surfaces [36, 37] and also
depend on surface characteristics like surface roughness, degree of hydrophobicity,
and surface charge. Moreover, the surface charge of photocatalyst particles, e.g.,
TiO2, is environmentally pH dependent [38].

Therefore, the surface charge of the bacteria and photocatalysts needs to be
known and characterized, and it can be determined from streaming potential
measurements.

Figure 8.10a displays the values of measured streaming potential for titration of
10 ml 1% TiO2 suspensions with 1% sodium dodecyl sulfate (SDS) solution at
pH = 4.5. In the beginning, positive streaming potential values were obtained for
the aqueous TiO2 suspension at this pH value, then the potential showed continuous
decrease as the deprotonation of TiOH2+ surface sites progressed, and the surface
charge was lost concomitantly. Considering the amount of surfactant molecules,
required for charge neutralization, the specific surface charge of TiO2NPs at pH 4.5
was calculated to be +12.3 meq/100 g. Similar to pure TiO2, the plasmonic Ag–
TiO2 particles with 0.5% Ag content were also examined, and a specific surface
charge of +0.38 meq/100 g was obtained. Besides these determinations of specific
surface charge at pH 4.5, 10 ml 1.09 � 107 cfu/ml Escherichia coli bacterial
suspensions were titrated with 0.01% hexadecyl pyridinium chloride (HDPCl)
solution at the same pH, as well. Figure 8.10b displays the values of potential
streaming measured for suspension of E. coli bacteria. In this last case, the charge
titration curve indicated the opposite tendency: the original bacterial suspension has
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negative streaming potential that showed continuous increase due to the increasing
concentration of the cationic surfactant. The calculated specific surface charge of
E. coli bacteria was—1.33 leq/109 cfu. For other bacterial suspensions—3.19 leq/
109 cfu (P. aeruginosa) and—0.89 leq/109 cfu (MRSA) values were determined.

The negative charge of the different GR− bacteria can be attributed to the
presence of embedded polysaccharide chains embedded in peptidoglycan cell wall
components [39, 40]. In the light of the determined specific surface charge values,
10 ml 1.09 � 109 cfu/ml E. coli bacterial suspension was titrated with 1% TiO2

suspension. The result of this experiment is presented in Fig. 8.10c: as it was
determined, 109 cfu E. coli bacteria can electrostatically adhere to (and can neu-
tralize) 1.88 g of particulate TiO2. The determined surface charge values of the
applied photocatalyst (TiO2 and Ag–TiO2) and the studied bacteria are summarized
in Table 8.1. One can imply from the results that E. coli and P. aeruginosa GR
− bacteria possess higher specific surface charge values than the S. aureus, which
belongs to the group of GR+ bacteria.

During microscopic experiments, the electrostatic interactions between the Ag–
TiO2 nanoparticles and the tested bacteria were also evidenced. E. coli bacterial
suspensions were stained with LIVE/DEAD® BacLightTM kit, which contains
different fluorescence dyes. The SYTO 9 (green emission) penetrates the bacterial
cell wall and labels bacterial cells, both alive and dead, while propidium iodide (PI,
red emission) cannot penetrate the cell wall of living bacterial cells, only when it is
damaged. This results in the decrease in SYTO 9 stain fluorescence when both dyes
are present during bacteria labeling experiments. In our experiments, bacterial
adhesion on photocatalyst particles was observed with a Leica DM IL LED Fluo
light microscope. In the case of E. coli, an initial green emission was observed,
which could be attributed to the strong attachment of the living bacterial cells to the
surface of spherical Ag–TiO2 aggregates (Fig. 8.11a). However, after 120 min of

Fig. 8.10 a Specific surface charge value determinations of TiO2, b E. coli bacteria, and c the
quantification of adhered TiO2 on the surface of E. coli at the electrostatic charge compensation
point at pH = 4.5 (std. error: 2.0%) [38]
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LED-light illumination, only the bacteria with the damaged membrane (Fig. 8.11b)
can be seen on the surface of the photocatalyst particles, which was indicated by the
detected red emission.

During the photocatalytic degradation mechanism, the irradiated photocatalyst
particles generate extremely reactive oxygen species including hydrogen peroxide
(H2O2), superoxide radical ion (O2

�−), or hydroxyl radical (HO˙) [41, 42]. The
presence of reactive radicals means that microorganisms can be inactivated via

Table 8.1 Determined specific surface charge values of the studied photocatalyst nanoparticles
and GR+ and GR− bacteria [38]

Photocatalysts
or bacteria

Concentration Measured
surface
charge (at c.
e.p)a

Calculated
surface chargeb

(Coulomb/
109 cfu)

Electrostatically
adhered TiO2 (g/
109 cfu)

TiO2 1% +12.3 meq/
100 g

Ag–TiO2 1% +0.38 meq/
100 g

E.coli (GR−) 1.06 � 107 cfu/
mL

−1.33 leq/
109 cfu

0.129 1.88

P.aeruginosa
(GR−)

1.32 � 107 cfu/
mL

−3.19 leq/
109 cfu

0.308 2.55

MRSA (GR+) 1.09 � 107 cfu/
mL

−0.89 leq/
109 cfu

0.086 0.61

aSpecified surface charge (c.e.p.) = Csurfactant � Vsurfactant/mTiO2 or bacteria
bCalculated surface charge (coulomb/109 cfu) = (nadded surfactant � Faraday constant)/number of
bacteria

Fig. 8.11 Evaluation of the adhered Escherichia coli ATCC 29,522 bacteria at the aggregated
Ag–TiO2 photocatalyst particles by the help of a fluorescent microscope. The green emission
correspond to living bacteria a whereas the red parts correspond to damaged bacteria b at the
beginning (t = 0 min) and after 2 h of LED-light illumination
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photocatalyst particles by damaging the cell wall and their DNA [17, 18]. After
60 min of illumination, a significant degradation can be observed (Fig. 8.12e). The
cell wall was totally degraded after 120 min of illumination, the formation of
peptidoglycan cross-links was completely inhibited by the existence of free radicals
that generated during the photocatalysis process (Fig. 8.12f). We have to note that
without photocatalysts, no cell wall degradation was observed even after 120 min
of LED-light illumination (Fig. 8.12b and c). According to these experimental
results, the Ag–TiO2 photocatalyst has proven the specific effect on the peptido-
glycan layer in case of the bacteria under visible-light illumination.

8.5 Wetting-Regulation of Photocatalytic Coatings

8.5.1 Wetting-Regulation by Photocatalyst Loading
and Roughness

After finding the most optimal photocatalyst particle for a specific coating appli-
cation, one must consider the possibilities of immobilization and how they will
affect the surfaces’ affinity to the medium and the possible photocatalytic substrates
and therefore the overall photocatalytic performance.

Fig. 8.12 TEM images representing the E. coli sacculi; a prior to illumination, b after 60 min and
c 120 min of only visible LED-light illumination (k = 405 nm) as control measurements, and in
the presence of Ag–TiO2 photocatalyst d after 0, e 60 and f 120 min illumination with the same
light source [38]
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When it comes to the photocatalytic reaction at the S/L interface—specifically at
the solid/water interfaces—one of the most influencing factors is the wettability of
the solid surface, which affects not only the free-radical generation capability but
the adsorption of the photocatalytic substrates (e.g., organic pollutants), as well.

In the case of photoreactive coatings, the main factors affecting wettability are
the surface roughness, the surface free energy of the photocatalyst and the matrix
material(s), and the composition of them (photocatalyst: matrix ratio).

The role of surface roughness is somewhat superior in these scenarios. As the
Wenzel and Cassie-Baxter models imply [43], introducing roughness to a solid
surface can emphasize its originally hydrophobic or hydrophilic nature. By this
means, extreme wetting characteristics, such as superhydrophobicity (H > 150°) or
super hydrophilicity (H < 10°), are achievable. As it was previously presented in
the example of lotus leaf-like surfaces, these behaviors require hierarchical (micro-
and nano-) morphology.

In the case of photoreactive coatings, the most obvious way to influence surface
morphology is to appropriately choose the photocatalyst particle shape, size,
loading, and preparation method. As it was presented earlier, the spray-coating is a
cheap, simple, and scalable process, during which rough composite films can be
built. Our approach to the adjustable photoreactivity was the optimization of this
roughness through changing the photocatalyst content of the layers [44].

As Fig. 8.13 shows, the Ag/TiO2 loading can influence the surface roughness of
the spray-coated pPFDAc fluoropolymer layers, as well. As a result of this, the
profilometrically determined Rq-values increased from 3.7 ± 0.9 µm to
15.2 ± 1.2 µm as the catalyst content was increased from 20 to 80%. These rough
layers have significant porosity, as well: the porosity of the 80% Ag–TiO2-con-
taining film was determined to be 74.8% via X-ray micro-CT analysis. According to
the EDX-SEM mapping of the surfaces, the spray-coating process provided a rel-
atively homogenous distribution of the Ag–TiO2 particles in the polymer matrix.

This homogeneity was also reflected in the low standard deviations of the
contact angle measurements (Fig. 8.14). Besides the low deviations, the increasing
photocatalyst nanoparticle content and roughness resulted in a strict increase of
hydrophobicity up to 80% Ag–TiO2. Despite this composition is superhydrophobic
(H > 150°), the further increase of photocatalyst content up to 100% results in
superhydrophilic (H * 0°) behavior that can be attributed to the low surface
coverage of the fluoropolymer.

Nonsurprisingly, the increasing photocatalyst content of these films resulted in
increased photodegradation efficiency in EtOH (g) visible-light photodegradation
(k = 405 nm) scenarios (Fig. 8.15a). To illustrate the photocatalytic performance of
the superhydrophobic layer at the S/L interface, hydrophobic SUDAN IV in hexane
solvent was decomposed. In this experiment, a dye solution drop was placed on the
surface and the surface concentration of the dye molecule was monitored with the
help of UV–VIS diffuse-reflectance spectroscopy. As Fig. 8.15b shows, the dye
was rapidly decomposed by the superhydrophobic surface; however, the drops of
aqueous methylene-blue (MB) solution did not spread on the surface, indicating the
superhydrophobic character.
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8.5.2 Regulation of Wetting and Photoreactivity
of Composite Surfaces Through Adjusting Polymer
Matrix Composition

Besides the presented Ag–TiO2/fluoropolymer coatings have roughness- and pho-
tocatalyst content-dependent wettability and photoreactivity, the achievable wetta-
bility range is restricted to the hydrophobic regime due to the hydrophobic nature of
the applied polymer binder (and the far super hydrophilic region, as well, thanks to

Fig. 8.13 Surface roughening by adding an Ag–TiO2 filler to pPFDAc fluoropolymer shown in
SEM images with the relevant Ag–TiO2 content: a 0%, b 20%, c 40%, and d 80%. The surface
roughness (Rq) values profilometrically determined were also inserted. e SEM–EDX base image,
and f elemental mapping for carbon, g titanium, and h carbon and titanium of the
superhydrophobic surface with 80 wt% Ag–TiO2 content [44]

Fig. 8.14 Measured H-
values for Ag–TiO2/pPFDAc
hybrid layers with increasing
of Ag–TiO2 content.
A reference to the eyes is a
dotted line [44]
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the photocatalyst). To overcome this limitation, one can introduce other, hydro-
philic polymer components to the composite matrix to expand the wetting regime,
and thereby the range of applications.

To address this goal, we introduced the hydrophilic poly(2-hydroxyethyl acry-
late) or pHEA to the Ag–TiO2/pPFDAc films [45]. As Fig. 8.16 shows, the
spray-coated pHEA-pFDAc surfaces exhibit wetting properties from slightly
hydrophobic (H = 105.0°) to slightly hydrophilic (27°) as the pHEA content is
increased in the polymer matrix. When surface roughness is introduced to the
systems by the addition of 80 wt% Ag–TiO2, the wetting properties drastically get
highlighted and the achievable regime ranges from superhydrophobic (H = 150.9°)
to superhydrophilic (H * 0.0°).

SEM images of Fig. 8.17 indicate, that the initially smooth polymer surfaces
non-surprisingly get decorated by micro- and nanostructures as the photocatalyst
nanoparticles got introduced. The resulting porosity was measured via the X-ray
micro-CT method and was proven to be 74.8%. This is in good accordance with the
porosity data calculated from the profile thickness measurement results and the
densities of the components (78.1%).

Since the prepared photocatalytic surfaces are porous, a preferable way to
evaluate the changes in wettability is the exploitation of the phenomenon of contact
angle hysteresis. In the light of this, the surface free-energy values of these coatings

Fig. 8.15 a Photodegradation of EtOH vapor over Ag–TiO2/polymer composite layers under blue
LED-light illumination (kmax = 405 nm); relative concentrations (c0 = 0.36 mM) as the function
of illumination time, b SUDAN IV photodegradation (c0 = 20 mg l−1) on roughened (80 wt%
Ag–TiO2) pPFDAc layers as a function of LED illumination time [44]
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were calculated by applying the method of Chibowsky and Drelich [46, 47]
throughout the measurement of advancing (Hadv) and receding (Hrec) contact
angles. As Fig. 8.18 shows, the roughening increased the free energy of the initially
hydrophilic pHEA surface and decreased the value of the hydrophobic pPFDAc,
which both indicate the appearance of extreme wetting properties.

The roughness and porosity do not only affect photoreactivity by the means of
wettability alteration: as the depth of penetration of UV and visible light in the case
of porous TiO2 films is maximized at a few micrometers [48], the provision of
adequate porosity is crucial to ensure high photoreactivity.

Just like in the case of the previously presented systems, the photoreactivity of
these surfaces turned out to be composition dependent, as well moreover, changing
the pPFDAc to pHEA polymer matrix can drastically alter the affinity of the coating
toward different pollutants and media. As it is illustrated by Fig. 8.19, the super-
hydrophilic Ag–TiO2/pHEA layer effectively decomposes methylene blue from an
aqueous solution besides showing lower reactivity toward the SUDAN IV, which is
dissolved in abs. EtOH during visible-light illumination (blue LED, k = 405 nm).
However, the reactivity of superhydrophobic Ag–TiO2/pPFDAc coating is the
opposite. This indicates the wetting-regulated photoreactivity, which can be
attributed to the different free-radical forming capabilities of the composite coat-
ings. Fig. 8.20 shows the luminometrically determined maximum radical concen-
trations in H2O2-equal concentration units. These measurements evidenced the
higher rate of ROS formation over the more hydrophilic—and therefore more
wetted—layers in an aqueous medium, however, there are other
efficiency-determining factors, as well.

Fig. 8.16 Apparent static contact angles on initial smooth polyacrylate thin films and Ag–TiO2–

loaded rough polyacrylate composite layers as a function of the hydrophobic pPFDAc
fluoropolymer content in the copolymer matrix (T = 25 ± 0.5 °C) [45]
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Fig. 8.17 a–c A smooth pPFDAc fluoropolymer film and d–f the 80 wt% Ag–TiO2-containing
pPFDAc film in SEM images, under different magnifications: 200� (a, d), 1000� (b, e),
10000� (c, f) [45]

Fig. 8.18 Left dynamic (advancing and receding) contact angles and right the calculated total
surface free-energy (cs tot) values of smooth and roughened (r−) pPFDAc and pHEA-based
composite layers [45]
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Similar to the previously presented Ag–TiO2/pPFDAc coatings with different
photocatalyst nanoparticle content, these coatings also have a different affinity
toward not just the medium but the decomposable substrate. As it was proved
during S/G photocatalytic experiments (the visible-light-assisted decomposition of
EtOH vapor), layers with higher hydrophobic pPFDAc content had higher
decomposition-efficiency, which can be attributed to the different EtOH adsorption
capabilities (Fig. 8.21).

8.5.3 Hydrophobization of Photocatalysts on Inorganic
Base

In most photocatalytic surface scenarios, organic polymers are used to influence the
wetting properties (preferably hydrophobic) of the originally hydrophilic semi-
conductor oxide photocatalysts. However, as these polymers (e.g., fluoropolymers)
often have a high price and/or complicated production procedure, greener and
cheaper solutions would be more preferred in photocatalyst hydrophobization.

To address this issue, one can seek potential hydrophobizing agents among
inorganic materials, as well. The elemental sulfur can be a suitable candidate, as it is
a cheap, abundant by-product of the oil and gas refinery. Besides its main usage

Fig. 8.19 Left Corresponding normalized concentration changes of MB (c0 = 2 mg/l) and
SUDAN IV (c0 = 2.5 mg/l) dyes over a superhydrophilic and right over a superhydrophobic
surface upon LED (k = 405 nm) illumination. The inserted images show the drops of the aqueous
and organic solutions on a superhydrophobic composite layer [45]
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Fig. 8.20 Evolution of ROS on roughened (r−) pPFDAc and pHEA hybrid layers upon blue LED
illumination (k = 405 nm), b the measured maximum H2O2-equivalent radical concentrations as a
function of the pPFDAc content of the polymer matrix

Fig. 8.21 a EtOH decomposition on Ag–TiO2/polyacrylate hybrid layers upon LED-light
illumination (k = 405 nm; c0 = 0.36 mM); relative concentrations as a function of illumination
time (the composition of the polymer matrix is referred in the legends), b and the specifically
adsorbed amounts of EtOH adsorbed by the particular layers in the 30 min dark period before the
photocatalytic measurements [45]
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(sulfuric acid production), elemental sulfur is applied for example in agricultural
scenarios [49, 50] antibacterial materials [51] and as composite filler material in
concrete and polymer matrices [52, 53].

The commercial elemental sulfur is particulate, with mean diameters usually
falling within the micrometer regime. To achieve the hierarchical (micro- and nano-
) surface roughness with sulfur particles, the primer particle size should be
decreased to the colloidal or nano region. This is hardly manageable through
top-down methods, like milling as sintering can occur and good control over the
particle size is relatively difficult to achieve. In accordance with this, the most
popular processes are bottom-up methods, which—at the downside cost of having
lower yields—offer better controllability and most importantly, sulfur nanoparticles.
Among bottom-up sulfur nanoparticle preparation techniques, the most well-known
ones are the Weimar [54] and Raffo [55] solvent-precipitation methods, but sulfur
nanoparticles can also be prepared, e.g., through the deposition of sulfur vapor on
cold water [56].

Solvent-precipitation methods in general have negligible yields and require
harmful organic solvents, such as CS2 or benzene due to the low solubility of sulfur.
However, the Raffo method is an exception with its possible maximum yield of
600 g/l colloidal elemental sulfur. Instead of physical dissolution, this process is
based on the chemical dissolution of sulfur in a highly basic (pH * 14) medium,
which is a disproportionation reaction. As Eqs. 8.1–8.4 show, elemental sulfur
particles are formed upon the reacidification of these mixtures. With the help of this
method, sulfur nanoparticles were obtained with 4–40 nm mean diameters
(Fig. 8.22) at a concentration of *0.9 g/l.

4 Sþ 6NaOH ¼ Na2S2O3 þ 2Na2Sþ 3H2O ð8:1Þ

Na2S2O3 + H2SO4 = H2S2O3 + Na2SO4 ð8:2Þ

xH2S2O3 ¼ yH2Oþ z SO2 þH2SmO6 ð8:3Þ

H2SmO6 ¼ H2Sm�nO6 þ Sn n[ 5ð Þ ð8:4Þ

To prepare composites with Ag–TiO2 nanoparticles, electrostatic interactions
were utilized between the sulfur and the photocatalyst [57]. Despite sulfur is quite
hydrophobic in nature, it has a slightly negative surface charge over pH = 2 in an
aqueous medium [58]. On the contrary, TiO2 has a point of zero charge (or PZC) at
pH * 6 [59], which means between 2 and 6 pH values, attractive electrostatic
interactions can be observed between the two particles. This was evidenced during
streaming potential measurement-assisted particle charge titrations (Fig. 8.23). To
preferably strengthen the attraction between the negatively charged sulfur and the
inorganic particles, a negligible amount of cationic polyelectrolyte (e.g., 0.1 g/l
chitosan) can be applied, as well [53].

The spray-coated, photocatalyst, and sulfur nanoparticle-containing
two-component composite films showed composition-dependent wettability.
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Figure 8.24 shows that such surfaces have superhydrophilic behavior (H * 0°) up
to 60 wt% sulfur content, and then the measured contact angle values sharply rise
toward the superhydrophobic region (H > 150°), which is reached at 90 wt% sulfur
content. This well-wetted nature despite the high amount of added hydrophobizing
agent indicates a Wenzel-type surface characteristic [47], where the water droplets
penetrate the porous structure of the layers. This was also evidenced during the
measurement of advancing and receding contact angles: although the overall sur-
face free energy was appeared to be very low (ctot < 4 mJ/m2), the difference
between the advancing and receding angles is very significant. This behavior is a
result of the lack of immobilizing agents (polymers), as the particles in the
spray-coated films become loosely adhered thanks to the low surface free energy of
sulfur.

Despite the low mechanical stability, these composite films are superior to the
polymer-hydrophobized photocatalysts, in terms of UV- and visible-light resis-
tance. As it can be seen in Fig. 8.25, thanks to the 180 min blue LED illumination

Fig. 8.22 a TEM images of precipitated sulfur nanoparticles and the wetting interaction between a
spray-coated sulfur nanoparticle layer and a drop of deionized water, b aqueous dispersions of
freshly prepared and 24 h old sulfur particles, c and the size distribution of precipitated sulfur
nanoparticles, based on the images of a [57]
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(k = 405 nm), the apparent surface free energy showed only a minor increase (ctot
increased from 2.3 to 3.3 mJ/m2). During two weeks of blue LED-light illumina-
tion, the sulfur-hydrophobized layers did not lose their wettability; however, a
constant contact angle decline could be observed in the case of
polymer-immobilized Ag–TiO2 (Fig. 8.26). This stability is reflected in the pho-
tocatalytic performance, as well: as it can be seen in Fig. 8.27, the EtOH (g) pho-
todegradation efficiency decreases only by 5% after a week-long LED illumination.

As sulfur is an abundant and cheap ingredient, these promising results may
prospect a bright future to elemental sulfur in photocatalysis- and/or wetting-related
applications.

8.6 Self-Healing Photoreactive Coatings

As it was demonstrated before (Fig. 8.26), the photostability of the binder material
is vital in most coating scenarios, where the most suitable (mechanically stable)
immobilizing agents for the photocatalyst particles are the different polymers. To
address this issue of photoinstability, a potential approach is the utilization of the
so-called self-healing behavior. Self-healing materials are capable of repairing
themselves and regaining their physical or chemical properties upon damage
without human intervention [60, 61].

Fig. 8.23 Streaming
potential values of the 0.01%
Ag–TiO2 nanoparticle
dispersion upon the addition
of 0.09% sulfur nanoparticle
dispersion (pH = 5.00) [57]
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There are three main approaches to self-healing behavior in the case of polymer
materials. The intrinsic self-healing is achieved as a result of the inherent
reversibility of chemical bonding: these systems utilize interactions like, e.g.,
Diels–Alder reactions [62]. Apart from this, the most studied systems are the
capsule-based (monomers are incorporated in capsules) [63] and the vascular sur-
faces (the repairing agent is transferred through channels to the place of damage)
[64]. Recently, the photocatalysis-related applications of self-healing character also
got into the focus of researchers [65, 66] and even TiO2-related systems were
prepared. Tu et al. reported the thermal repairability of photocatalytic TiO2-con-
taining fluoropolymer films [67]. In their work, the photoreactive coating was

Fig. 8.24 Characteristic
apparent contact angles of
Ag–TiO2/S composite
powders as a function of
S-content. The inserted image
with a drop of aqueous
methylene-blue solution
illustrates the water repellency
of 90 wt% S-containing
composite [57]

Fig. 8.25 Dynamic
(advancing and receding)
contact angles on sprayed
(90 wt%)
sulfur-hydrophobized,
photoreactive Ag–TiO2 films,
with the corresponding total
apparent surface free-energy
(cs tot) values prior to and after
180 min blue LED-light
illumination (k = 405 nm)
[57]
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Fig. 8.27 a EtOH vapor photodegradation (c0 = 0.36 mM) on pure Ag–TiO2 and sulfur layers,
and on Ag–TiO2/S composite film (90 wt% S) upon LED-light illumination (k = 405 nm) as a
function of the time of illumination. The EtOH concentrations were also measured without any
illumination for reference. b Change of EtOH concentration over Ag–TiO2/S layers after 0, 24, 48,
72, 96, and 168 h continuous illumination [57]

Fig. 8.26 Effect of long-term blue LED (k = 405 nm) illumination on the wettability of different
polymer-based and inorganic sulfur-containing superhydrophobic composites; contact angles as a
function of irradiation time [57]
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sprayed over a PDMS elastomer film on wooden substrates. Upon thermal treat-
ment, the PDMS could diffuse to the upper layers of the coating and take the place
of the photodegraded fluoropolymer, which resulted in the regaining of the wetting
properties.

Due to its easily tunable elasticity and chemical stability, PDMS itself is a
favored material when it comes to the development of self-healing systems. Wang
et al. reported the successful synthesis and characterization of superhydrophobic
and self-healing propyl trichlorosilane-infused PDMS oleogel surfaces [68]. The
key to the self-healing mechanism of these surfaces is the hydrolysis and poly-
condensation of the trichlorosilane molecules upon coming in contact with the
ambient moisture. Originally, these silane molecules are dispersed in the
PDMS-silicone oil oleogel matrix; however, they form a protective siloxane layer
and grass-like structures (surface roughness) at the polymer/air interface. When
mechanical or chemical damage is inflicted to this protective layer, it regenerates
itself as the dispersed alkyl-trichlorosilane molecules come in contact with the
moisture. By this means, the wetting properties could be regained many times,
consecutively: theoretically, the trichlorosilane loading of the oleogel is the only
limiting factor. Despite the promising results with this sophisticated self-healing
mechanism, the range of possible applications is limited due to the complicatedness
of the preparation process (inert atmosphere and glovebox required, only tested for
bulk samples, etc.).

However,—as the results of our recent work prove—this approach toward
self-healing behavior can also be implemented via the preparation of similar sur-
faces by spray coating [44]. In the case of our implementation, the hydrophobicity
of these surfaces (H = 124.7 ± 3.2°) was less emphasized than the previously
reported ones’, as no grass-like surface protrusions were formed (Fig. 8.28).

This could mainly be attributed to the exclusion of inert atmosphere from the
procedure, but the slightly different choice of ingredients could change the product
quality, as well (PDMS starting material and silicone was of different quality, and
dodecyl trichlorosilane was infused into the oleogel instead of propyl trichlorosi-
lane). Although the surface appeared to be relatively rough, the hierarchical
roughness was still missing to reach superhydrophobicity. This issue was solved
upon the addition of 25 wt% Ag–TiO2 photocatalyst to the spray-coated layers,
which resulted in the formation of the desired hierarchical surface (Fig. 8.28),
besides significant photodegradation efficiency toward gas-phase EtOH and keep-
ing the self-healing behavior. As it was proved in this work, this principle of
self-healing is applicable in the case of spray-coated photocatalytic coatings, as
well. However, the main usage-limiting downside can be the mechanical stability,
as we still deal with vulnerable gelous composite materials. In order to successfully
apply similar systems in everyday practical applications, one must consider for
example the interactions between the alkyl-trichlorosilane and the catalyst
nanoparticles (e.g., surface functionalization, alteration of optical properties), as
well [69, 70].
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8.7 Monolithic Organic Photoreactive Coatings

In the preceding chapters, the effect of the photocatalyst loading and the matrix
composition on the wetting properties and photoreactivity was discussed. The
previously presented approaches to this matter showed that not only the
hydrophobicity of the matrix but the roughness, provided by the photocatalyst
particles, is also a crucial factor.

To make such rough, visible-light-active photoreactive surfaces or coatings more
sophisticated, one can decide to prepare them on a monolithic base. To address this
goal, a photoreactive conducting polymer (organic photovoltaic or OPV), such as
poly(3-hexyltiophene) (P3HT) is required as a base material [71], which is needed
to be roughened to adjust the wetting behavior. P3HT is an ideal candidate for these
studies as it is the most studied OPV, visible-light-active, and relatively cheap,
besides it is producible in higher amounts [72].

Based on our recent study, it is possible to prepare bifunctional, superhy-
drophobic, and visible-light photoreactive surfaces just by elaborating the surface
roughness of initially hydrophobic P3HT layers [73]. This approach is based on the
exploitation of the different solubility conditions of the polymer. The polymer
segments of macromolecules in poor solvents (such as DMF) can get near each
other and tend to form polymer globules to minimize the area of solvent/polymer
contact interface. However, in better solvents (e.g., toluene), the segments of P3HT
chains get further from each other, and the polymer coil takes an expanded state.

Fig. 8.28 Measured profilometric curves for orignal PDMS oleogel layer (soft) at t = 0 min and
after formation of rough siloxane layer with the corresponding H values. Adding of 25% Ag–TiO2

photocatalyst particles offered additional nano-roughness to the layer. The respective SEM images
show the sample surfaces [44]
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The results of filtration from such solutions can be utterly different: filtering a
solution with good solvent leaves a smooth polymer layer on the filter, on the
contrary, filtering a solution with poor solvent results a structured polymer film. The
dissolution conditions and thereby the quality of the obtained polymer films can be
adjusted by not just the solvent composition but mechanical treatment, such as
ultrasonication, as well. The sonication process contributes to the decrease of
particle size as the disaggregation of the larger polymer particles occurs. In this
case, the morphological attributes of the obtained polymer films are influenced by
the sonication power and time.

To illustrate this phenomenon, P3HT solutions (in toluene/DMF = 60: 40; V: V)
were filtered through filter papers after certain sonication times. After 5 and 10 min
of sonication, the solutions were dark and turbid, indicating the presence of par-
ticulate polymer with high dispersity. The complete dissolution was achieved after
30 min sonication, when the solutions became transparent and orange colored,
without any presence of dispersed polymer particles. To characterize the influence
of sonication on the surficial morphology of the prepared polymer layers, SEM
images were taken. As Fig. 8.29a shows, 1 min sonication led to a coarse P3HT
surface with micro-roughness; however, 5 and 10 min (b and c) of ultrasonic
treatment led to the formation of hierarchical roughness. When the polymer was
completely dissolved after 30 min ultrasonication, the resulting P3HT film was
smooth (d). These images are in good accordance with the roughness values (Rq) of
the surface profilometrically determined: after 30 min sonication, the Rq value was
0.23 ± 0.05 µm, while after 10 min, it was proven to be 7.85 ± 0.60 µm.

As it was proposed, the wetting properties were dependent on the roughness, as
well. As Fig. 8.30 shows that the contact angle vs. sonication time data pairs give a
maximum curve, indicating an optimal sonication time between 10 and 20 min to
reach superhydrophobic character (H * 150°), which can be attributed to the
previously presented hierarchical roughness. This tendency toward superhy-
drophobicity is also reflected in the measured sliding angles, reaching a minimum
value of 10° in the interval of 10–20 min sonication time.

The roughening of P3HT films resulted in increased photodegradation efficiency
against EtOH (g) at the S/G interface (Fig. 8.31): during artificial solar light illu-
mination (k = 280–900 nm), the rough P3HT surface decomposed 38% of the
initial EtOH concentration (0.36 mM), while the smooth surface decomposed 31%
only. However, this increased performance is still negligible, compared to the one
of the reference P25 TiO2-containing layer (57%).

On the contrary, when the visible LED-light source is used (k = 420–700 nm),
the photocatalytic efficiency of TiO2 drastically decreases, while the degradation
efficiency of P3HT increases up to 44%.

Besides the quantification of photocatalytic and wetting properties, it is impor-
tant to find out, whether the polymer itself is durable and resistant enough to
withstand the ROS, formed during the photocatalytic processes. As Fig. 8.32 dis-
plays, under ambient conditions, the week-long LED-light illumination caused a
minor mass decrease; however, the UV-illumination almost completely
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decomposed the initial polymer amount. These results proved the viability of
monolithic, polymer-based superhydrophobic coatings in visible-light photocat-
alytic scenarios.

As a prospected research direction in this field, it would be interesting to prepare
similar monolithic photoreactive coatings, e.g., via templating techniques [74] and
top-down-, such as chemical [75], plasma [76], or laser [77] etching methods,
which could give more control over the surface morphology and the wetting
properties besides broadening the variety of coatable substrates.

8.8 Stimulus-Responsive Photocatalytic Composite
Surfaces

The so-called stimulus-responsive materials have been attracting still increasing
attention in the past decades. Stimulus responsivity means the ability of a material
to alter its physical and/or chemical properties upon exposure to external effects,
such as temperature change, light, pH, or magnetic field. This characteristic paves
the way toward the development of smart materials. The potential in this field has
already been widely acknowledged by giving the Nobel Prize in chemistry to

Fig. 8.29 SEM pictures of P3HT films that formed on filter papers after a 1 min, b 5 min,
c 10 min, and d 30 min of sonication [73]
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Sauvage, Stoddart, and Feringa in 2016 “for the design and synthesis of molecular
machines.”

Stimulus-responsive materials have many examples that they even can be found
in our everyday life: enough to think about liquid crystal displays and windows
with electricity-adjusted transmittance. Also, an increasing number of drug for-
mulation systems utilize stimulus-responsivity in many different ways in order to
control the release of different active pharmaceutical ingredients (APIs) in a specific
target organ and/or at a specific rate [78]. The amount of examples of
stimulus-responsive materials for healthcare applications is numerous: there are
drug-release systems, in which the release is controlled by the pH- or
temperature-regulated swelling of the drug carrier [79], or magnetic field with the
help of incorporated magnetic particles [80]. Stimulus-responsive materials became
prevalent in other fields, as well, such as in analytical scenarios, where the
responsive character can serve as a key mechanism in sensing physical amounts,
like pH or temperature, [81] and at microfluidics, where they are at hand when it
comes to creating miniaturized actuators for creating fluid motion through

Fig. 8.30 Measured contact and sliding angle values of P3HT layers as a function of the duration
of ultrasonication in 40/60 v/v% (toluene/DMF) mixture (T = 25 ± 0.5 °C). The inserted
photographs display the polymer dispersions after the corresponding sonication intervals [73]
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Fig. 8.31 Rate of EtOH vapor photodegradation on smooth and rough P3HT films, compared
with P25 TiO2; relative concentrations (c0 = 0.36 mM) as a function of illumination time upon
a simulated solar (k = 280–900 nm) and b LED-light irradiation (k = 420–700 nm) [73]

Fig. 8.32 Weights of the
P3HT thin films
(1 mg � cm−2 surface
polymer content) as a function
of the duration of irradiation,
using solar- (k = 280–
900 nm) and visible-light
(LED; k = 420–700 nm)
exposure. The inserted images
represent the thin P3HT film
during the irradiation process
[73]
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mechanical response or changing the surface wetting characteristics as a result of
the external stimuli [82, 83].

We have already discussed how wettability can affect the catalytic performance
of photoreactive coatings. In this vein, altering the surface wetting characteristics of
macroscopic surfaces or particles by external stimuli real-time can open new pos-
sibilities toward not just liquid manipulation but heterogeneous photocatalysis, as
well. There are not so many examples in the literature for changing wetting and/or
adsorption—and therefore photocatalytic—properties of different surfaces by
external stimuli. A promising way to elaborate such characteristics is the application
of poly(N-isopropyl acrylamide) (pNIPAAm). The pNIPAAm polymer chains are
miscible with water at room temperature, but these systems suffer phase separation
over *32 °C as a result of entropy-driven precipitation [84]. This lower critical
solution temperature (LCST) can be adjusted to fulfill the requirements of specific
tasks by adjusting the molecular length and its dispersity or copolymerization with
different other monomers. pNIPAAm chains can be anchored to different substrate
surfaces like silicon wafers [85], glass [82], or polymers [86], while their length can
have monodisperse distribution if living polymerization methods, such as RAFT or
ATRP are applied [86].

The thermoresponsive feature of these polymers is utilized in various fields: for
example, one can find pNIPAAm-based drug-release systems with temperature
responsivity [87] or pNIPAAm-functionalized sensing elements [88], but there are
pNIPAAm-utilizing approaches at the field of catalysis, as well [89, 90]. Jia and
their co-workers coated photoreactive Cu2O particles with a shell of pNIPAAm
chains, which gave the particles thermoresponsive photocatalytic behavior in
methyl-orange degradation scenarios [91]. According to their mechanistic insights,
not only the wetting of the coated particles gets affected by the temperature but over
the LCST, the diffusion of the degradable model pollutant toward the catalyst
surface also gets hindered in such systems. Despite the existing scenarios with
thermoresponsive photocatalytic particles, this feature is barely implemented in the
case of macroscopic photocatalytic surfaces.

Besides pNIPAAm-based systems, another promising approach to the
stimulus-responsive wetting characteristics utilizes magnetic particles to influence
surface structure—and therefore the wetting properties—real-time. The so-called
magnetorheological elastomers are elastic polymers that can be deformed—and
their mechanical properties can be altered—by a magnetic field. Lee et al. [92] and
Sorokin et al. [93] dispersed carbonyl iron particles in poly(dimethylsiloxane)
(PDMS). The incorporated particles then could be aligned in the direction of the
external magnetic force-field lines to form needle-like surface structures which
increased hydrophobicity. A different type of magnetic coatings utilizes magnetic
grasses or pillars to alter wetting conditions [94]. Such pillars can form when
magnetic particles (e.g., magnetite, iron, etc.) are dispersed in the uncured polymer
matrix, and the magnetic field is introduced during the curing process, which leaves
elongated magnetic polymer strains as a result. The pillars can be bent or stiffened
by changing the direction and/or strength of the magnetic field, which alters the
surface structure and the wetting properties in real-time, as well. In the study of
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Yang et al., the authors prepared magnetic pillars of carbonyl iron and PDMS via a
magnetic-field-assisted spray-coating process [95]. When no magnetic field was
introduced, the pillars were aligned randomly and could be bent by the impacting
water droplets, increasing the S/L contact surface and therefore adhesion. However,
when a magnetic field is introduced perpendicularly to the substrate surface, the
pillars stiffened and pinned the impacting droplets: this pinning contact between the
droplet and the magnetic pillar forest resulted in the decreased contact area and
adhesion, therefore seemingly more hydrophobic character. Thanks to the
stimulus-responsive character, these coatings can be applied as liquid-manipulation
tools: by the help of an electromagnet or permanent magnet, the water droplets can
be picked up and released, and therefore, lossless liquid droplet transportation
becomes achievable (Fig. 8.33). Considering the achievable broad contact angle
ranges, this mechanism may have a bright future in heterogenous photocatalytic
scenarios, as well.

In our first approach to stimulus-responsive photoreactive coatings, these mag-
netic pillar systems were enhanced with Ag–TiO2 photocatalyst nanoparticles [96].
We applied Yang’s optimal PDMS: carbonyl iron: toluene ratio (3 g PDMS: 4.5 g
carbonyl iron: 9 ml toluene) in the spraying mixture [95] besides adding 6.3–
16.7 wt% photocatalyst content in order to render the magnetic pillars photoreac-
tive. As it can be seen in Fig. 8.34, the addition of the photocatalyst particles
introduces roughness to the initially smoother pillars, which changes the wetting
behavior, as well (from H = 56.5° up to 163.9°).

According to the measured contact and sliding angle data (Fig. 8.35), the
apparent hydrophobicity of these pillar forests increases (increasing contact and
decreasing sliding angles) with the increasing photocatalyst content (from 0 to
16.7 wt%) in the case of the magnetically stiffened state. When no magnetic field is
introduced, the pillars are randomly aligned and the contact angles showed a slight
decrease with increasing Ag–TiO2 content: this is proposed to be the result of the
decreasing pillar-density and/or the increasing contact area between the droplets
and the pillars (as it can be seen in Fig. 8.35 and the SEM images of Fig. 8.34).
However, it is important to highlight that this hydrophilicity is considered to be
apparent as the material itself remains hydrophobic while the pillars “swallow” the
droplets.

The presented wetting behavior expectedly affected the photocatalytic proper-
ties, as well during methylene-blue degradation tests (k = 405 nm) on 16 wt% Ag–
TiO2-containing pillars (2.6 � 7.6 cm2 surface; 63.3 ± 1.3 mg/cm2 specific mass)
As it can be seen in Fig. 8.36, the more wetted randomly oriented pillars degraded
42.1 ± 3.5% of the initial methylene-blue concentration (2 mg/l), while the
less-wetted magnetically stiffened (0.30 T) ones degraded only 24.4 ± 3.3%. It can
be seen that the photodegradation efficiency of the randomly oriented pillars almost
exceeds the corresponding value (52.0 ± 1.8%) of the magnetic particle-less Ag–
TiO2/PDMS- coating with the same polymer-to-catalyst ratio and specific mass.

This work proves that this easy to produce liquid-manipulation tool can be
enhanced with real-time, magnetically tunable photoreactivity to fulfill specific
needs.

244 M. M. Abdelghafour et al.



In our second approach to stimulus-responsive photoreactive coatings, the
thermoresponsive pNIPAAm polymer was utilized. As it was introduced earlier,
pNIPAAm is compatible with many kinds of surfaces; however, the presented
beneficial adjustable elasticity and compatibility with other coating target surfaces
made PDMS an ideal base-material candidate in this research, as well.

Fig. 8.33 CCD images of water droplet catch and release with 16.7 wt% Ag–TiO2 content by
magnetic grass coatings [96]

Fig. 8.34 SEM pictures of magnetic grasses cured under 0.35 T magnetic field with 0 and 16.7 wt
% nominal Ag–TiO2 content [96]
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To enhance PDMS with thermoresponsive characteristics and visible-light
photoreactivity, the polymer was grafted with pNIPAAm chains applying a pre-
viously published ARGET-ATRP method (activators regenerated by electron
transfer—atom transfer radical polymerization) [85], which required 10-undecenyl
2-bromoisobutyrate as a surface initiator. As a photocatalyst, Ag–TiO2 was intro-
duced to these systems, as well. The initiator itself is integrated into the cross-linked
PDMS network during the curing process (Fig. 8.37a), which affects cross-linking
density and viscoelastic properties of the final products, as well. In Fig. 8.37b and c,
the decreasing Gʹ and G″ values indicate more viscous characteristics as the initiator
concentration is increased. This can be attributed to the significant cross-linking
density decrease of the cured PDMS. The initiator content was limited to an 11: 0.5
PDMS-to-initiator mass ratio in the prepared photocatalytic layers to avoid
mechanical instability and disintegration.

Fig. 8.35 Schematic illustrations of the two wetting states of Ag–TiO2 -enhanced magnetic grass
coatings with respective drop images on grass samples with 16.7 wt% Ag–TiO2, prepared in
0.35 T magnetic field (top) and apparent water contact (continuous lines) and sliding angles
(dotted lines) on magnetic grasses in the respective wetting states, cured under 0.30 T or 0.35 T
magnetic fields as a function of the nominal Ag–TiO2 content [96]
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The pNIPAAm chains could be grown on both doctor blade-casted (80 µm
thickness) and spray-coated (19 mg/cm2 specific mass) PDMS films. To reach the
optimal wetting and photocatalytic conditions, both the PDMS: initiator ratio (11:
0.13 or 11: 0.5) and the grafting monomer NIPAAm concentration (0–10 M) can be
adjusted.

As Fig. 8.38 shows, the water contact angles have a decreasing tendency on
these layers with increasing grafting pNIPAAm monomer concentration besides the
aimed thermoresponsive wetting also can be observed. In Fig. 8.38 both initial
(0 min) and quasi-equilibrial (1 min), contact angles are displayed: at 25 °C, the
water droplets spread over the initially hydrophobic surface in 1 min as the surface
pNIPAAm chains become hydrated, while over the LCST, (which is determined to
be 34 °C via DSC) at 40 °C, the spreading does not occur due to the
entropy-controlled precipitation of the polymer chains. The spreading itself is more
complete at higher surface monomer concentration, and therefore, surfaces con-
taining longer pNIPAAm chains have more spectacular wetting transitions and
broader contact angle ranges to work with (up to 33.4° difference). Introducing Ag–
TiO2 photocatalyst nanoparticles to these layers also broaden the contact angle
ranges by enhancing roughness and therefore the wetting nature both below and
over LCST (up to 54.4° difference).

Fig. 8.36 a Absolute and b relative representation of the photodegradation of 2 mg/l
methylene-blue (MB) model dye solution on the surface of 2.6 � 7.6 cm2 magnetoresponsive
thin film (63.3 ± 1.6 mg/cm2 specific mass, 16.7 wt% Ag–TiO2 content) with different grass
orientations under LED-light illumination. The direct photolysis of MB solution and the
photocatalytic efficiencies of the pure Ag–TiO2 particles, and the non-magnetic composite samples
are also provided as references [96]

8 Photoreactive Composite Coatings with Tunable Surface … 247



The S/L-photocatalytic activity of these coatings also turned out to be
stimulus-responsive. Figure 8.39 shows the characteristic photodegradation curves
of methylene blue (c0 = 2 mg/l) at 25 and 50 °C. While there is a 15.5% difference
between the effectiveness of direct photolysis and the photodegradation of MB at
25 °C, this gap diminishes at 50 °C, indicating the temperature and
wetting-regulated “turnoff” of photocatalytic activity.

While the particular practical field of application of these stimulus-responsive
coatings with tunable photodegradation efficiency is yet to be found, they are
prospected to take roles similar to photoreactive coatings with

Fig. 8.37 a Schematic representation of the synthesis of PDMS-gr-pNIPAAm polymers,
b characteristic storage (Gʹ) /loss (G″) modulus versus deformation curves of bulk pure PDMS and
PDMS: INI = 11: 0.5 (m: m) samples, c Gʹ and G″ values of PDMS-INI copolymers with different
INI-content at 1% deformation

248 M. M. Abdelghafour et al.



composition-dependent wetting. In this case, a single stimulus-responsive surface
may be eligible to deal with a wide variety of pollutants with all kinds of polarities.
Despite the very promising results in the field of stimulus-responsive photocatalytic
coatings, further testing and optimization with other model pollutants are required
(and in progress) to prove this idea.

8.9 Conclusion

During the illumination of the most commonly applied heterogeneous photocatalyst
particles, reactive oxygen species with high oxidative potential are formed. If a
photocatalytic surface exhibits such behavior upon UV-illumination, it is called a

Fig. 8.38 Top row c.a. values, measured on doctor blade-casted PDMS-gr-pNIPAAm layers
(PDMS: INI = 11: 0.13) as a function of NIPAAm concentration in the grafting mixture at a 25 °
C, b 40 °C and as a c function of the temperature, measured on a PDMS-gr-pNIPAAm (PDMS:
INI = 11: 0.13; 5 M NIPAAm) layer, bottom row c.a. values, measured on doctor blade-casted
Ag–TiO2/PDMS-gr-pNIPAAm layers (PDMS: INI = 11: 0.13) as a function of NIPAAm
concentration in the grafting mixture at d 25 °C, e 40 °C and f as a function of the temperature,
measured on a Ag–TiO2/PDMS-gr-pNIPAAm (PDMS: INI = 11: 0.13; 7.5 M NIPAAm) layer

8 Photoreactive Composite Coatings with Tunable Surface … 249



first-generation self-cleaning surface. However, the band gap energy can be tuned
to the near-UV or visible range by doping conventional semiconductor photocat-
alysts with different nonmetal elements or plasmonic nanoparticles. These doped
photocatalysts are called second-generation photocatalysts, and therefore, their
composite surfaces are considered to be the second-generation photocatalytic sur-
faces. In this chapter, it was presented that these plasmonic photocatalyst particles
are highly applicable for photocatalytic uses and the creation of antibacterial and
self-cleaning surfaces. During practical applications, it is of crucial importance to
provide proper adhesion between the photocatalyst particles and everyday substrate
materials. The incorporation of semiconductor photocatalyst particles into a proper
polymer-based matrix or binder material is supposed to result in antimicrobial and
self-cleaning properties, which would extend the application fields of the raw
materials. As it is well known from scientific literature, polymers are often used as
photocatalyst binders, owing to their versatility and easily adjustable nature. For
instance, the wettability of a polymer surface can easily be adjusted by changing the
monomer composition, using hydrophilic and hydrophobic monomers in an ade-
quate ratio. In conclusion, if polymeric materials are utilized for the immobilization
of different photocatalysts, one can obtain multifunctional composite surfaces with
adjustable characteristics. The wettability of a surface may be manipulated by
altering surface charge excess, functionality, roughness, or topology all of these can
be subjected to external stimuli. In a widely known approach, the wetting properties
of a solid surface become tunable through its functionalization with poly(N-iso-
propyl acrylamide) (pNIPAAm). Based on this, poly(dimethylsiloxane) (PDMS)
copolymer-based composite coatings with thermally adjustable wetting and
visible-light photoreactivity were prepared. Besides the wetting characteristics, the
photoreactivity of these composite surfaces was also proven to be
temperature-dependent during visible-light photodegradation tests at S/L interface.
Finally, it was also presented that these stimulus-responsive wetting and

Fig. 8.39 Characteristic photodegradation curves of MB at the S/L interface upon blue LED-light
(kmax = 405 nm) illumination at a 25, b 50 °C, and c at both temperatures after the subtraction of
photolyzed concentration; relative MB-concentration (c0 = 2 mg/l) versus illumination time. The
corresponding curves for MB photolysis and photodegradation with the help of Ag–TiO2/
PDMS-gr-pNIPAAm (PDMS: INI = 11: 0.13; 5 M NIPAAm) are both displayed
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photocatalytic characteristics are also possible by the use of magnetorheological
elastomers.
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Chapter 9
Rare Earth Doped Luminescent
Materials as Photocatalysts
for Enhanced Photocatalytic Reactions

Boglárka Hampel, Klara Hernadi, and Zsolt Pap

Abstract The present book chapter focuses on rare earth doped photocatalysis. For
this matter, it is essential to cover photocatalysis driven by ultraviolet (UV) and
visible light as well. The luminescence and the upconversion phenomena will be
discussed in case of several materials as a possibility to utilize low energy photons.
Rare earth metals and their fluorides happen to be one of the most suitable
upconverting materials because of their energy level setup. These materials can be
used for photocatalytic purposes, as they can convert near-infrared (NIR) light to
UV/visible light. In order to benefit the NIR light, it is necessary to form composites
with these materials and UV or visible-light active photocatalysts, so the upcon-
verted light could be used by them.
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9.1 Photocatalysis in all Wavelength Ranges. Overview
of the UV-, Visible- and NIR-Light-Active
Photocatalysts

If one types the word ‘photocatalysis’ in Google©, there are almost 4 million
results, so it can be safely said that this is an increasingly researched area, especially
in the past 15 years, which is illustrated in Fig. 9.1 as well.

It started back in 1972, when a research team used TiO2 for hydrogen production
purpose, using UV light [1]. After this, plenty of studies appeared in this field. After
almost 50 years, TiO2 is still the most studied photocatalyst, because it is rather
cheap, not toxic for the environment, stable, and the photogenerated holes are
extremely oxidizing [2]. The major drawback of titanium-dioxide is that it can be
excited only by UV light. Therefore, attempts were made in order to extend the
spectrum of light in which TiO2 can be used [3]. This includes forming composites
with noble metals, such as Ag [4–6], Au [7–9], Pd [10–12], Pt [13–15], or even
non-metallic elements: S [16, 17], N [18, 19] or by coupling it to semiconductors of

Fig. 9.1 Comparing the number of publications in the past 15 years: it is clear that more and more
published papers appear every year studying photocatalysis (information acquired using the Web
of Science Core Collection, December 2020, search parameters: TOPIC: (Photocata*) Timespan:
2005–2020.)
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narrower bandgap [20]. According to studies, metal ion (Fe2+, Cu2+) implantation
and dye sensitization have proved to be the most effective methods for expanding
titania-based photocatalysts in visible light [21].

It is worth mentioning that there is photocatalysis in UV light beyond titania.
ZnO was successfully used in photocatalysis as a substitute for titanium-dioxide
[22–24]. Another prosperous candidate is ZrO2 [24–26]. Reduced graphene oxide
(rGO) with its zero bandgap and fast internal electron transport is a newly trending
co-photocatalyst [27]. It has been used along with NaTaO3 [28], ZnO [29, 30],
V2O5 [31].

As the UV light is only *5% of the sunlight, it was reasonable to broaden the
set of photocatalysts in order to achieve more, which are active in higher wave-
lengths as well. One of the most popular visible-light-driven photocatalyst is CdS
[32]; however, the photogenerated electron–hole pairs have high recombination rate
[27]. Therefore, composites were formed with Ni nanosheets [33], MoS2 [34], ZnO
[35], graphene [36], etc. There is a series of oxides, which proved to be suitable for
visible-light photocatalysis, such as WO3 [37], CuO [38], Ag2O [39], Bi2WO6 [40],
or BiVO4 [41]. Before moving on to the next thought, it is essential mentioning the
carbon-based materials: carbon quantum dots [42], carbon nanodots [43], graphitic
carbon nitride [44], carbon nanotubes [45], graphene [46], and carbon nanospheres
as template [47–51].

The third light range for photocatalysis is the near-infrared (NIR) light. This area
is not as well studied, as the previous two, it still has some challenges for the
researchers [3]. It has to be highlighted that most photocatalysts do not have activity
in NIR light, although the structure of composites allows to absorb the NIR light,
convert it to shorter wavelengths, and use that for photocatalysis [52]. For this
upconversion process, lanthanides and lanthanide fluorides are the most fitting,
because the setup of their energy level [53] NaYF4 being the most commonly used
one [54]. The carbon quantum dots while gaining more popularity do have
upconversion properties also [55].

In Fig. 9.2, a comparison of the published papers concerning photocatalysis in
visible and near-infrared light in the past 10 years can be seen. The reason why the
UV photocatalysis is not presented in the chart is that there are far more publica-
tions on this topic. If all three sections would be presented on one diagram, then it
would be harder to interpret, since the numbers for UV overshadows the others. In
Fig. 9.2, the number of the published articles from 2010 to 2020 about near-infrared
photocatalysis is presented in the inner circle, while the external are the ones about
visible light. It can be seen that the visible-light-driven photocatalysis is still much
more researched then the NIR. This gave the motivation to study photocatalysis
under NIR light and upconversion luminescence materials.
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9.2 General Summary of Luminescence Materials

Luminescence occurs when an atom or molecule emits radiation, after absorbing
photons, radiation, chemical, or biochemical reactions [56]. This phenomenon is
provoked by the movement of the electrons within the material from higher energy
levels to lower ones, resulting the emission of light without giving off heat. The two
main types of luminescence are: fluorescence and phosphorescence. The difference
between these two is the delay between the absorption and emission of light. In case
of fluorescence, the endurance of the light emission is relatively short, 10–6–10–8 s,
while for phosphorescence is 10–6 s and longer (sometimes even minutes, hours)
[57]. Stokes law states that emitted light is always of longer wavelength than the
absorbed one [58]. The photoluminescent materials generally follow this. In some

Fig. 9.2 Comparing the published papers concerning photocatalysis in visible and near-infrared
light in the past 10 years (information acquired using the Web of Science Core Collection, July 29,
2020, search parameters: TOPIC: (photocatal*) AND TOPIC: (visible) Timespan: 2010–2020.
Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI,
CCR-EXPANDED, IC. and TOPIC: (Photocatal*) AND TOPIC: (Near-infrared) Timespan:
2010–2020. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH,
ESCI, CCR-EXPANDED, IC.)
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cases, the emitted photon has higher energy than the absorbed one, this happens to
be the anti-Stokes shift, which appears in three ways: simultaneous two-photon
absorption (STPA), second-harmonic generation (SHG), and upconversion [59].
Among these, the upconversion will be discussed in detail.

9.2.1 Energy Transfer Mechanism of the Upconversion
Materials

Typically, upconversion is a nonlinear optical process, when two or more photons
are absorbed in a row, which results in real intermediate energy states and lumi-
nescence is emitted with a wavelength shorter than the absorbed light, and there-
fore, it can be considered as an anti-Stokes mechanism [54]. There are five main
upconversion mechanisms, which are presented in Fig. 9.3: excited-state absorption
(ESA), energy transfer upconversion (ETU), cooperative sensitization upconversion
(CSU), cross-relaxation (CR), and photon avalanche (PA).

Excited-state absorption (ESA): the sequential absorption of pump photons by a
single ground-state ion. In Fig. 9.3, a three-level system is presented, where the ion
is excited from ground state (G) to E1 level. During this, another pump photon has
the possibility to promote the ion from E1 level to the higher-lying E2 level. This
results the upconversion, before it sets back to the ground state [60]. Therefore, the
upconversion will take place from the E2 level. Highly adequate ESA occurs when
the lanthanide ion has a ladder-like arrangement of the energy states. Only a
few lanthanide ions like Er3+, Ho3+, Tm3+, and Nd3+ have such energy level
structures [61].

Energy transfer upconversion (ETU): is very similar to ESA, as they both
operate with sequential absorption of two photons. The difference between them is
that ETU process requires two neighboring ions: Ion1 as a sensitizer, while Ion2 as
an activator (Fig. 9.3). As it is illustrated in Fig. 9.3, the sensitizer ion absorbs the
pump photons, which excites it from the ground state to the metastable E1 energy
level. Ion1 successively transfers this harvested energy to the ground state and to
the excited state E1 level of Ion2, exciting Ion2 to its upper emitting state E2, while

Fig. 9.3 Possible mechanisms of the upconversion processes, from left to right: excited-state
absorption (ESA), energy transfer upconversion (ETU), cooperative sensitization upconversion
(CSU), cross-relaxation (CR), and photon avalanche (PA). The red, violet, and green lines
represent photon excitation, energy transfer, and emission processes
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the sensitizer ion relaxes back again to the ground state [62]. The efficiency of ETU
process strongly depends on the concentration of the sensitizer and activator ions,
as it determinates the average distance between the neighboring ions.

Cooperative sensitization upconversion (CSU): involves the presence of three
ion centers. As shown in Fig. 9.3, Ion1 and Ion3 act as sensitizers: after absorbing
pump photons, they both are excited to the excited state E1. Both Ion1 and Ion3
will interact with Ion2 (activator) and will excite it to the higher state E1 by
transferring the absorbed energy simultaneously and cooperatively. The excited
Ion2 can emit the upconverted photon by relaxing back to the ground state [54].
Although CSU has lower efficiency then ESA or ETU, it provides opportunity to
gain high-resolution imagining, which is not possible from any other upconverting
process.

Cross-relaxation (CR): energy transfer process between two ions. This occurs
from ion–ion interaction, where Ion1 transfers a part of its absorbed energy to Ion2.
The process is shown is Fig. 9.3, and it can be described as follows: E2 (Ion1) + G
(Ion2) ! E1 (Ion1) + E1 (Ion2). In this process, Ion1 and Ion2 can either be the
same or different, and Ion2 in some cases can be in excited form. The CR efficiency
depends on the dopant concentration. This process is responsible for ‘concentration
quenching mechanism’ of emission; however, it can be used for tuning emission
color of upconversion materials, as well as for composing efficient photon ava-
lanche mechanism [60].

Photon avalanche (PA): requires a certain threshold of excitation power. If the
pump intensity is below the threshold upconversion luminescence barely appears,
while if it is above it, then stronger upconverted luminescence occurs. PA process is
a circle, including ESA for excitation light and CR that produces feedback. The
process starts with the population of the E1 level of Ion2 by non-resonant weak
ground-state absorption, which is followed by the ESA process populating the
emitting E2 level. After this comes a CR process: E2 (Ion2) + G (Ion1) ! E1
(Ion2) + E1 (Ion1), both ions occupy the intermediate level E1. The two ions easily
populate level E2, to launch cross-relaxation and increase the E2 level population
by ESA, which produces upconversion emission [63].

9.2.2 The Categories of the Rare Earth Ions
in the Upconverting Process

A typical upconversion material consists of two components: an inorganic host
matrix and doping ions. Most of these materials include trivalent rare earth ions
(Pr3+, Nd3+, Er3+, Tm3+, Yb3+), which act as active components [64]. The reason
why these ions pay such important role is due to their relevant electronic states in
their inner 4f shell. The outer 5 s and 6p shells participate in the bonding; however,
the f states are insensitive to the nature of the host lattice, resulting a great number
of excited f states. These states lead to upconversion, as their lifetime is long
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enough to be part of the process. Generally, inorganic crystals do not show
upconversion luminescence at room temperature. Accordingly, lanthanide dopants
are added in low concentration to the host lattice, in the role of localized lumi-
nescence center. After excitation, the dopant ion radiates to a higher energetic state,
which is the result of the non-radiative transfer of the energy from another dopant
ion. The activator is the ion that emits the radiation, while the donator of the energy
is the sensitizer [65].

9.2.2.1 Activators

The upconversion process requires multiple metastable levels which is why the
lanthanides are used most of the times. The lanthanides, from lanthanum to lute-
tium, fill the 4f shell and their most stable oxidation state is as trivalent ions (Ln3+).
Most of lanthanide ions have more than one excited 4f energy level, except La3+,
Ce3+, Yb3+ and Lu3+. Hypothetically, all lanthanides could be used for upconver-
sion, yet for efficient upconversion process there is one more condition. The energy
difference between each excited level and its lower-lying intermediate level (ground
level) shall be close enough to promote photon absorption and energy transfer. The
most frequently used activators are Er3+, Tm3+, and Ho3+, because of their
ladder-like arranged energy levels [65].

9.2.2.2 Sensitizers

The concentration of the doping ion is crucial. Operating with high doping level
may cause the quenching of excitation energy. Therefore, the concentration of the
activator has to be low and precisely adjusted. Nevertheless, if the doping level is
too low, the absorption of the pump light is also low, which results in low emission
luminescence efficiency. Thus, sensitizers are essential because they are strongly
absorbing and provide efficient energy transfer to the activator. Yb3+ is the most
widely used sensitizer for Er3+ and Tm3+. Yb3+ has a very simple energy level
structure, with only one 4f level. The separation energy between the ground and
excited states of Yb3+ corresponds to the transient states of Er3+, and this promotes
the efficient energy transfer between the two ions [65].

9.2.2.3 Host Materials

Choosing the host material is just as important step as choosing the dopant ions.
The lattice of the host material determines the distance between the dopant ions,
their relative spatial position, coordination numbers, and the type of anions sur-
rounding the dopant. The two most important properties of the host material are:
low phonon energy and small lattice mismatch to the dopant ions [66]. Heavy
halides, like chlorides, bromides, and iodides show low phonon energies, but they
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are hygroscopic and of limited use. Oxides have high chemical stability, but their
phonon energies are relatively high. By contrast, fluorides show low phonon
energies and high chemical stability, that is why they are the most frequently used
as host materials for upconversion [67]. Among these the most widely used are Na+

and Ca2+ fluorides, particularly, hexagonal NaYF4 (b-NaYF4) appears to be the
most efficient one [53].

9.3 Photocatalysis in NIR Light in Detail

As mentioned beforehand, photocatalysis is an increasingly researched area.
However, the most studied light ranges are the UV and visible. A new approach to
utilize more of the sunlight is developing composite systems, which show photo-
catalytic activity in near-infrared light, which makes up *44% of the sunlight.

Since most of the photocatalysts do not have photocatalytic activity in
near-infrared light, this is an indirect realization of photocatalysis [27]. During the
process, the NIR light is converted to UV or visible light, which is utilized for
the degradation. The upconversion process takes place as described in Sect. 2.1.
The presence of an UV or visible-light active photocatalyst is essential beside the
upconverting nanoparticle, because the actual photocatalysis will be performed by
them [53]. The schematic illustration of the mechanism of NIR photocatalysis is
presented in Fig. 9.4. In brief, the upconverting nanoparticle converts the NIR light
to UV or visible light. The photocatalyst uses this upconverted light to oxidize
organic pollutants.

Fig. 9.4 Mechanism of the near-infrared photocatalysis based on upconverting nanoparticle and
UV or visible-light active photocatalyst (*ET energy transfer)
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9.3.1 Formation of Composites, Which Contain
Upconverting Materials to Achieve Upconversion
Photocatalysis

9.3.1.1 Composites with TiO2

Many oxides have been used for photocatalysis. Among these TiO2 is the most
studied candidate. Our research group has dedicated much research on TiO2 based
photocatalysts [68–71]. Rare earth materials were used to prepare photocatalysts:
lanthanide-doped NaYF4, TiO2, and gold nanoparticles were present in the com-
posites. NaYF4 was present as a host material, where Yb3+, Er3+ and Tm3+ ions
were in the role of sensitizer and activators. This upconverting material and TiO2

were prepared via solvothermal crystallization, while Au nanoparticles by chemical
reduction. The photocatalytic activity was investigated by the degradation of rho-
damine B under UV and visible-light irradiation. Results show that the formation of
these composites was beneficial, as the highest decomposition efficiencies were
almost 90% after the two-hour experiment.

Other researchers studied TiO2 and rare earth containing materials as well. The
core–shell structure is widely used, as this formation of composites promotes the
process of upconversion photocatalysis. If the upconverting material is the core,
then it is protected from surface quenching and the energy transfer could be
increased [72]. The photocatalytic activity of TiO2 was improved via forming core–
shell composites with NaYF4:Yb, Tm, and CdS quantum dots [73]. The CdS
quantum dots were deposited on the surface of TiO2 shell, while NaYF4:Yb, Tm
was the core. The photocatalytic activity was investigated in white light, visible,
and near-infrared light: under any irradiation, the composite had better activity than
the pure TiO2, what can be contributed to the fact that the quantum dots can extend
the absorption region of TiO2 and the upconversion effect of NaYF4:Yb, Tm.
Double core–shell structures were also prepared. One way of this is the double core
structure which is presented in the following. First a core–shell structure was
prepared as follows: NaYF4:Yb

3+, Tm3+ was prepared as a core, then NaYF4:Yb
3+,

Nd3+ was prepared as a shell covering it, and lastly TiO2 became the second shell of
this core–shell structure [74]. This system may seem complicated at first, but has
4.4 times as high degradation rate constant of rhodamine B under 980 nm laser
irradiation than NaYF4:Yb

3+, Tm3-TiO2. Another way to the double core–shell
structure is a double-shell formation of composites. b-NaYF4:Yb

3+,Tm3+/Er3+

nanocrystals were present as a core, SiO2 as a mid-shell and TiO2 as the outer shell
[75]. These structures were applied in the photocatalytic degradation of rhodamine
B. b-NaYF4:Yb

3+,Tm3+ or b-NaYF4:Yb
3+,Er3+ based catalysts had similar activity

in NIR light, both of them decomposed all of the pollutant, by contrast those
materials which did not contain these upconverting materials showed no photo-
catalytic activity under NIR light at all.

Rare earth ions were also used as doping materials for TiO2. Researchers
reported Er3+ and/or Yb3+ doped TiO2 photocatalysts [76]. Their results reveal that
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the presence of these doping ions reduces the recombination rate of the photo-
generated electron–hole pairs of titania. This leads to a better photocatalytic activity
of TiO2 for the degradation of phenol under the irradiation of sunlight. Other
interesting results can be found about gadolinium-doped TiO2. Gd

3+ and Gd2O3

loading was studied on titania [77]. The presence of these dopants may lead to
lattice disorientation and surface oxygen vacancy in TiO2. Furthermore, particle
agglomeration was inhibited by Gd3+ ions, due to the 4f electrons, which lead to
visible-light response. These materials showed great photocatalytic activity for the
degradation of methyl orange and rhodamine B. La-doped TiO2 was prepared, so
better photocatalytic activity could be reached [78]. Visible and solar light were
used as the irradiation source, while the NO elimination was investigated. La-TiO2

had better activity than pure titania due to the relatively narrow bandgap and that
this material can boost the electron–hole separation, while La3+ can have synergistic
effects and capture photoinduced electrons.

9.3.1.2 Composites with ZnO

NaYF4 being the most suitable candidate as a host material, and it has been used
with ZnO as well. One study reports that two types of composites were prepared
from b-NaYF4:Yb

3+,Tm3+ and ZnO: one by a two-step high thermolysis method
and the other by physical mixing [79]. While NaYF4:Yb

3+,Tm3+ or ZnO by
themselves did not show any photocatalytic activity for the degradation of rho-
damine B under near-infrared light, the composite and the physical mixture had
65% and 35% degradation rate, respectively. The contrast between the two
degradation rates is due to the difference between their energy transfers. In the
composite prepared with the thermolysis method, the ZnO is attached closely to
NaYF4, so the energy transfer between them takes place easier than in the physical
mixture, that is why this composite had higher photocatalytic activity. Core–shell
nanoparticle design was used with ZnO, too. NaYF4:Yb, Tm@ZnO composite was
synthetized, where ZnO represented the shell, while NaYF4 is the core [80]. This
composite was used for the photocatalytic degradation of methylene blue under
980 nm NIR irradiation. The core of this composite upconverted the near-infrared
light and successfully transferred it to ZnO, which benefiting this energy decom-
posed almost 70% of the methylene blue. Another way of enhancing the photo-
catalytic activity of ZnO is by rare earth doping.

One research group prepared different rare earth (La, Nd, Sm, and Dy) doped
ZnO [81]. Results show that Nd doping proved to be the most favorable through the
photocatalytic degradation of rhodamine B and methylene blue. Another study
confirms that Nd doping is the most beneficial for ZnO [82]. In this case beside, Nd,
Eu, and Ce were tested along with ZnO. The photocatalytic activity was investi-
gated by the degradation of phenol under visible light. All the rare earth doped zinc
oxides showed better activity than pure ZnO or commercial TiO2, because of the
high charge separation efficiency and OH radical generation ability.
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9.3.1.3 Composites with CuO

As copper-oxide is a promising visible-light-driven photocatalyst, some studies can
be found about coupling it to rare earth containing materials to utilize the upcon-
verted light. Combining Cu2O with NaYF4:Yb,Tm, a composite film was prepared
by a simple electrodeposition process [83]. The results demonstrate that this film is
capable to collect the near-infrared light, as NaYF4:Yb,Tm converts it to visible
photons, which excite the electrons of Cu2O. This way the as-prepared composites
may be suitable for upconversion photocatalysis. The core–shell design of the
composites appears again: NaYF4:Yb, Tm core was covered with a thin shell of
Cu2O [84]. Two methods were used to combine the two components: physical
mixture and synthesis of composites. The photocatalytic activity of the prepared
samples was investigated by the degradation of methylene-blue aqueous solution
under NIR irradiation. The composite proved to be better for photocatalytic
applications, since the energy transfer between Tm3+ and Cu2O is more efficient
than in the physical mixture. Another interesting study reports that CuO was
combined to NaYF4:Yb,Tm/TiO2 composite to increase the photocatalytic activity
in visible light [85]. The as-prepared composites showed excellent photocatalytic
activity for the degradation of methylene blue, and moreover, it presented up to
60% recyclability.

9.3.1.4 Composites with CeO2

The last presented oxide is cerium dioxide. A research group developed a method
to deposit a CeO2 layer on NaYF4:Yb,Tm upconverting nanoparticles [86]. The
as-prepared core–shell particles were tested for photocatalytic activity. Results
showed that these photocatalysts had good activity for the degradation of methyl
orange under NIR light. In addition, this NaYF4:Yb,Tm@CeO2 was further coated
with ZnO, building a semiconductor heterojunction structure on the upconverting
nanoparticle. In this structure, the separation of the photogenerated electrons and
holes was improved, and in this way, the photocatalytic activity was also enhanced
under near-infrared light.

Rare earth metal doping was used on CeO2 as well. The effect of Gd and Sm on
CeO2 was studied [87]. The photocatalytic activity was tested for the degradation of
methylene blue under natural sunlight. Sm-doped cerium dioxide had the highest
photocatalytic activity, which can be explained by the fact that the presence of the
rare earth metals caused the change of Ce4+ to Ce3+ and oxygen vacancy defects.
Sm doping was the most beneficial for these changes. Another research was made
on La3+ doped CeO2 [88]. The doping ratio was varied from 10 to 50%. The results
demonstrated that the 10% doping rate was the most favorable for the photocat-
alytic degradation of methylene blue under visible-light irradiation.
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9.3.1.5 Composites with CdS

Since CdS is a promising visible-light active photocatalyst as well, it was suc-
cessfully applied in upconversion photocatalysis. Core–shell composites were
prepared containing NaYF4:Yb,Er core and cubic CdS shell [89]. This material
proved to have good photocatalytic activity toward methyl orange and carbendazim
degradation under NIR irradiation because of the energy transfer between the
components. A significant amount of energy can be transferred from Er3+ ions to
CdS, which improved the photocatalytic degradation. Other studies report about
core–shell composite of NaYF4:Yb,Tm and CdS [90, 91]. The results were similar
to the previous study: the composite always had higher photocatalytic activity than
pure CdS for the degradation of rhodamine B and methylene blue under NIR and
visible-NIR light.

Researchers obtained photocatalysts of rare earth (La3+, Eu3+, Er3+, Gd3+) doped
CdS-TiO2 composites [92]. The photocatalytic activity was investigated under
visible-light irradiation, and the order of the composites regarding of the doping ion
is: La3+ > Eu3+ > Er3+ > Gd3+. The reason why rare earth ions improve the
photocatalytic activity is because they are incorporated into the TiO2, which cannot
be excited with visible light. This way the electrons of CdS are excited by the
visible light which can be transferred to TiO2, where the rare earth ion may act as an
effective electron-trapped agent.

9.3.1.6 Composites with BiVO4

Among the visible-light-active photocatalysts, BiVO4 has recently shown promis-
ing results. As for the near-infrared light-driven photocatalysis, composites were
formed with bismuth vanadate and different rare earth containing upconversion
materials. One research presents photocatalytic systems of BiVO4 and NaYbF4:
Tm3+ [93]. This composite system had good photocatalytic activity toward crystal
violet and sulfathiazole degradation under 980 nm NIR irradiation. The key in the
process is that the Yb3+ ions can absorb the NIR irradiation and get excited, and
then, through energy transfer, Tm3+ ions get excited and upon their relaxation emit
the upconverted energy in the UV and/or visible region. Since the electrons of
BiVO4 can be excited by *500 nm light, they can absorb the upconverted irra-
diation and through the photogenerated charge carriers can decompose the
pollutant.

As a host material, CaF2 was combined with BiVO4 as well. One study reports
the preparation of CaF2:Yb@BiVO4 composite for the degradation of methylene
blue under near-infrared light via one-step energy transfer process [94]. The results
were promising, as the composite had 80% degradation rate after the 7 h experi-
ment and the recycling experiments proved high stability of the photocatalyst. CaF2
was also doped with Er3+, Tm3+, and Yb3+ ions and utilized in the preparation of
composites with bismuth vanadate [95]. The photocatalytic activity of the
as-prepared composite was investigated under NIR light for the decomposition of
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methyl orange, and it was found that the composite had eight times higher activity
than the pure CaF2.

Doping BiVO4 with rare earth metals is another way of achieving upconversion
photocatalysis. A core–shell material was prepared via doping BiVO4 with Er

3+ and
Yb3+ ions, where this doped material was present as the shell and pure BiVO4 was
the core [96]. The rare earth ions were incorporated in the layers of BiVO4 that is
why the doping promoted the upconversion emissions of visible light. BiVO4:Er

3+,
Yb3+ had higher charge transport ability and lower recombination rate of the
photogenerated charge carriers than pure BiVO4. Another study can be found about
Yb3+ doped BiVO4 [97]. The presence of Yb3+ ion helped the transformation of
monoclinic BiVO4 to tetragonal phase, which improved its photocatalytic activity
for the degradation of methylene blue under visible-light irradiation. Using this
information, more attempts were made, so that the photocatalytic activity could be
further improved. Tri-doped materials were synthetized containing Er3+/Tm3+,
Yb3+, Y3+, and BiVO4 [98]. The photocatalytic activity was enhanced even more by
the presence of all three rare earth ions. This can be due to the cooperative lumi-
nescence process, what can transfer extra UV or visible photons from the
near-infrared range.

9.3.1.7 Composites with Bi2WO6

As the different lanthanide-doped NaYF4 is the most popular upconverting material,
there is no surprise that it was utilized in the preparation of composites with
Bi2WO6 as well. The core shell material was prepared as follows: the active core
was consisted of Yb3+, Gd3+, and Tm3+ doped NaYF4, while the inert shell was
Bi2WO6 [99]. Designing these composites can be considered as a successful
attempt, since they had higher (94% decomposition rate) photocatalytic activity
than the components separately.

Bi2WO6 was doped with various rare earth ions. Different amount of Yb3+ ion
was doped on Bi2WO6, and the improved photocatalytic activity can be explained
with the increased surface area, the decreased bandgap energy, and the lower
recombination rate of the electron–hole pairs [100]. Another study presents Ce3+,
Nd3+, Pr3+, or Sm3+ doped Bi2WO6 [101]. Results showed that Nd3+ doping into
Bi2WO6 was the most beneficial to the photocatalytic degradation of rhodamine B
as it decreased 99.8% of it. This is due to the smaller crystallite size, larger surface
area, and lower bandgap than the other candidates. In addition, Nd3+ doped
Bi2WO6 had excellent recyclability, since it did not show loss in activity after six
cycles. Tm3+ and Yb3+ co-doped Bi2WO6 was formed under different synthesis
conditions [102]. The photocatalytic activity was tested with the degradation of
rhodamine B under visible and near-infrared light irradiation. The results proved
that the doping was favorable, as the doped Bi2WO6 had higher photocatalytic
activity than pure Bi2WO6 or commercial Degussa P25, which can be attributed to
the successful energy transfer between Tm3+/Yb3+ and Bi2WO6 and the decreased
recombination rate of the photogenerated electron–hole pairs.
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9.3.1.8 Composites Containing Plasmonic Noble Metal Nanoparticles

Among the noble metal nanoparticles Au had been studied the most for upcon-
version photocatalysis. This, beside increasing the lifetime of electron–hole pairs, is
due to the surface plasmon resonance (SPR) exhibited by gold nanoparticles. This
SPR-induced hot electrons can be directly induced from gold nanoparticles to the
conduction band of a semiconductor [103]. Using this information, researchers
attempted to achieve composites by combining SPR and upconversion effects. One
study presents the design of a composite-containing TiO2, upconverting Yb3+ and
Er3+ doped NaYF4, and plasmonic gold nanoparticles [104]. Results showed that by
employing SPR and upconversion effects together, the solar light utilization can be
improved. Rare earth vanadates and gold nanoparticle composites had been studied
as well. Au nanoparticles were deposited onto NdVO4, which resulted great pho-
tocatalytic activity for the degradation of methyl orange under solar light [105].
GdVO4:Eu and Au core–shell nanoparticles were synthetized [106]. It was found
that these materials had high surface area, and they integrate SPR and fluorescence
which suggests that it may be potential in photocatalytic applications.

The aforementioned localized plasmon resonance appears not only for the gold
nanoparticles but for Ag nanoparticles, too. Yb3+, Er3+, and Tm3+ doped NaYF4
core and TiO2 shell were integrated with Ag nanoparticles [107]. The as-prepared
composites showed great photocatalytic activity under UV, visible, or near-infrared
light for the methyl orange degradation, moreover, had excellent stability. SnO2

was coated on the surface of Yb3+ and Tm3+ doped NaYF4 and further decorated
with silver nanoparticles [108]. The results were similar to the previous study, as
the composite had superior photocatalytic activity in UV, visible, NIR, and simu-
lated solar light than the components separately due to the SPR and upconversion
effects.

9.4 Conclusions

It is important mentioning that photocatalysis does not consist only of TiO2 or UV
light. Therefore, this chapter provides information about photocatalysis in all
wavelength ranges. The UV and visible-light-driven photocatalysts are discussed in
brief, as the essence of this chapter is photocatalysis under near-infrared light and
the rare earth doped luminescence materials.

The energy transfer mechanisms of upconversion are presented in this chapter
before detailing the photocatalysis in near-infrared light. In short, upconversion is a
nonlinear optical process, when two or more photons are absorbed in a row. This
results in real intermediate energy states, and luminescence is emitted with a
wavelength shorter than the absorbed light. Photocatalysis under near-infrared light
is an indirect realization of photocatalysis since most of the photocatalyst do not
have photocatalytic activity in this light range. During the process, the NIR light is
converted to UV or visible light, which is utilized for the degradation. The presence
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of an UV or visible-light-active photocatalyst is essential beside the upconverting
nanoparticle, because the actual photocatalysis will be performed by them.

After interpreting photocatalysis in NIR light in detail, some scientific results
were presented of composites which contain upconverting materials. The most
frequently used upconverting host materials are fluorides, as they show low phonon
energies and high chemical stability. Among these the most widely used are Na+

and Ca2+ fluorides, particularly, hexagonal NaYF4 (b-NaYF4) appears to be the
most efficient one. These fluorides are usually doped with at least one lanthanide
ion. Generally, the composites are formed in core–shell structure, as this formation
promotes the process of upconversion photocatalysis: the upconverting material is
the core than it is protected from surface quenching and the energy transfer could be
increased. Rare earth ions were also used as doping materials. This book chapter
presents composites containing rare earth materials and the following photocatalyst:
TiO2, ZnO, CuO, CeO2, CdS, BiVO4, Bi2WO6, or plasmonic noble metal
nanoparticles.

Materials reviewed in this chapter are excellent candidates to amplify photo-
catalytic application in a broad range of irradiation, thus enhancing the environ-
mentally benign harvesting of each component of sunlight.
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Chapter 10
Enhancement of Singlet Oxygen
Generation of Radachlorin®
Conjugated with Polyvinylpyrrolidone
and Nanodiamonds in Aqueous Media

Yuri V. Kulvelis, Vasily T. Lebedev, Natalia P. Yevlampieva,
Daniil S. Cherechukin, and Elena B. Yudina

Abstract Catalytic complexes of photosensitizer Radachlorin® (sodium salts of
chlorin e6, chlorin p6, purpurin 5) with polyvinylpyrrolidone (PVP) and detonation
nanodiamonds (DND) have been synthesized and studied by optical absorption
spectroscopy, luminescence excitation, dynamic light scattering and viscometry
methods. Binary complexes PVP-Radachlorin® demonstrated electrostatic and
donor–acceptor binding of Radachlorin® with PVP detected by spectrophotometric
titration when Q-band (*650 nm) displayed bathochromic shift and enhancement
with isosbestic point indicating a single type of binding sites. Similar changes in
luminescence emission spectra in binary complexes were observed earlier at higher
polymer contents. The yield of singlet oxygen under UV-irradiation (405 nm) of
Radachlorin® increased in PVP-Radachlorin® complex. Dynamic light scattering
and viscometry confirmed the stability of complexes and no agglomeration. Ternary
complexes DND-PVP-Radachlorin® provided a generation of singlet oxygen by
UV-irradiation exciting diamonds which do not emit but transfer the energy to
surrounding molecules. The results allow develop effective catalysts for chemical
and medical applications as well as for disinfection, active filtration and cleaning
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air, water, surfaces. Novel catalytic complexes based on chemically inert diamonds
are resistant to the singlet oxygen and profitable for long-term usage.

Keywords Catalyst � Complex � Polymer � Nanodiamond � Singlet oxygen �
Photodynamic therapy � Photosensitizer

10.1 Introduction

Progress of photocatalytic methods for solving tasks of water and air cleaning,
efficient disinfection and medical applications in photodynamic therapy makes it
necessary to extend a variety of new substances possessing high activity induced by
UV or X-ray radiation [1–5]. In many cases, such substances are hybrid structures
involving nanoparticles, quantum dots and molecular components [6–8].

Among most promising objects are the structures which can produce a gener-
ation of singlet oxygen in surrounding media as a result of optical, UV or X-ray
excitation of these structures being able to transfer the energy to molecular oxygen
existing normally in triplet state. This is especially profitable method for the
enhancement of molecular oxygen chemical activity in aqueous media without its
ionization while it exists a problem to achieve the highest quantum yield of singlet
oxygen via photosensitizer excitation by external irradiation [9, 10]. Actually, it is
important to search possible ways to achieve a gain in photosensitizers’ efficiency
by means of complexes formation with polymers and nanoparticles. Some attempts
in synthesis of such structures promise really significant improvement in their
functional properties, especially in quantum yield, solubility in aqueous media, etc.

A deposition of molecular catalysts on nanocarriers may solve some problems of
improving their efficiency, e.g., provide maximal interface between catalyzer and
surrounding medium, prevent irreversible coagulation of catalyst and at last stim-
ulate its activity due to the interaction with the surface of carriers [11]. Moreover,
the carriers may play the role of converters of X-rays energetic and highly pene-
trating water media and biological tissues when such a radiation is absorbed with
secondary emission of optical quants for excitation of sensitizers then serving for
generation of singlet oxygen [12]. It is requested also that these carriers associated
with sensitizer molecules would be chemically stable in aggressive media saturated
with singlet oxygen.

A search of candidates for durable and effective carriers allowed us choose
polyvinylpyrrolidone and nanodiamonds as most suitable components to prepare
binary and triple complexes with Radachlorin® being a good photosensitizer and
then to test optical and photocatalytic properties of such new structures. The main
component of Radachlorin® is the compound chlorin e6 (short notation below e6)
belonging to the class of chlorins (Fig. 10.1).

Primarily, the aim of our work was devoted to the development of the methods
of complexes preparation and then the determination their stability conditions as
defined by the composition and the characteristics of components. In following
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experiments, we studied physical and chemical features of complexes in aqueous
solutions in relation to their structure and optical properties by the activation using
UV.

The e6 and its derivatives, salts and complexes are of practical interest as
effective photosensitizers (PS) and these objects are intensively studied [13–18].
This is associated not only with finding ways to improve the efficiency of PS, but
with widening the PDT method to treat various types of cancer, large and deeply
located tumors [9]. The e6 (Fig. 10.1I) as a derivative of chlorophyll satisfies the
properties of medical PS.

The compound e6 is already used in practical PDT as a part of Radachlorin® and
Photolon® preparations. Due to its availability, the e6 is a convenient object for
modification. Therefore, numerous publications are dedicated to the second-
generation of PS based on e6. The chemical structure of e6 allows relatively simple
ways to modify it by replacing the peripheral groups of the macrocycle. This makes
it possible to alter both the absorption spectrum of e6 derivatives and the Stokes
shift of the luminescence [13, 15–17]. The luminescence intensity and the Stokes
shift of e6 and its derivatives in aqueous media are influenced by pH, ionic strength
and ionic composition, as well as the magnitude and sign of the total charge of
molecules [17, 18]. So, the cationic and anionic salt forms of chlorins differ in
luminescent properties; e.g., the study [18] showed the effect of the structure of
peripheral substituents in the macrocycle on the photo-induced antitumor activity of
e6. It has been established that positive charging e6 macrocycle due to the terminal
groups reduces the intracellular accumulation of PS and photo-induced cytotoxic
effect on tumor cells of various origins. On the other hand, negatively charged
peripheral groups of e6 derivatives in aqueous media enhance the effectiveness of
such compounds as PS for PDT. Thus, the sign of the charge of amphiphilic
chlorines in water is important for their antitumor activity. Unfortunately, it was not

Fig. 10.1 Chemical structure of representatives of the class of chlorins (Radachlorin®
composition): chlorin e6 (I), purpurin 5 (II) and purpurin 18 - chlorin p6 (III)
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possible to obtain a significant increase in the efficiency of e6 as PS by covalent
grafting terminal groups of different chemical structures. However, the properties of
PS can be improved by their non-covalent modification, i.e., through complexing
this dye with carbon nanoparticles and biocompatible polymers. Biologically inert
carbon nanoparticles soluble in aqueous media are desirable for biomedical appli-
cations by their multifunctionality, including the field of PDT [19]. Fullerenes and
their derivatives are also of particular interest for PDT because of their ability to
generate singlet oxygen, super-oxides, oxygen radical anions.

However, fullerenes weakly absorb light in the red spectral range being most
important for PDT. A formation of complexes of fullerenes with dyes that absorb
red light was the subject of studies [20–22]. These successful works have enabled to
create stable non-covalent complexes of water-soluble fullerene derivatives with
dyes, which absorb light and transfer either excitation or electron to the fullerene.
Finally, there was created a new PS for PDT (Photosens® preparation) based on a
complex of water-soluble fullerene derivatives with xanthene dyes and a
water-soluble phthalocyanine derivative [20–22].

It was reported also a formation of complex of cationic fullerene derivative C60

with e6 in aqueous and ethanol solutions [23] due to the electrostatic interaction of
the components. The efficiency of complexation and the structure of the complexes
depended on the polarity of the medium. The presence of fullerene in binary
complexes caused a decrease of luminescence of e6 as in the case with other dyes
[20–22]. Luminescence quenching was associated with the efficient transfer of
electron from the dye in excited singlet state to fullerene cage [23]. Thus, fullerene
derivatives in aqueous solutions mainly quench a luminescence of dyes and a
generation of singlet oxygen by them. Therefore, such systems need a third com-
ponent to increase efficiency, which was actually implemented in the case of the
Photosens® preparation. This is necessary also as far as a formation of complex in
aqueous medium leads to an aggregation when several molecules of dye associate
with a fullerene derivative. The fullerene components are partially hydrophobic and
their molecules trend to be assembled in aquatic environment. Along this, large
macrocyclic tetrapyrrole PS molecules (Fig. 10.1), like many other cyclic com-
pounds with conjugated bonds, even those that dissolve well in water, are char-
acterized by a formation of various associates, dynamic or stable aggregates in
solutions [24, 25]. For example, the aggregation of porphyrin molecules is
accompanied by an energy transfer between macrocycles that leads to not radiative
deactivation of the triplet excited state. So, the effectiveness of porphyrins as PS is
significantly reduced [24]. In this case, linking biocompatible polymers with PS
molecules (Fig. 10.1) may serve for their better dispersion in aqueous media to
prevent the aggregation.

The choice of biocompatible synthetic polymers, which aqueous solutions of can
be stored for a long time without changing initial properties, is not large. Therefore,
studies carried out in this direction concerned a limited number of polymers [26].
These include polyvinyl alcohol, polyvinylpyrrolidone (PVP), polyethylene oxide
(PEO) and its copolymers (e.g., Pluronic), carboxymethylcellulose. When studying
joint solutions of these non-luminescent polymers with PS, it was found that
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polymers improve the stability, molecular dispersion of aqueous solutions of dyes
and increase their luminescent properties.

For a number of PS-polymer systems at certain ratios of components in solu-
tions, there was experimentally shown the increase in PS absorption, intensity of
luminescence and phosphorescence of singlet oxygen [27–29]. In particular, it was
demonstrated for porphyrin series: Dimegin (3,8-di (1-methoxy-ethyl) deutero-
porphyrin IX), Photoditazine® (N-methyl-di-D-glucamine salt of chlorin e6), tet-
rafluorophenyl porphyrin (tetracesium salt of 5,10,15,20-tetrakis [4- (1′-
carba-closo-dodecar-boran-1′-yl)tetrafluorophenyl] porphyrin) [28]. The gain in
photosensitizing activity of these PSs due to the presence of polymers was detected
[28]. Such “polymer effect” was explained by a formation of complexes of
amphiphilic polymers with PS and preventing the aggregation of PS molecules.
The toxicological tests showed a possibility to reduce by an order the therapeutic
dose of porphyrin PS by its complexing with biocompatible polymers.

Complexation between PS and polymers was studied for Radachlorin®-PVP
system as an example, where, at a certain ratio of components in solution, the
increase in PS absorption in the red spectral range and the amplification of singlet
oxygen phosphorescence were observed [30–32]. Radachlorin® contains mostly e6
(80–90%) forming non-covalent inclusion complex with PVP that prevents e6
aggregation in aqueous media [30–32].

Despite a number of publications devoted to the e6-PVP binary systems [27–32],
their results are rather difficult to compare, since the studies are performed in
different concentration ranges of components, by varying their proportions in dif-
ferent solvents, pH values and ionic strengths of solutions, degrees of
PVP polymerization. For example [32], a multicomponent phosphate buffer was
used and the measurements were carried out mainly in water with addition of
various low molecular electrolytes. The concentration range where it was recorded
a complexation between PVP and e6 was also different, and the weight ratio
between the components varied from 1:1 to 1:10.

In our work with e6-PVP complexes and ternary systems with detonation nan-
odiamonds (DND), we have chosen the conditions closest to physiological ones
(the aqueous medium 0.15 M NaCl (0.9% NaCl), pH 6.2).

10.2 Experimental

10.2.1 Samples and Methods

In the first part of the study, we prepared the complexes of sensitizer Radachlorin®
(e6) with polyvinylpyrrolidone (PVP) by mixing their aqueous solutions containing
NaCl (0.9 wt.%, isotonic solution) at ambient temperature with the following
sonication. The e6 component is produced by “RADAPHARM LLC,”
(Radachlorin®, content of e6 *90%) and the polymer is manufactured by
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Shanghai Yuking Water Soluble Materials Tech. Co. Ltd. (trademark PVPK-17 (EP
8.0), molecular weight MW = 9000). The PVP powder was dissolved in deionized
water or isotonic aqueous solvent (0.15 M NaCl) during 24 h by periodic mixing.

Since e6 belongs to the dyes, we used mostly optical methods to study the
complexes of e6 with PVP and DND in solutions and carry out the measurements of
electron absorption and luminescence spectra in combination with viscometry and
dynamic light scattering (DLS). The spectrophotometer UNICO 2800 UV/
VIS (UNICO, USA) has served for spectra recording in the range of wavelengths
190–1100 nm for the samples in quartz cells (thickness 10 mm). The luminescence
data were registered by fluorimeters Shimadzu RF-6000 (Japan) and Fluorolog-3
(Horiba Jobin Yvon, Israel) (cells of 4 and 10 mm) delivered by Centre for optical
and laser materials research, St. Petersburg State University. The optical data were
treated as dependent on the hydrodynamic properties characterizing possible
self-assembly of molecular systems and dispersions at submicron scale. To examine
these properties at ambient temperature (298 K), we carried out the measurements
of intrinsic viscosity and Huggins’ constant of the samples on the viscometer
Lovis-200 M/ME (“Anton Paar”, Austria) by Heppler's method using the capillary
inclined by the angle of 50°. The structuring solutions was tested by dynamic light
scattering (“Photocor Complex,” wavelength of incident light 445 nm, St.
Petersburg State University, Centre for diagnostics of functional materials for
medicine, pharmacology and nanoelectronics).

10.3 Results and Discussions

10.3.1 Binary Complexes of Sensitizer with Polymer

10.3.1.1 Light Absorption and Luminescence

Preliminarily we have measured the electron absorption spectra of e6 sensitizer as a
main component at different contents in aqueous solutions, Ce6 = (0.299–0.820)10–5

g/cm3 (Fig. 10.2). These data are in agreement with known spectra of this sensitizer
[14].

In the visible range, the sensitizer demonstrates two characteristic absorption
bands at 403 and 650 nm (Soret and Q-band) (Fig. 10.2). The positions of their
maxima are dependent on molecular environment, pH, ionic strength of solution.
Hence, watching the shift of the bands may give the information on the interactions
of sensitizer with polymer (PVP) in solution. On the other hand, the excitation of e6
at the wavelength of its absorption maximum indices a high luminescence in the red
region (Fig. 10.3). A bathochromic Stokes shift *15 nm is seen for the maximum
of its luminescence spectrum (665 nm) relative to the absorption spectrum
(Fig. 10.2).
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The spectral and hydrodynamic properties of combined solutions of e6 and PVP
were studied at 298 K in different concentration ranges. We tested the stability of
the e6-PVP system in the range of polymer concentration from 0.003 to 10 � 10–2

g/cm3 with a variation of the weight proportion e6:PVP in the range (1:1)–(1:50).

Fig. 10.2 Absorption spectra (optical density D vs light wavelength k) of isotonic solutions at
different concentrations of e6 sensitizer
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Fig. 10.3 Luminescence spectrum of e6 upon excitation at the wavelength of 405 nm in isotonic
solution (0.15 M NaCl), concentration of 1.5 � 10–5 g/cm3
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The effect of e6 binding with polymer was detected by the method of spec-
trophotometric titration (SPT) at the fixed e6 concentration (0.0015 wt.% =
2.54 � 10–5 M, molecular weight of 590 g/mol) and ambient temperature. SPT
results at the constant concentration of e6 and by consistently changing the content
of the polymer in their mixed solution are presented in Fig. 10.4. In the spectra of
optical absorption, we observed mainly the changes in the Q-band (*650 nm)
which demonstrated a bathochromic shift and a sharp growth of amplitude. A single
crossing point of spectra confirmed one type centers of binding. From the results of
SP-titration, we computed the binding parameters for e6 and PVP. These are the
concentrations of e6 free and bonded (CFREE, CB) and a molar ratio of bonded e6 to
PVP, r = CB/CPVP (Fig. 10.5).

The plotted Scatchard isotherm r/CFREE = f(r) has revealed the behavior inherent
in not cooperative binding. The resulting binding curve r(CFREE) achieved the
saturation level of r = 0.0037 that is one bound molecule of e6 per 270 chain units
of PVP (Fig. 10.5). Since a PVP chain is of molecular weight MPVP * 9000 and
involves *80 units, it takes 3–4 chains to bind a molecule of e6. However, such
association is not strong as far as at a given parameter r the amount of free sensitizer
exceeded the bound fraction by 3 times (screening effect by counterions).

In following experiments, the luminescence in aqueous–salt solutions of pure e6
(0.0015 wt.%.) was recorded. Similar measurements were performed for complex
e6-PVP at the excess of the polymer (Ce6 = 0.0015 wt.%., CPVP = 0.426 wt.%.) to
guarantee the maximum degree of sensitizer binding (Fig. 10.6). We found that the
excitation by radiation (wavelength 405 nm) has induced a luminescence corre-
sponding to Q-band of absorption. The presence of PVP caused the shift and

Fig. 10.4 Measurements of optical density D(k) vs light wavelength (k). Change in the absorption
spectrum of e6 (content 1.5 � 10–5 g/cm3) by a sequential increase of PVP concentration,
CPVP = 0.0−0.7234 � 10−2 g/cm3, in mixed solutions (0.15 M NaCl)
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substantial increase of peak’s amplitude. Worth to mention, in medical procedures
the UV radiation penetrate tissues weakly, but it can be generated by some scin-
tillators excited by X-rays. Then, following luminescence of e6 will transfer
molecular oxygen to an excited singlet state.

Fig. 10.5 Binding curve: bound e6 amount relative to PVP content vs. molar concentration of free
e6. Characteristic samples P14, P18, P15 with low, intermediate and high fraction of free e6
molecules are indicated (weight ratios of components e6:PVP = 1:50; 1:25; 1:10)

Fig. 10.6 Main band shift in the luminescence spectrum for e6-PVP complex (luminescence
excited at k = 405 nm). Variation in the PVP content, CPVP = 0.0–0.0742 � 10−2 g/cm3, at the
fixed e6 concentration of 1.5 � 10–5 g/cm3
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A fixed concentration of e6 in this study was chosen two or more times lower
than in the works cited above. A weight ratio of the e6:PVP components was varied
from 1:1 to 1:50. From the data presented in Fig. 10.4 (in more detail in the inset), it
is seen that starting from a cert ain “threshold” of polymer concentra-
tion *0.01 � 10–2 g/cm3 (ratio e6:PVP *1:6), the Q-band of the absorption
spectrum of e6 (650 nm) changes quite sharply. Its bathochromic shift by 10 nm
with a substantial increase in intensity is found, while the intensity of the main
absorption band decreases insignificantly.

A shift of the Q-band in the spectrum of e6 (Fig. 10.6) depends on the ratio e6:
PVP and increases with the PVP amount. Similar changes in the absorption were
detected in the systems based on e6 derivatives and PVP of different molecular
weights (5000–25,000 g/mol) [28, 33]. A convincing explanation for this phe-
nomenon has been found. The reason for the observed changes is in the nature of e6
as an amphiphilic compound (Fig. 10.1). In aqueous media even at micromolar
concentrations *10–5–10–6 M, it forms associates to minimize interaction of
hydrophobic parts of molecules with a solvent. In [26–28], using a combination of
spectral methods and 1H NMR, it was shown that a bathochromic shift of the
Q-band in the spectrum is associated with a destruction of e6 associates due to the
interaction of PVP with hydrophobic parts of e6 molecules. The increase in the
absorption at k * 665 nm (Fig. 10.4) is explained by a growth of the number of
the e6 molecules non-interacting with each other in solution. The authors [30–32]
showed that e6-PVP complexes are stable due to dye encapsulation by the polymer.
The interactions of the components in e6-PVP complex are electrostatic and donor–
acceptor type, depending on environmental conditions [32]. The dipole–dipole
interactions of the components and the formation of hydrogen bonds between them
were noted [28, 31].

The spectra (Fig. 10.4) are recorded in the solutions (0.15 M NaCl) where e6
may carry a negative charge, but PVP under these conditions should be neutral.
However, due to the donor–acceptor interaction of PVP with e6, polymer coils may
become partially charged. In this case, the aggregation begins in the solution, if the
ionic strength of the solvent is not enough to compensate electrostatic interactions
of charged objects.

The interaction of e6 with PVP affects the luminescent properties of the dye
(Fig. 10.6, Shimadzu RF-6000). It is observed a shift of the main luminescence
band in the e6-PVP solutions at the constant amount of dye while varying the
weight ratio e6:PVP from 1:1.5 to 1:50 (Fig. 10.6).

In the solutions of complexes, the emission spectrum maximum demonstrates a
bathochromic shift in comparison with e6 solution. The effect grows with the
polymer concentration, as does the luminescence intensity. This confirmed the
interaction of the electronic systems of PVP and e6. The intensity increase is
explained by disaggregation (monomerization) of e6 molecules due to their
encapsulation by the polymer. In general, these data are consistent with the results
previously published, although we used the region of lower (micromolar) dye
concentrations for the formation of complexes.
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In these experiments, a special interest is associated with the detection of the
phosphorescence of singlet oxygen in e6 aqueous solutions, but it is complicated by
the fact that the second-order maximum in the luminescence spectra of the dye falls
on the same k-range (Fig. 10.3). To record the luminescence of singlet oxygen 1O2,
the KS19 filter was used to isolate its radiation. The e6 luminescence was excited at
k = 405 nm. The recorded spectra of 1O2 in solutions of e6 and e6-PVP in 0.15 M
NaCl (Figs. 10.7, 10.8) have a maximum at k = 1271 nm in accordance with the
data [18, 23, 31–34]. Spectra (Fig. 10.7) demonstrate that the presence of PVP
stimulates the luminescence of 1O2 comparative to initial solution of e6 of the same
concentration fixed in the experiment. The data presented in Fig. 10.8 were
obtained when the fraction of e6 was varied from 0.0007 to 0.00758 10–2 g/cm3

and the weight ratio e6:PVP was changed from 1:1.5 to 1:56.
The spectra in Figs. 10.7, 10.8 display a generation of singlet oxygen in aqueous

solutions of e6 and complexes e6-PVP when the data are dependent on the dye
concentration. The fluorescence peak has the highest amplitude at low dye con-
centrations *(0.0015–0.0018) � 10–2 g/cm3 when its molecules are mostly dis-
aggregated (Fig. 10.9, data 1). The presence of polymer in weight proportion e6:
PVP from 1:2 to 1:56 (Fig. 10.9, data 2) stimulates a disaggregation of e6 mole-
cules which cause a generation of singlet oxygen in mixed solution. In Fig. 10.9
(data 2) four points on the curve near the maximum correspond to the ratio e6:PVP
in the range from 1:47 to 1:50.

Summarizing the spectral data, we conclude PVP complexing with e6 that is
revealed in a bathochromic shift of the dye main luminescence band. This stimu-
lates the emission from the dye and a following generation of singlet oxygen in the
environment. Such polymer-dye complexes are stable over time in various solvents,
including aqueous ones. Meanwhile, the solutions of e6-PVP are multicomponent
and contain also free PVP and unbound dye molecules. The latter may violate the
stability of systems by changing conditions.

All the spectral phenomena considered above are dependent on the concentration
of PVP which serves as a regulator enhancing the activity of e6 being PDT
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sensitizer. Indeed, the intensity of luminescence of e6 increases in the concentration
range where complexation occurs between the components.

For the chosen solvent (0.15 M NaCl) and the dye concentration *1 � 10–5 g/
cm3, complexation begins at the weight ratio e6: PVP = 1:6. In this work, we
discovered most favorable range of dye concentrations and optimal proportion e6:
PVP for singlet oxygen generation in aqueous system (0.15 M NaCl). We found
rather narrow range of e6 concentrations (0.0015–0.0018) � 10–2 g/cm3 and
desirable e6:PVP weight ratio interval from 1:47 to 1:50. Presently, such data are
not demonstrated in the literature which may be due to real problems in the
determination of complexes formation conditions and some difficulties in recording
luminescence spectra of singlet oxygen.

Fig. 10.8 Luminescence spectra of singlet oxygen in aqueous solutions (0.15 M NaCl) of e6 and
complexes e6-PVP with different fractions of components in units of 10–2 g/cm3
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Fig. 10.9 Dependence of
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complexes (2) in aqueous
solutions (0.15 M NaCl)
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The obtained results showed a significance of application of biocompatible PVP
to gain a therapeutic activity of e6 along with a reduction of its dose in PDT
practice that is relevant in pharmacology (Photolon®, Belarus). Our results are in
agreement with the data obtained for other sensitizers (Photoditazine®, pure
chlorine e6) by using PVP of different molecular weights and varying exciting
radiation characteristics [28, 31, 32, 35–37].

10.3.1.2 Hydrodynamic Properties of Complexes e6-PVP

Since the medical aspects of PS complexes applications in solutions require reliable
knowledge of their stability limits, it was important to test the hydrodynamic
behaviors of these multicomponent systems at the concentrations exceeded than
that used in spectroscopy. In polymer solutions, the main hydrodynamic parameters
are viscosity characteristics and particles’ dimensions estimated from translational
diffusion coefficients in dynamic light scattering experiments (DLS). For the tests,
we prepared the systems P14, P15, P18 having a weight ratio of components e6:
PVP = 1:50; 1:10; 1:25. As mentioned above, in these systems, only a part of e6
molecules is involved in the complex with PVP, while some of them remain free
(Fig. 10.5). The fraction of e6 molecules bound to PVP was estimated from
spectrophotometric titration data (Fig. 10.4). The data analysis showed that for the
ratio e6: PVP = 1:10, a part of free e6 molecules is higher than at the proportion e6:
PVP = 1:50. This is a result of e6 monomerization in the presence of PVP when
more dye molecules are disaggregated at higher amounts of polymer in the solu-
tions. In solutions P14, P15 and P18 at a given temperature (T) and solvent vis-
cosity ηs, the intrinsic viscosity [η] = limc!0(ηsp/c), the coefficients of translational
diffusion Do = limc !0Dt and hydrodynamic radii of particles Rh = kBT/6pηsDo

were measured, where kB is Boltzmann constant.
The viscosity measurements (298 K, Fig. 10.10) show clearly linear concen-

tration dependences of the reduced viscosity (ηsp/c) in two-component solutions of
P14 and P18, and the data for them are close to each other. The [η] values for the
complexes are somewhat higher than similar parameter for pure PVP. The slopes of
the dependencies in Fig. 10.10 (Huggins’ constants) for PVP and complexes P14,
P18 complexes are different also. These deviations indicate some changes in the
thermodynamic quality of the solvent for polymer in the presence of e6. On the
other hand, from the data one may conclude about complexes stability in solution.
The latter is supported by the increase of [η] in the systems with complexes
comparative to pure polymer. Thus, viscometry is sensitive to changes of
PVP conformation even at a low content of e6, as in solutions of P14 and P18
(Fig. 10.10).

Worth to note that the [η] values obtained for P14 and P18 complexes confirm
the absence of large aggregates in solutions. On the other hand, the P15 solution is
unstable and exfoliates at the polymer concentrations above 1 � 10–2 g/cm3.
Therefore, it was possible to make evaluative measurements only after it was
diluted to low polymer concentrations. This indicated an insufficient amount of
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Fig. 10.10 Concentration
dependence of reduced
viscosity (ηsp/c) at 25 °C for
PVP and complexes P14, P18,
P15 in aqueous solutions
(0.15 M NaCl), obtained at
different weight ratios e6:PVP
(r = 1/2500 (P14), r = 1/500
(P18) and r = 1/270 (P15))
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Fig. 10.11 Normalized
volume fractions of particles
vs. hydrodynamic radii: a data
for PVP (1) and P14 (r = 1/
2500) (2) at PVP
concentration of 2 � 10–2 g/
cm3 in aqueous solution
(0.15 M NaCl) (scattering
angle 90°), b similar data for
P15 (r = 1/270) in the same
solvent at PVP concentration
of 0.33 � 10–2 g/cm3

(scattering angle 60°)
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polymer to stabilize e6 and the beginning of aggregation of complex particles in the
P15 solution. The same result was obtained by the DLS data for the P15 solution
(Fig. 10.11).

The DLS results for P14 (Fig. 10.11a) comparative to pure PVP indicate the
absence of large aggregates of complex in the solution, while there is broadening in
size distribution of particles in P14 solution against spectrum for PVP. Oppositely
to this, the P15 solution demonstrates qualitatively different distribution
(Fig. 10.11b). In addition to particles having the hydrodynamic radius Rh * 2 nm
corresponding to PVP, the aggregates with Rh * 100 nm and larger particles
appear.

Both methods showed the absence of large particles in the solutions of P14 and
P18, which demonstrated stability and can be characterized as molecularly dis-
persed systems. On the other hand, the P15 system revealed a substantial instability
due to the lack of PVP.

Finally, taking into account all the data obtained for the solutions containing
e6-PVP complexes, we declare the condition of their stability at the concentra-
tions *(1–10) � 10–2 g/cm3 when per one e6 molecule should be *500 chain
units of PVP (5–6 macromolecules of molecular weight MPVP = 9000 g/mol).

Obviously, a large excess of polymer seems to be not satisfactory, and other
ways are desirable to provide optimal state of e6 in aqueous solutions. For this
purpose, we used the third component being detonation nanodiamonds (DNDs)
having a small diameter dP * 4–5 nm and carrying regulated positive or negative
charge in aqueous media as dependent on the treatment [38–40]. DNSs as bio-
logically inert carbon particles are currently attractive for applications in medicine
and biotechnology [41, 42]. In recent years, interest in them has especially grown,
since synthesis methods were developed that made them commercially available
[43]. Since the duration of the formation of the diamond phase during detonation
synthesis is very short, really large particles are not formed. According to X-ray
diffraction analysis and electron microscopy data DNDs are rather uniform and
have a size of 4–5 nm [43]. Unlike other carbon nanoparticles, for example
fullerenes, DNDs are partially hydrophilic and form stable aqueous suspensions,
where the size of aggregates depends on pH factor. The reason for this is the
presence of various functional groups (H, OH, COOH) on the surface of
nanoparticles modified by annealing. By changing the processing method, it is
possible to obtain both positively or negatively charged DNDs [38, 44]. The unique
hydrophilic surface of DND allows both covalent and non-covalent binding of
various biologically active compounds to DND [41–43]. There are various ways to
stabilize aqueous DND suspensions, including those using biocompatible polymers
[40, 43]. Our following work is devoted to search optimal conditions to obtain
stable optically active binary and ternary complexes, e6-DND and e6-PVP-DND,
with advanced luminescent properties.
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10.3.2 Binary and Ternary Complexes of Dyes with DND

10.3.2.1 Luminescence of e6-DND in Aqueous Solutions

First of all, the special tests of the effect of DND on the spectral-luminescent
properties of e6 were carried out by introducing DND hydrosol into e6 aqueous
solution (concentration 0.00149 � 10–2 g/cm3). The results showed that DNDs
quench e6 luminescence, and if the DND amount in the solution doubles, e6
luminescence intensity also decreases by about a factor of two (Fig. 10.12).
Noteworthy, there is a small hypsochromic shift (2–5 nm) of main e6 luminescence
band in the presence of DND, which is larger, the more DND particles are in the
solution.

Similar result was obtained earlier [23] when the effect of fullerene derivative on
the luminescence of e6 was detected. In the presence of carbon particles, these
authors found also e6 luminescence quenching with a bathochromic rather than
hypsochromic shift (as in our case) of e6 luminescence band. As a strong p-electron
acceptor, fullerene molecule causes an effective transfer of an electron from the
excited singlet state of e6 to itself that explains luminescence weakening. At the
same time, the probability of non-radiative transitions (responsible for the gener-
ation of singlet oxygen) increases. The authors [23] concluded that a formation of
non-fluorescent static complexes of e6 with carbon nanoparticles should gain the
efficiency of PS based on such complexes.

The performed studies of partial effects of PVP and DND on e6 luminescence
enabled us to create ternary complexes with finely regulated optical and hydro-
dynamic properties in aqueous solutions.

Fig. 10.12 Luminescence spectra of e6-DND aqueous solutions by varying DND content at fixed
dye concentration, Ce6 = 0.00149 � 10–2 g/cm3
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10.3.2.2 Ternary Systems E6-PVP-DND, Hydrodynamic Properties

The particles of PVP and DND have comparable sizes, 2Rh * 4 nm,
dP * 4.5 nm, while the diamond particles are rigid and heavy and have molecular
weight per one particle MDND * 1.0�105 g/mol by one order in magnitude higher
than that for PVP, MPVP = 9000 g/mol. Therefore, in aqueous systems with equal
molar contents of PVP and DND, the number of diamond particles will be ten times
lower than the amount of polymer chains. It was taken into account, and the
mixtures of PVP and DND with desirable proportion of components were prepared
initially. The e6 was introduced to prepared mixed solutions. We varied both the
proportion between the numbers of PVP molecules and DND particles, R = NPVP/
NDND, and the ratio of molar concentrations of e6 and PVP chain units, ro = Ce6/
CPVP (Table 10.1). The stability of the solutions of ternary complexes was tested by
viscometry (Table 10.1).

Among ternary compositions with different parameters R and ro, only the
complex e6-PVP-DND-1 is stable in aqueous solution (0.15 M NaCl) (Table 10.1).
Its parameters, intrinsic viscosity [η] and Huggins’ constant k’, as well as altering in
[η] with temperature increase correspond to the molecular disperse system differing
from the pure PVP (Table 10.1). Meanwhile, the system with e6-PVP-DND-2
exfoliates over time. Moreover, measurements of e6-PVP-DND-3 was almost
impossible to carry out, because DNDs precipitated after the first dilution of the
system.

While DLS in solutions of binary complexes e6-PVP showed mainly the pres-
ence of particles with the size of PVP molecules (Fig. 10.11), the ternary system
e6-PVP-DND-1 exhibited the particles having the sizes *4.5 and *34 nm
(Fig. 10.13) corresponding to PVP and complexes based on DNDs associated
with the polymer.

Earlier [40], stable aqueous colloids of PVP-DND were examined by neutron
scattering. It was shown that DND particles transferred from initial hydrosol to
aqueous PVP solution formed stable aggregates of several particles surrounded by
hydrophilic polymer. The average size of DND aggregates upon their stabilization
by PVP in isotonic solvent was of 30–40 nm [40]. It is apparent in our case that the

Table 10.1 Hydrodynamic characteristics of PVP and ternary complexes e6-PVP-DND in
aqueous solutions (0.15 M NaCl) at 25 and 37 °C: intrinsic viscosity [η], Huggins’ constant k’

Sample Composition
R // (r0)

[η] � 10–2, cm3

g−1, 25 °C
k’, 25 °C [η] � 10–2, cm3

g−1, 37 °C
k’, 37 °C

PVP – 0.072 ± 0.006 0.79 ± 0.05 0.066 ± 0.008 0.96 ± 0.05

e6-PVP-DND-1 10 // (1/2100) 0.081 ± 0.005 0.35 ± 0.05 0.078 ± 0.005 0.36 ± 0.05

e6-PVP-DND-2 0.5 // (1/3500) 0.126 ± 0.007 1.55 ± 0.09 0.127 ± 0.007 1.57 ± 0.09

e6-PVP-DND-3 0.3 //(1/200) *0.05 *47 *0 >4000
*R is the number of PVP molecules per DND particle; ro = Ce6/CPVP (both molar concentrations), and ro
shows the number of PVP chain units per e6 molecule
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observed large particles in the complex e6-PVP-DND-1 are just similar hybrid
particles, since aqueous colloid solutions of PVP-DND were prepared according to
the procedure [40].

As we established, the particles of e6-PVP-DND-1 are stable and involved in
diffusive motion in solution, as evidenced from linear dependence (Fig. 10.13) of
reciprocal relaxation time on squared scattering vector modulus, 1/s * q2. This is
confirmed also by normal course and slope of the dependence ηsp/c = f(c) for the
complex e6-PVP-DND-1.

From the medical point of view, such particles having diameter *70 nm should
not be hazardous for intravenous injection into the body and promise good pro-
spects for biomedical applications [42].
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Both hydrodynamic methods have shown very different behaviors of ternary
complexes in solutions comparative to binary structures and demonstrated greatly
enhanced degree of components’ integration. The integration of DND into binary
complexes caused substantial altering their optical properties.

10.3.2.3 Optical Absorption and Luminescence in Solutions
of Ternary Complexes

The study of absorption spectra of stable ternary systems e6-PVP-DND in aqueous
colloid solutions (0.15 M NaCl) showed a number of differences from binary
systems. Figure 10.14 shows the Q-band of the absorption spectrum of e6 shifted
first hypsochromically, by the increase of the concentration of PVP, CPVP = (0.0–
0.033) � 10–2 g/cm3, and fixing a ratio for PVP/DND content, CDND = (0.0–
0.066) � 10–2 g/cm3. Such opposite effect comparative to the data for binary
complexes e6-PVP (Fig. 10.6) was observed in aqueous e6-DND systems
(Fig. 10.12) shows a hypsochromic shift increasing with DND concentration. It
seems, in the case of the lack of PVP in the system, most of dye molecules form
complexes with the diamond surface directly since preferable molecular binding
with PVP is limited. Larger amount of PVP makes the effect of Q-band splitting
when both hypsochromic and bathochromic components are detected. At higher
concentrations, only a single band is observed again but bathochromically shifted
(Fig. 10.14). This bathochromic shift characterizes e6 binding to PVP in the
presence of DND. However, in this case, it was impossible to calculate binding
characteristics because of too large spectral contribution of light scattering on DND
particles.

A shift of the Q-band towards lower wavelengths at low contents of DND and
PVP can be explained by the fact of the interaction of e6 with the PVP-DND
complex and with pure PVP proceeds in different ways. In comparison with the data
for e6-PVP solutions (Fig. 10.6), the absorption in ternary systems in the
Q-band range is halved. From the spectral data in Fig. 10.14, it follows that
interesting results could be expected for those ratios of the components of ternary
systems in solutions where a bathochromic shift of the Q absorption band of e6 is
observed.

To study the luminescence in ternary systems, we prepared two series of the
samples (P34-P39; P40-43). In the first series, P34 ! P39, the concentration of
DND increases with the sample number, while the concentration of PVP and e6
remains constant; i.e., the molar ratio of Ce6/CPVP is kept constant. In the second
series of samples P39, P40-P43 the amount of DND and PVP in the solution
increases with the sample number, while the concentration of e6 is fixed (0.0015%);
i.e., the Ce6/CPVP ratio decreases. In contrast to the first series, in the second one,
the weight ratio CPVP/CDND is kept constant. Luminescence spectra for the series
34–39 and 39, 40–43 are shown in Figs. 10.15 and 10.16, respectively.

While DND amount increases in e6-PVP-DND complexes, the luminescence
intensity comes down (Fig. 10.15). In the spectra for P34-P39 series, the position of
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Fig. 10.14 Absorption spectra D(k) of e6-PVP-DND aqueous solutions (0.15 M NaCl) at fixed e6
content Ce6 = 0.0015 � 10–2 g/cm3 when polymer CPVP = (0.0–0.033) � 10–2 g/cm3 and
DND CDND = (0.0–0.066) � 10–2 g/cm3 fractions increased consequently (data R16, R16a-i)
keeping PVP/DND ratio fixed. Inset shows the data at wavelengths k = 600–700 nm

Fig. 10.15 Luminescence spectra of complexes e6-PVP-DND (samples 34–39) in aqueous
solutions (0.15 M NaCl) at fixed concentrations of PVP and e6 (Ce6/CPVP = const), by varying
DND content: a data at wavelengths k = 600–1500 nm; b, c data at k = 600–800 nm and 1200–
1500 nm. DND concentrations in the samples 34–39: 0; 0.005; 0.010; 0.015; 0.020; 0.025 wt.%
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main peak approximately does not change. In the solutions of ternary complexes
P35-P39, the maximum of luminescence band practically coincides with that for
binary complex P34 and with the data for e6 and e6-PVP complexes of different
compositions (Fig. 10.6). The profiles of spectra for the sample P34 (Fig. 10.15)
and e6-PVP binary complex (Fig. 10.6) are quite similar. The position of lumi-
nescence peak (k = 665 nm, Fig. 10.15) does not depend on DND concentration in
the series P35-P39 and well corresponds to luminescence maximum observed for
binary e6-PVP complexes with the same polymer concentration.

However, in the spectra of ternary systems P35-P39 (Fig. 10.15) there is a
significant change of the second-order luminescence peak profile at k * 1300 nm
in comparison with P34. In this range, the ternary complexes display the overlap of
luminescence bands with maxima at k < 1300 nm and at k > 1300 nm.
Remarkable, the increase in DND concentration (P38, P39) makes the first peak
stronger. According to previous measurements, the maximum of luminescence of
singlet oxygen lies at 1271 nm, and such effect can indicate a stimulation of singlet
oxygen generation by DNDs integrated into the complexes. At the same e6 con-
centration in aqueous solution (0.15 M NaCl) and in the composition of e6-PVP, no
similar peculiarities were observed in dye luminescence. Probably, DNDs inte-
grated into binary complexes somehow activates the dye luminescence revealed in
solutions of ternary e6-PVP-DND systems. Taking into account that DNDs as
themselves are weak luminophores, this can be mostly attributed to the interaction
of dye, DND and polymer.

In the spectra of the second series of samples P40-P43, P39 (Fig. 10.16), it can
be seen that more amount of PVP in solution makes greater bathochromic shift of
the main luminescence maximum of e6. Similar changes of luminescence was
observed in binary systems; i.e., the role of PVP and the mechanism of its inter-
action with the dye are similar in binary and ternary systems. At the same time, the
spectra in Fig. 10.16 clearly showed a tendency towards a separation of two con-
tributions of luminescence in the range around 1300 nm with an increase of
DND fraction in ternary systems with respect to e6.

10.3.2.4 Singlet Oxygen Generation in the Solutions of Ternary
Complexes

The luminescence in the 1200–1300 nm range was investigated in more detail
using a special KS19 filter to isolate the second-order contribution of e6 lumi-
nescence in the band around 1340 nm, highlighting the singlet oxygen lumines-
cence region. In solutions of binary systems e6-PVP without DND, the
luminescence spectra in the range 1200–1300 nm with excitation at a wavelength of
405 nm are presented by a single symmetric peak with a maximum at 1270 nm
(Fig. 10.17, data 1).

However, the ternary complexes e6-PVP-DND showed the spectra which differ
strongly from the data for binary systems. This is illustrated by the data for complexes
with zero, intermediate and maximum amounts of DND (samples 34, 43, 39).
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The additional emission band is detected in the spectra (maximum at 1214 nm)
(Fig. 10.17, data 2, 3). The appearance of a new emission band in the spectrum of
e6-PVP-DND systems and the enhancement of the radiation intensity with DND
concentration can be considered as the evidence of complexation between the
components and the ability of DND to emit actively by binding with the polymer
and the dye. Oppositely to this, the amplitude of the main band with a maximum at
1270 nm related to singlet oxygen does not demonstrate a gain at larger amounts of
DND. On the other hand, this broadened band has much greater integral intensity that
can be treated as stimulation of singlet oxygen formation due to presence of
diamonds.

Fig. 10.16 Luminescence spectra of complexes e6-PVP-DND (samples P40-P43, P39) in aqueous
solutions (0.15 M NaCl) at fixed e6 concentration and by varying the amounts of PVP and DND,
but keeping a constant ratio CPVP/CDND: a data at wavelengths k = 600–1500 nm; b, c data at
k = 1200–1500 nm, k = 600–800 nm. PVP concentrations: 0.015; 0.031; 0.045; 0.060; 0.075 wt.
% (samples 40–43, 39). DND concentrations: 0.005; 0.011; 0.015; 0.020; 0.025 wt.% (samples
40–43, 39)
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10.4 Conclusions

First prepared ternary complexes e6-PVP-DND have shown specific optical prop-
erties indicating the crucial role of diamonds in the generation of singlet oxygen
when UV radiation excites diamonds which may transfer the energy to dye
molecules in non-radiative way or directly to surrounding water molecules since
DND ability to emit radiation is depressed due to surface defects (black diamonds).

On the other hand, dye molecules may excite the diamonds also and stimulate
their action onto water molecules. Such a combined effect can stimulate the gen-
eration of singlet oxygen and enhance the therapeutic effect of PDT procedures.

In general, these principles can be used for the creation of new hybrid
nanocatalysts carrying macrocyclic dyes assuming wide areas of application, e.g., in
theranostics, for disinfection against viruses and bacteria, active filtration and
cleaning air, water, surfaces, etc. Chemically inert diamonds are more resistant to
the attack of singlet oxygen and should provide longer action of such
photocatalysts.

Acknowledgements The work was supported by the Russian Foundation for Basic Research
(grant no 18-29-19008).

Fig. 10.17 Emission spectra of singlet oxygen luminescence of binary e6-PVP (1) and ternary
e6-PVP-DND complexes (2, 3) in aqueous medium. Samples 34 (1), 39 (2) and 43 (3) with the
weight proportions of components: e6:PVP:DND = 0.0015:0.076:0; 0.0015:0.075:0.025;
0.0015:0.075:0.011
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Chapter 11
The Role of Metals in Nanocomposites
for UV and Visible Light-Active
Photocatalysis

Vikas, Ruchi Singh, Arti Sharma, Ashish Kumar Dhillon,
and Soumik Siddhanta

Abstract Photocatalysis has emerged as a promising tool to perform various
applications such as water splitting, inert molecular excitation, harnessing solar
energy for chemical as well as biochemical activities, and developing various
photocatalytic devices. The driving force behind the synthesis using light is that it is
reliable, abundant, and a green source of energy. In the past decade, there is an
immense increase in interest in exploring the use of metal nanoparticles in photo-
catalysis. Among many nanoparticle systems exploited for catalysis, plasmonic
photocatalysts are one of the most intensely investigated due to their potential
applications in energy materials. The shift of interest has been taking place to utilize
the electromagnetic properties of metal or plasmonic nanoparticles than their tra-
ditional use as co-catalyst in various chemical processes. Photocatalysis consists of
the direct conversion of light energy into chemical energy and thus reducing energy
consumption. Metal nanoparticles (Ag, Au, Pd, or Pt) photocatalyst is very efficient,
for example, in transforming renewable solar energy to chemical energy. Apart
from catalytic applications, these nanocomposites are perceived to be
environment-friendly, an attribute, which is becoming more relevant in recent
times. This book chapter mainly discusses the mechanisms and applications of
photocatalytic activity of nanocomposites composed of metal-based nanomaterials.

Keywords Metal nanoparticles � Photocatalysis � Nanocomposites � Plasmonics �
Solar energy

Vikas, Ruchi Singh, Arti Sharma, Ashish Kumar Dhillon. These authors have contributed
equally.

Vikas � R. Singh � A. Sharma � A. K. Dhillon � S. Siddhanta (&)
Department of Chemistry, Indian Institute of Technology, New Delhi 110016, India
e-mail: soumik@iitd.ac.in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
S. Garg and A. Chandra (eds.), Green Photocatalytic Semiconductors,
Green Chemistry and Sustainable Technology,
https://doi.org/10.1007/978-3-030-77371-7_11

307

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77371-7_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77371-7_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77371-7_11&amp;domain=pdf
mailto:soumik@iitd.ac.in
https://doi.org/10.1007/978-3-030-77371-7_11


11.1 Introduction

Photocatalysis is the best way of utilizing and converting the abundantly available
solar energy into chemical energy. Due to its application in various fields such as
wastewater treatment and hydrogen generation, it has been in consideration of
various research groups for many years. TiO2 is the most widely used photocatalyst
used for environment cleaning and hydrogen energy generation, but it has a wide
energy gap and can only use 4% of the total solar radiation. Many methods were
employed to increase the bandgap of TiO2, such as through metal ion and non-metal
ion doping. However, it results in problems such as thermal instability,
photo-corrosion, and fast electron–hole recombination. Therefore, to make proper
use of sunlight, many materials have been developed that could use a wide range of
visible light. Coinage metal photocatalysts such as Ag, Au, and Pt show localized
surface plasmon resonance (LSPR), which allows them to absorb photons in the
visible region.

11.1.1 Surface Plasmons in Photocatalysis

Semiconductors are the main part of the photocatalysis process [1] in which
semiconductors absorb photons of the incident light to generate holes and electrons,
which initiates various processes like oxidation, reduction, and photocatalysis.
Various emerging areas utilizing photocatalysis are water splitting [2], self-cleaning
surface, air purification, wastewater treatment, and carbon dioxide reduction which
are showing considerable promise and becoming key players in the environment
and energy industries [3]. When the light of suitable wavelength falls on the surface
of a simple semiconductor material, the photons of the incident radiation get
absorbed on the surface. As a result, a generation of electrons and holes takes place,
and they occur within the material or near the surface. To bring about the redox
reaction, these holes and electrons need to be transferred to the surface [1].

There are a few drawbacks of semiconductor-based photocatalysis, such as low
efficiency and the lack of suitable photocatalyst material, which show a good
response to visible light. In a homogenous semiconductor photocatalyst, migration
is random. So, there are plenty of chances of recombination of the excited species
such as electrons and holes. This is responsible for the low efficiency of photo-
catalytic materials. Secondly, there are some materials like ZnO or TiO2 [4] which
are high-performance photocatalytic materials and have a bandgap which is large
enough to absorb light in the UV region instead of the visible region. On the other
hand, there are low-performance photocatalytic materials like Fe2O3 or CdS, which
fail to maintain photoactivity for longer periods of time [5, 6].

To avoid these pressing problems presented by simple semiconductor photo-
catalysis materials, plasmonic photocatalysis comes into the picture [7]. In plas-
monic photocatalysis, noble metals, like silver, and gold, with sizes less than
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100 nm are dispersed or conjugated along with semiconductor photocatalysts. As a
result, there is a significant enhancement of the photoactivity in both UV and visible
light. There are two additional factors that are imposed by the plasmonic photo-
catalysis on the semiconductor photocatalysts, which are the creation of Schottky
junction and the generation of localized surface plasmon resonance (LSPR) and
both enhance the photocatalytic activities of the metal–semiconductor
nanocomposites.

11.1.2 Schottky junction effect

The Schottky junction effect arises because of the physical contact or creation of a
junction between the plasmonic nanoparticles and the semiconductor material [8].
When the light of a particular wavelength falls on this composite, the metallic
nanoparticles build up an internal electric field or space charge, which is opposite to
that of the electric field of the incident light inside the photocatalyst and close to the
junction or metal–semiconductor interface (Fig. 11.1a). As a result, the electrons
and the holes move in a direction opposite to each other at the Schottky junction.
Additionally, a metallic surface produces a rapid rate of charge transfer also acts as
a center for trapping charges, and therefore holds additional locations for pho-
toreactions. These factors combine to reduce the electron–hole recombination and
thus results in the enhancement of the efficiency of the photocatalysts.

11.1.3 Localized Surface Plasmon Resonance (LSPR)

As discussed earlier, LSPR is the combined oscillation of the free electrons of metal
nanoparticles, which is in phase with the variable electric field of the incident
radiation (Fig. 11.2a). This phenomenon leads to various effects in the metal
nanoparticle–semiconductor composites. Surface plasmon resonance phenomenon
(SPR) is a physical process associated with particles having a size in the range of 1–
100 nm, showing unique optical properties. These unusual properties of nanopar-
ticles are quite different from that of the bulk properties of the material. SPR
phenomenon occurs when plane-polarized light falls on thin metal films with total
internal reflection conditions [9] (Fig. 11.2c). SPR is linked with noble metals like
Au, Ag, Pt, and Cu, etc. [10]. In the case of noble metals, the outmost s-orbital
contains one electron, and when the light of suitable electromagnetic radiation falls
on the surface, these free surface electrons can easily interact and absorb the
photons of the incident light, and the energy is thus transferred to these free
electrons forming surface plasmons. When the frequency of the incident light is in
resonance with the frequency of the coherent oscillation of these free electrons in
nanoparticles, it gives rise to localized surface plasmons. SPR is a bulk phe-
nomenon while LSPR is associated only with nanoscale dimensions or
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nanoparticles. When the frequency of the incident electromagnetic wave is com-
parable or equal to the plasmon frequency, this phenomenon is known as localized
surface plasmon resonance or LSPR, and the frequency is known as the resonant
frequency. The plasmon resonance of the metallic nanoparticle can be tailored by
changing the shape, size, and nearby environment of the nanoparticles, and the
resonance wavelength can be brought to the visible or near-UV range [11]
(Fig. 11.2d). By doing so, the plasmonic semiconductor hybrid photocatalyst can
respond to a broad range of radiation, whether it is in UV or in the visible range. So,
the downside of the TiO2-type semiconductor [4] now can be resolved by com-
bining it with the metallic nanoparticles. Better enhancement can be seen in the
absorption and the scattering processes when the size of the metal nanoparticle is
smaller than the wavelength of the light used. There are processes such as damping,
which is also seen in the case of metal nanoparticles and can reduce the absorption
or scattering of light. In smaller metal nanoparticles, damping is more pronounced.

Fig. 11.1 a Diagrammatic representation of plasmonic photocatalysis using TiO2. Figures
reprinted from [6] with permission. Copyright (2018) Royal Society of Chemistry. b (i) Hot
electron generation at metal–semiconductor interface showing interband and intraband transitions.
(ii) Hot electron/carrier transfer and plasmonic decay at metal nanoparticle–semiconductor
interface. Figure reprinted from [13] with permission. Copyright (2020) American Chemical
Society
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There is also an additional factor which is responsible for the tuning of the plas-
monic resonance frequency which is known as coupling. Coupling occurs due to
the interaction of the surface plasmons of closely spaced nanoparticles. As the
distance between the two nanoparticles increases, the coupling decreases, and after
a certain distance, it completely vanishes. This coupling can create hotspot regions
on the surface of the nanoparticles consisting of strong electromagnetic field. In
most cases, coupling leads to a redshift for longitudinal surface plasmons and a blue
shift for the transverse surface plasmons [12] (Fig. 11.2b).

We can also enhance the absorption of visible light for Fe2O3-type semicon-
ductor photocatalysts, which typically have low bandgaps. The light gets absorbed
very near to the surface with a penetration depth of around 10 nm due to the strong

Fig. 11.2 a Origin of LSPR in plasmonic nanoparticles. LSPR can detect interactions through
shift in the resonance wavelength (right). b Generation of transverse and longitudinal plasmon
modes in anisotropic nanoparticles such as gold nanorods. Reprinted with permission from [11].
Copyright (2018) De Gruyter. c Generation of SPR on a thin metallic film, as compared to LSPR
on a nanoparticle. Reprinted with permission from [8]. Copyright (2020) Royal Society of
Chemistry. d The effect of the shape of the nanomaterials on the plasmon resonance. Reprinted
with permission from [10]
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absorption by the material. Consequently, the distance between the excited elec-
trons and holes to the surface gets shortened. As a result, electrons or holes have to
travel a lesser distance to reach the surface, which further reduces the probability of
recombination. Metallic LSPR itself builds up a local intense electric field, which
enhances many photocatalytic reactions as it permits the excitation of a large
number of electrons and holes. LSPR also heats up the surrounding environment to
enhance the rate of redox reaction as well as mass transfer. Sometimes this effect
also polarizes the nonpolar species for enabling good absorption. Apart from these,
there are numerous impacts of surface plasmons on semiconductor photocatalyst as
noble metals can show their own catalytic effect just like Pt metal, which can act as
a surface for hydrogen evolution. A type of quantum tunneling effect can also be
seen. Although Schottky junction is not a direct type of plasmonic or resonance
effect, it is an outcome of the combination of noble metal nanoparticles with the
semiconductor surface. So, it can be regarded as an intrinsic property of plasmonic
photocatalysis. The structure and configuration of the metallic nanoparticles–
semiconductor duo also play a major role in the photocatalytic process [13]. For
better efficiency, we can use noble metal nanoparticles of various shapes and the
semiconductor material as thin films to achieve maximum surface area and good
electron transfer property.

11.1.4 Hot Electron Transfer

Hot electrons are generated when a source with high-energy photon radiation
strikes the surface of the semiconductor material. The energy from the photons may
shift to the surface electrons of the semiconductor, resulting in the excitation of the
electron from the valence band and forming an electron-hole pair. If this excited
electron has enough energy to leave the valence band and cross over to the con-
duction band, then it becomes a hot electron. Hot electrons have characteristics of
high temperature and have high mobility. Therefore, it can easily leave the surface
and transfer to the surrounding material [14]. This kind of generation of a hot
electron is an intrinsic characteristic of the metal nanoparticles. In a classic plas-
monic metal, there are two types of bonds, one being the s-p band and the other
being the d band. The incident light responds to the metal nanoparticles in two
different ways and results in two types of excited charge carriers resulting from
interband and intraband transitions (Fig. 11.1b). The intraband transitions are
capable of generating electrons of high energy having energy above the Fermi level.
The hot electron generation is a type of quantum effect and comes into light due to
the non-conservation of linear momentum of an excited electron near the surface
and in the hotspot. The quantum efficiency of these hot electrons depends upon two
factors, the first one is the initial population level of hot electrons or holes having
sufficient energy for transfer to the surrounding material. The second is the transfer
efficiency of hot electrons. In small-sized nanoparticles, the transfer rate is fast
because the electrons have to travel a lesser distance to come to the surface. For
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bulk material, the process is quite slow, and a higher probability of recombination
occurs. The selectivity of the material system is very important. For gold
nanoparticles, the interband transitions are more predominant because it satisfies
both momentum and energy conservation criteria. Silver nanoparticles can produce
hot electrons more coherently than gold because of the longer electron mean free
path. Also, the hot electrons with lower energy value fraction are lower in the case
of silver nanoparticles. A sharper plasmon resonance will create a large number of
hot electrons with high energy. Also, the quantum effect is more pronounced in
nanoparticles with a longer mean free path. The energy of the hot electron contains
a wide distribution range between 1 and 4 eV for gold and silver nanoparticles [15].
Hot electrons are transferred to the adjacent semiconductor only if the energy of the
electrons is greater than the Schottky junction barrier. These electrons can still be
injected into the semiconductor through tunneling. This plasmon-induced hot
electron transfer phenomenon depends on the size of the nanoparticles and the area
that is in contact with the semiconductor. The decrease in the particle size can
enhance the initial distribution of hot electrons, reduce the energy barrier of electron
transfer, and increase the rate of hot electron transfer. This can enhance the quantum
efficiency of the catalyst. However, there are many drawbacks in the electron
transfer process in the case of the photolytic application. The bands of semicon-
ductors and nanoparticles should be in proper alignment and have effective cou-
pling to ensure high efficiency. Therefore, proper physical contact between the
metal nanoparticles and semiconductors is required. After the migration of the hot
electron, hot holes are still left behind in the metal nanoparticles, which must be
immediately compensated to regain a suitable LSPR.

11.2 Systematic Naming of Plasmonic Photocatalysts

The different combinations of metal nanoparticle–semiconductor photocatalysts
give rise to different properties that can be harnessed for various applications. These
combinations can be shown by specific notation [5, 7]. We mark metal nanoparticle
as M and semiconductor material, which can act as substrate as S.

a. M/S—here M represents metal nanoparticle and S represents semiconductor
surface with spherical shape but not of nano-dimension. M is partially
embedded in S. Some part of the metal nanoparticle is exposed to the sur-
rounding area or solution. “/” represents the surface of metal nanoparticle which
is in contact with the semiconductor material. An example of such a conjugate is
Au/TiO2.

b. M-S—it represents a combo in which metal nanoparticle M is fused with the
thin film of semiconductor S. “-” represents the thin film surface of semicon-
ductor photocatalyst such as Au–Fe2O3.
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c. M(S—it means that metal nanoparticle M is totally covered within the semi-
conductor surface, S. No part of metallic nanoparticle M is exposed to sur-
roundings. “(” represents the encapsulation such as Ag(TiO2.

d. M@S is also called a core@shell structure, where M is the core and S acts as a
shell around the metallic nanoparticle. In this case, the metal nanoparticle M is
fully covered from all the sides by the semiconductor material S, such as in
Ag@SiO2. Here, M@S is different from M(S, as in the former case, S acts as a
shell around the nanoparticle, while in the latter, S acts as substrate support.

11.3 Strategies to Increase the Efficiency
of Metal-Enhanced Photocatalysis

The photocatalytic efficiency depends upon factors like absorption of light, and how
the electron–hole pair are separated, and their correspond migration toward the
catalytic surface. This step is not trivial for the metal-induced photocatalyst because
of the presence of the unique electronic properties of these metal absorbers. The
maximum efficiency we can get with plasmonic metal nanostructures is only 8% in
spite of the perfect absorption. However, this limit can be exceeded by transforming
the electronic density of states of absorbers. Several attempts have been made to
increase the metallic nanoparticle efficiency, such as morphology control, nanos-
tructure construction, and catalytic decoration [16].

11.3.1 Light-Harvesting and Achieving Broadband
Absorption

For better utilization of solar energy, it is necessary to harvest a wide range of
wavelengths including the visible region. This strategy is also applicable to the
plasmonic photocatalysts. For example, if TiO2 is introduced with gold nanorods
(NRs), the longer wavelengths of light from the visible spectrum and beyond can be
harvested. The LSPR of gold NRs splits into two peaks, longitudinal and transverse,
and the resonance frequency of the longitudinal axis greatly depends upon the
aspect ratio (length divided by the width of the nanorod). This happens because of
the difference in the charge accumulation at both the axes. Charge accumulation is
directly proportional to the restoring force, which in turn is smaller for the longi-
tudinal axis due to less electronic charge displacement. The longer wavelength of
light can be harvested by changing the aspect ratios of these nanorods. When the
aspect ratio of these gold NRs is decreased, there is an overlap between the lon-
gitudinal and transverse plasmon resonance, and the shape changes from the rod to
almost spherical [17]. In this way, not only the transverse component helps in
harvesting the light but also the longitudinal component. Another example is Au
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NC/C–TiO2 (Fig. 11.3a). It is capable of harvesting visible light over a broader
range of sunlight for both photocatalytic aerobic oxidation of isopropanol and
photo-electrocatalysts. Experimental studies such as electromagnetic field simula-
tions and electron paramagnetic resonance confirm that the increased efficiency of
this photocatalyst is due to the plasmon-photon coupling, which is enhanced at the
interface between gold nanocluster and C–TiO2. It results in the generation of
high-energy hot electrons and hence increases photocatalytic efficiency [18]. The
shape of gold nanoparticles also affects the efficiency of these photocatalysts. The
decrease in the photocatalytic activity is in the following order—gold
nanospheres > nanorods > nanostars. It is probably due to the difference in the
charge carriers trapping for different geometries [19]. Light-harvesting is enhanced
not only by LSPR but also by interband transitions. Cu possesses a low interband
transition than Au, so it should have more photocatalytic activity. However, the
ease by which copper gets oxidized restricts its application [16].

Fig. 11.3 a A HAADF-STEM image of Au nanorod/TiO2 catalyst. Reprinted with permission
from [16]. Copyright (2013) Wiley-VCH. b Example of a charge transfer process across a
metal-semiconductor composite. Reprinted with permission from [20]. Copyright (2014) Royal
Society of Chemistry. c Reaction mechanism of production of H2 and O2 over Pt/Au/WO3.
Reprinted with permission from [23]. Copyright (2013) American Chemical Society. d Differential
H2O reduction over two different photocatalysts prepared using deposition–precipitation (DP) and
photodeposition (PD). Reprinted with permission from [26]. Copyright (2014) American Chemical
Society
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11.3.2 Enhancing Charge Separation

Reduction in charge separation leads to decrease in the performance of the pho-
tocatalyst due to ultrafast decay of the hot electrons from the semiconductor to the
metallic nanoparticles. The lifetime of these hot electrons is considerably shorter
(around 10–3 ns). For Au/TiO2 nanocomposites, the combination of these hot
electrons takes place just after 1.5 ns [16]. The separation of charge carrier can be
enhanced by loading gold nanoparticles onto a composite of anatase/rutile TiO2

[20]. This method is very efficient in reducing the rate of electron-hole recombi-
nation. Another example is the multicomponent junction Au–SrTiO3–TiO2 [21]. In
this, gold nanoparticles are irradiated with visible light, and the photoelectrons
produced are transported with the support of SrTiO3–TiO2 junction (Fig. 11.3b).
The driving force for this whole process is the generation of potential difference
through the different band energy levels. It results in the prevention of electron–hole
recombination and also backward charge transfer to the gold nanoparticles [21].
Another type of nanostructure is Au@CdS/SrTiO3, which reduces the ultrafast
decay of the photoelectrons by strong coupling with CdS quantum dots and by a
Schottky junction with SrTiO3 nanoparticles [22]. Another method of boosting the
efficiency of the photocatalyst is through interface designing. Plasmon-induced
interfacial charge separation aids in the decaying of the plasmons and thereby helps
in the direct excitation of the electrons from the metal to the strongly coupled
acceptor. This concept was applied to increase the quantum efficiency of Se–Au
NRs nanostructures [23]. Thus, we could see that the efficiency of the metal–
semiconductor composites can be increased by proper designing of the structure
and by interface engineering (Fig. 11.3b).

11.3.3 Decoration with Co-catalyst

Co-catalysts have a major role in increasing the efficiency of the photocatalyst. It
provides more charge separation and a greater number of active sites for the surface
reactions [16]. Generally, group VIII, IB, IIB, and P block metal elements act as
co-catalysts. One such example of such a photocatalyst is Pt/Au/WO3, used in water
splitting. In this system, the migration of electrons from the gold surface to the
platinum surface takes place where it induces the reduction of H+ ions to H2

gas (Fig. 11.3c). Firstly, gold nanoparticles are placed on the WO3 surface by
colloid photo-absorption, and then platinum is placed on the gold surface by
ordinary photo-absorption [24]. TiO2 nanofibres with Au and Pt co-catalysts were
used in the generation of H2, which is done by applying a dual-beam radiation.
First, the radiation of 420 nm is applied to excite the impurity or defects present in
the TiO2; subsequently, the second beam of radiation of wavelength 550 nm is
passed to excite the Au surface plasmon resonance. Due to this, the activity of H2

generation increases by a factor of 2.5 [25]. Similarly, O2 evolution is done using
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iridium co-catalyst loaded on plasmonic nanoparticles with TiO2 nanowires. This
technique improves the lifetime of the hot electrons and enhances the rate of
kinetics of the chemical reaction [26]. Decoration of the co-catalyst on the metal–
semiconductor composites is considered a difficult process as it requires a proper
preparation strategy to load the co-catalyst on the active site. Sometimes, the high
work function of the plasmonic nanoparticles decreases the effect of the co-catalyst
[16].

11.3.4 Particle Size Effect

The size of the nanoparticles plays a significant role in improving the efficiency of
the photocatalysts. The performance of the photocatalyst can be enhanced by
strengthening the LSPR. For instance, in photocatalyst Au/TiO2, different sized Au
particles were synthesized by a single-step (SS–Au/TiO2) and multi-step
photo-deposition (MS–Au/TiO2) methods. It was observed that Au particles syn-
thesized using the multi-step photo-deposition method showed larger LSPR than
the single-step photodeposition method. The photocatalytic H2 formation shown by
the MS–Au/TiO2 is four times more than the SS–Au/TiO2. Wei et al. [27] adopted
two different methods for preparing heterostructure Au–TiO2 nanoparticles with
sizes 4.4 ± 1.7 nm and 67 ± 17 nm, respectively. It was observed that larger Au
particles show a greater hydrogen production than the smaller Au particles. The low
electron density of smaller nanoparticles results in weaker intensity of the LSPR.
Therefore, transferred electrons are inadequate in bringing them to the energy level
higher than the hydrogen potential. However, the opposite trend is also observed in
the case of gold nanoparticles of different sizes loaded on fluorine-doped titanium
oxide nanocrystalline film. It was found that the rate of water oxidation increases
with the decreasing size of the nanoparticle. The above contradicting result has no
satisfactory explanation, and it needs further study and understanding [16].

11.3.5 Plasmonic Photocatalyst Composed of Silver
and TiO2 Nanoparticles

TiO2 is classically used as photocatalyst due to its ability to absorb photons in the
visible region. Its application has been extended to various areas of photocatalysis,
such as self-cleaning surfaces and photochemical super hydrophilicity. However, it
uses only 4% of the total solar energy to convert it into chemical energy. Due to this
reason, multiple methods have been employed by the researchers to enhance the
photocatalytic activity. It was found that improving the quantum yield, suppressing
the electron-hole combination, and extending the bandgap to the visible region can
increase the photocatalytic activity of TiO2. A new approach based on silver
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nanoparticles improves the photocatalytic activity of TiO2. Ag nanoparticles show
an intense LSPR band near the UV visible region. The enhanced near-field effect
could boost the excitation of electron–hole pairs present in the TiO2. However,
when silver nanoparticles come in contact with the TiO2, it forms silver oxide layer
at the interface of Ag–TiO2. To prevent the oxidation of silver nanoparticles, a thin
layer of SiO2 is fabricated between the Silver and TiO2. Further studies show that
the thickness of the layer must be kept very low as the electrons present in the
conduction band of the Ag nanoparticles can be affected by the SiO2 surface [18].
The efficiency of the photocatalyst decreases with increasing thickness of the SiO2.
TiO2-based plasmonic metal–semiconductor has also contributed to the enhanced
photocatalytic activity, such as the enhancement in the water splitting performance
compared to that of only TiO2. The increased efficiency is due to the formation of
electron–hole pairs near the surface of the semiconductor. Moreover, these elec-
tron–hole pairs help in separating the charge carriers so that they could move
toward the surface and perform photocatalytic reactions [7].

11.3.6 Plasmonic Photocatalysts Based on Silver
Nanoparticles and Silver Halide Nanoparticles

As we have discussed earlier, the photocatalytic efficiency of noble–metal
nanoparticles can be increased by placing them in direct contact with the semi-
conductor surface. Silver halides are rarely used as a photocatalysts because of their
unstable nature in sunlight. However, AgCl can photocatalyze O2 production from
water in the presence of silver ions in solution. Due to the strong LSPR shown by
the silver nanoparticles, the plasmonic photocatalyst Ag/AgCl shows strong
absorption in the visible region. It was found that the photodecomposition of methyl
orange dye using Ag/AgCl is about eight times greater than Ag/N–TiO2. However,
the Ag/AgCl photocatalyst is sensitive to sunlight due to the presence of point
defects and electron traps. The stability of the Ag/AgCl photocatalyst in the visible
region is because of the electrons generated from the photogeneration process, and
the holes are migrated to the AgCl surface where they oxidize the Cl− ions. Later,
the electrons are transferred to the oxygen present in the solution to form super-
oxide and other reactive species, as shown in Fig. 11.4a [7].

11.3.7 Plasmonic Photocatalyst Composed of Silver
Nanoparticles Based Composite Semiconductors

Plasmonic photocatalysts composed of different semiconductors can enable effec-
tive charge separation of electrons and holes. One such example of the composite
photocatalyst is Ag/AgBr/WO3.H2O (Fig. 11.4b). In this composite photocatalyst,
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the valence band and conduction band of AgBr lie at −5.95 eV and −3.7 eV,
respectively. In comparison, the valence band and conduction band of WO3∙H2O lie
at −6.574 eV and −4.404 eV, respectively. Moreover, the electrons, after photo-
generation, get transferred to the Ag nanoparticles and thereby increase the charge
separation between electrons and the holes. Due to the combined properties of both
plasmonic nanoparticle and the semiconductor composite, the material shows
higher absorption in the visible region. The high photocatalytic activity is evaluated
on E. coli bacteria. It was found that E. coli bacteria were photo-catalytically
destroyed by composite photocatalyst in just 20 min in contrast to other photo-
catalysts. Other examples of plasmonic Ag nanoparticles and composite semicon-
ductor photocatalyst are Ag/AgBr/BiOBr, Ag/AgBr/Al2O3, TiO2–Ag/AgBr and
Ag/AgCl/TiO2 [7].

11.3.8 Plasmonic Photocatalyst Composed of Carbon
and Ag Nanoparticles

Coupling of the plasmonic nanoparticles with carbon (Ag@C) helps in covering
and protecting the silver nanoparticles, and these composites are typically synthe-
sized by employing a hydrothermal process. It is found that the high photocatalytic
efficiency of Ag@C aids in the photodecomposition of the aqueous tetra-ethylated
rhodamine blue dye and gaseous acetaldehyde under visible light. Further study
reveals that TiO2C@Ag nanofibers increase the photocatalytic activity more than
that of pure TiO2 and TiO2@C nanofibers because of the higher light absorption in
the visible region. The photosynergistic effect between the Ag, TiO2, and carbon is
the reason behind the high absorption capacity and high charge separation between
electron–hole pairs [7].

Fig. 11.4 a A schematic of the mechanism of photooxidation of methyl orange by Ag@AgCl.
b The mechanism of photogeneration of electron–hole pairs and their migration and reactions in
plasmonic nanoparticle–semiconductor composite. Reprinted with permission from [6]. Copyright
(2012) Royal Society of Chemistry
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11.3.9 Plasmonic Photocatalyst Containing Graphene
and Ag Nanoparticles

Graphene has been under consideration for the fabrication of photocatalysts due to
its unusual properties such as high electron mobility and high conductivity.
Coupling of graphene with photocatalysts has added new properties such as high
dye adsorption capacity, extended light absorption range, and increased charge
separation. Thus, the overall catalytic efficiency is significantly increased due to the
introduction of graphene [28]. A new type of plasmonic photocatalyst that has
emerged is Ag/AgCl/GO. Where GO (graphene oxide) is used as a carrier for the
plasmonic photocatalyst (Ag/AgCl). GO uses a large portion of the visible light and
hence helps in making highly efficient photocatalysts and is four times more
effective than bare Ag/AgCl. The high photocatalytic efficiency is due to the
effective charge transfer from the Ag nanoparticles to the graphene layer. Further, it
reduces the rate of recombination of charge carriers [7].

11.3.9.1 Plasmonic Photocatalysts Composed of Au and Cu
Nanoparticles

Gold nanoparticles are very stable, and it shows very high absorption cross section
in the visible region and large scattering due to LSPR. The color of Au nanopar-
ticles strongly depends upon the shape, size, and morphology. Larger sized
nanoparticle absorbs radiation of larger wavelength because of higher electro-
magnetic retardation. Nanorods also show higher absorption of radiation than
spherical nanoparticles because it shows oscillations in two axes, longitudinal and
transverse. The greater the aspect ratio of the nanorods, the larger is the absorption
of the wavelength [7]. Au nanoparticles loaded with a metal oxide such as TiO2

have drawn the attention of researchers in recent years. When visible light falls on
the Au/TiO2, the LSPR of the Au particles gets excited and results in the interfacial
transfer of an electron to the conduction band of TiO2. Au/TiO2 surface activity can
be enhanced by surface modification without affecting the LSPR. Recent works
have been done on alloying the gold nanoparticles with copper, and it was found
that the alloying with copper increases the photocatalytic activity by 30% compared
to that of Au/TiO2 when employed for alcohol oxidation. A very thin layer of Cu
between Au/TiO2 increases the photocatalytic activity for the conversion of amines
into aldehydes [29].
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11.4 Applications of Metal-Semiconductor Hybrid
Photocatalysts

11.4.1 Solar Water Splitting

Around the Globe, the pre-eminent dependence on fossil fuels and the way they
intensify global warming and air pollution has affected our economy. Thus, as an
alternative to fossil fuels, solar energy has emerged as a promising way to generate
renewable energy with minimal impact on the environment [30]. It has attracted
much interest as it is a non-exhaustible natural source and provides clean fuel. The
efficient splitting of water into oxygen and usable hydrogen could be the type of
industrial photosynthesis that provides environment-friendly, cost-effective, clean
fuel whose only waste product is water.

Generally, water splitting is the process in which water is broken into its key
constituents, i.e., hydrogen and oxygen gases. This can be done by various methods
and techniques, but in this chapter, we will show only the metal-induced photo-
catalysis of water in the presence of visible light. The overall process of water
splitting into hydrogen and oxygen gases is a non-spontaneous reaction that
requires free energy of 237 kJ/mol (calculated using Nernst equation at standard
conditions) [31].

2H2O ! 2H2 þO2 DG� ¼ 237 kJ=molð Þ ð11:1Þ

During water splitting, a photon of energy greater than its bandgap is absorbed
by a semiconductor upon which the electrons get excited from their filled valence
band to the empty conduction band. This produces an exciton (i.e., a pair of electron
and hole) as the initial step of photocatalysis. Then these electrons and holes diffuse
into the semiconductor surface and participate in the “hydrogen evolution reaction
(HER) and oxygen evolution reactions (OER),” [32] shown with Eqs. 11.2 and
11.3, respectively.

2Hþ þ 2e� ! H2 ð11:2Þ

2H2Oþ 4Hþ ! 4Hþ þO2 ð11:3Þ

The two most commonly used and verified approaches for water splitting are
(11.2) one-step photoexcitation and (11.3) two-step photoexcitation systems
(Fig. 11.5a). Both these approaches have different setups and photocatalysts, but the
basic process occurring in both these approaches are similar. The overall water
splitting mainly depends upon the collective effect of the primary steps, i.e., light
absorption, charge transfer, and surface reaction. Both of these one and two-step
photocatalytic reactions of water splitting can be achieved by using the semicon-
ductor material with minor modification under visible light.
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The four basic processes that occur are (1) the absorption of the incident photon
by metal nanoparticles [33] because of their SPR effect, (2) ejection of electrons
from the metal nanoparticles to the empty conduction band of the semiconductor,
(3) the electron-deficient nanoparticle return back to their original metallic state by

Fig. 11.5 a Photocatalytic water-splitting occurs through two different mechanisms—one-step
and two-step. Reprinted with permission from [33]. Copyright (2010) American Chemical Society.
b Cartoon representation of photocatalytic CO2 reduction using a semiconductor material
conjugated with co-catalysts. Reproduced with permission from [36]. Copyright (2018) Wiley
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oxidizing H2O–O2, (4) transfer of electrons from the conduction band of the
semiconductor to the metal oxide nanoparticles which is acting as a co-catalyst
where reduction of H+ to H2 occurs.

The one-step photoexcitation process is an example of water splitting in which
both the catalytic sites on which oxidation and reduction take place are present on
the same single semiconductor photocatalyst. In this process, the excitons diffuse at
the surface of the semiconductor and involve in the HER and OER, and the main
necessary condition here is that the band edge should surmount the H+/H2 and O2/
H2O potentials. Therefore, in overall water splitting, four photons are utilized.

The two-step photoexcitation process involves the two different photocatalysts
that make H2 and O2 evolve separately. This technique is somewhat like the idea of
natural photosynthesis and is named the Z-scheme. The photogenerated holes in
oxygen evolutions photocatalysts (OEP) oxidize the H2O to O2, whereas the
electrons in hydrogen evolutions photocatalysts (HEP) reduce the H+ to H2, and the
photocatalytic cycle is completed by an aqueous or solid-state mediator. In
water-splitting by this approach, eight photons are utilized [32]. Due to the dif-
ference in photon utilized, the efficiency of the one-step photocatalysis is more than
that of the two-step photocatalysis process. However in the two-step photocatalysis
process, we can employ a wide variety of semiconductors due to the use of two
different photocatalysts. So, in order to utilize the maximum amount of solar
energy, one should attain the overall water splitting at low energy irradiation
because as the wavelength increases, the available number of photons in the solar
spectrum increases [34]. In the future, one can think of the setup of a water-splitting
reactor that can separate H2 and O2 and also conceptualize a solar hydrogen
chemical plant for generating renewable energy.

11.4.2 Utilization of CO2 for Solar Fuels

In this era of growing consumption of fossil fuels, the enormous emission of CO2 is
a significant source of environmental pollution, which is a matter of global concern.
The heat trapped by the accumulation of CO2 in the atmosphere is responsible for
the increase in the earth’s surface temperature [35]. To mitigate this problem, we
require environment-friendly and renewable sources of energy with minimum CO2

emission. Solar energy emerges as the big contender as it is bountiful and can
enable the photolytic reduction of CO2 to solar fuels and reduce the concentration
of CO2 in the atmosphere.

In recent times, various semiconductors have been developed, which can facil-
itate CO2 reduction such as TiO2, Fe2O3, CdS, and g–C3N4. But these semicon-
ductors suffer from low photoconversion efficiency due to their large bandgap,
which requires UV light for excitation. Only 5% UV and 45–50% visible light are
available from the solar spectrum, so modifications are needed to increase the
efficiency of the catalysts. Photocatalytic reduction of CO2 is similar to the con-
version of solar energy into fuels, just like natural photosynthesis (Fig. 11.5b).
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The reduction of CO2 by photocatalysis [36] can be completed in four steps: (1) the
adsorption of the CO2 on the semiconductor, (2) absorption of incident photon
energy to generate the electron–hole pair, (3) the separation of electron–hole pair
and their transfer to the photocatalytic surface, and (4) the reduction of CO2. The
surface modification of semiconductors provides a large specific surface area and,
consequently, a greater number of surface-active sites, which improves the ability
of CO2 adsorption. The other approach to modify the surface is to make the surface
of semiconductor alkaline since CO2 is acidic in nature and therefore can be easily
chemisorbed.

Another modification that is required for the utilization of solar radiation is to
reduce the bandgap of the semiconductor, which is done by doping the semicon-
ductor with metals or non-metals. Attaching plasmonic nanoparticles to the surface
of the semiconductor can increase the efficiency of electron-hole pair generation by
implanting “hot electrons” from nanoparticles to the semiconductor, thus triggering
the photocatalytic reaction [36]. The electron–hole pairs that are generated are very
prone to recombination to create useless heat, so to use them in the proper direction,
they must be separated from each other. Specifically, for this function, co-catalysts
like metals on carbon material such as graphene and carbon nanotubes are intro-
duced that reduces the possibility of recombination by accepting the electrons in the
photocatalyst. As the CO2 molecules are highly stable, the electrons having suffi-
cient reduction potential can stimulate the reduction of CO2 [37].

CO2 þ 2Hþ þ 2e� ! HCOOH E� ¼ �0:61 V versus NHE at pH ¼ 7
CO2 þ 2Hþ þ 2e� ! COþH2O E� ¼ �0:53 V versus NHE at pH ¼ 7
CO2 þ 8Hþ þ 8e� ! COþH2O E� ¼ �0:24 V versus NHE at pH ¼ 7

As the production of CH4 and CH3OH requires multiple electrons [38], it is
desirous to rack-up electrons at the particular site. However, doping can curb the
growth of particles and limit the size. Additionally, over-doping can lead to the
introduction of crystal defects, which will ultimately reduce performance. Metal
doping suffers from photo-corrosion, which reduces its durability; hence, doping
with non-metals is preferably used for ensuring high photostability.

The plasmonic nanoparticles can harvest visible light for photocatalysis because
of their SPR effect and the presence of high-energy hot electrons, which can be
transferred directly to the semiconductor and help in achieving a visible
light-catalyzed reduction of CO2 [36]. Plasmonic nanoparticles provide other
advantages due to their photostability, and by adjusting their shape and size, we can
tune the light absorption ability. Additionally, only a minute amount of materials is
required for improving the efficiency and induces a local electrical field that is
beneficial for exciton separation. Heterojunction construction using semiconductors
ensures fast exciton separation and also provides distinct sites for oxidation and
reduction for enhanced photocatalytic CO2 reduction.

In the future, metal and non-metal incorporation will be gradually replaced by
carbon-based materials due to their extraordinary properties such as high resistance
to corrosion, high electrical conductivity, large surface area, and lesser costs.
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Further work needs to be done on ensuring the reproducibility of the photocatalysts
and promoting the selectivity for the formation of different hydrocarbon fuels [37].

11.4.3 Activation of Inert (C–H) Bond

In today’s world, one of the widely used fuel is “Natural Gas,” which contains a
huge number of hydrocarbons that remain unused. Hydrocarbons can generally be
classified into two types: saturated and unsaturated, where the later ones are less
stable and subject to the attack of reagents. But in contrast, saturated hydrocarbons,
usually alkanes, contain C–C and C–H single bonds, which are highly stable [39].
There is almost no or negligible difference in the order of reactivity of various
carbon–hydrogen bonds, due to which it is very difficult to target a specific bond.
Over the last few decades, chemists have developed various methods in which the
introduction of transition metal into the C–H bond takes place, which is known as
“oxidative addition.” However, only less than half of the hydrocarbons are reactive,
and the reaction does not take place in a single step. The main drawback is that it
requires the same equivalents of both hydrocarbon and metal, and the two are
completely consumed. So modified photocatalysts that activate the C–H bond by
utilizing the visible light are preferably used. As the C–H bond is highly stable, it
can be activated using a heteroatom radical-mediated process such as the Hofmann–
Loffler–Freytag and Barton reactions [39]. However, the generation of heteroatom
radical species is difficult as it requires high energy. Therefore, we are particularly
restricted to modified metal-induced photocatalysis. It provides an easy route for
selective functionalization-controlled activation of inert C–H bonds. The very first
step is to absorb the visible light by the photocatalyst, and the photocatalytic
reduction of a compound takes place which contains a bond between heteroatoms
such as N-alkoxy phthalimide. The photolytic cleavage of the N–O bond provides
the O and N radicals, which can abstract a hydrogen atom to reform a strong OH
and NH bond. The radical species perform the activation of inert C–H bond by 1,5
HAT process (1, 5 hydrogen atom transfer) [40] and the newly formed carbon
radical can be trapped and reacted with various radical acceptors in a controlled and
selective manner to form new C–C bonds. These photogenerated O and N radicals
open new opportunities to develop the reactions which can directly convert N–H
bond to N radical and may provide an easier and cost-effective path for C–H bond
activation.

11.4.4 Nitrogen Fixation

Every living organism utilizes nitrogen in one way or another to synthesize amino
acids, biomolecules, and proteins. Despite having a huge reserve of nitrogen in the
earth’s atmosphere, it cannot be directly utilized by the organisms due to its
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molecular form, which has high ionization energy, negative electron affinity, and
strong nonpolar N–N triple bond. However, there is an industrial process that
converts N2 and H2 into NH3 by using Fe as a catalyst [41]. The main drawback of
this reaction is that a large amount of energy is required, and a large amount of CO2

is released into the atmosphere. Taking inspiration from natural nitrogenase, the
photolytic reduction of N2 utilizes water as a solvent and uses cost-effective
semiconductors and solar energy to drive the reaction. But the efficiency is very low
due to the poor interfacial charge transfer as the maximum excitons try to recom-
bine among themselves rather than transfer to the nitrogen molecule. Another
hurdle is that the reduction potential of the reduced or protonated form of
high-energy nitrogen intermediate cannot be energetically accessed by the con-
ventional semiconductors [41].

N2 þ 1e� ! N�
2 reduction potential �4:2 V vs. NHEð Þ

N2 þHþ þ 1e� ! N2H reduction potential �3:2 V vs. NHEð Þ

To overcome these problems, chemists have proposed the implantation of
oxygen vacancies on the semiconductor, which can adsorb and activate the N2

molecules due to the availability of localized electrons in large quantities [42]. The
presence of defects on the surface in the form of oxygen vacancies is able to trap the
excitons and prohibit their recombination, thus helping in the transfer of these
species to the adsorbates. The semiconductors consisting of semimetals that are
responsive to visible light are selected because of their suitable energy band
position and a layered structure [43]. The oxygen vacancy mediates the activation
of N2 by transferring electrons to the antibonding orbitals of N2 to produce
high-energy intermediates where the extent of activation is checked by the N–N
bond length. The overall reaction proceeds as:

2N2 gð Þþ 6H2O 1ð Þ ! 4NH3 gð Þþ 3O2 gð Þ ðk[ 420 nmÞ

The overall mechanism consists of adsorption and activation of N2 by oxygen
vacancies (OV’s), and the protonation of each successive intermediate occurs
through hydrogenation by associative mechanism and results in the formation of
NH3 or its derivatives. The presence of metals which can show SPR effect can
further enhance these processes [42], through hot electron injection and
plasmon-induced resonance-free energy transfer. Surface plasmon of metals can
enable a wide range of photon adsorption, and the hot electrons help in the charge
separation and the photolytic reduction of N2. To utilize the full potential of solar
energy, such surface modifications of photoelectrodes can be adopted for N2 fix-
ation in the future.
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11.4.5 Photocatalysis for Green Organic Synthesis

In the twenty-first century, the main challenge for scientists is to reduce the envi-
ronmental impact of chemical reactions by performing them using renewable
energy sources through pollution-free techniques. Most of the organic synthesis
methods require catalysts at high temperatures to yield higher yields. One of the
major limitations is that they produce undesirable by-products at such high tem-
peratures [44]. In the last decade, chemists focused on the development of
heterogeneous catalysts and also innovating new photocatalysts. The direct pho-
tocatalysts based on metal–incorporated semiconductors involve the same mecha-
nism discussed earlier [45]. However, there still exists problems of exciton
recombination, reduced quantum yield, and energy lost during charge transfer. The
plasmonic metal nanoparticles, which use their LSPR effect, involve the harvesting
of light, charge transfer to the surface adsorbate, and the subsequent photocatalytic
activity on the surface [46]. Basically, the charge transfer follows two principal
mechanisms: direct and indirect. In the direct mechanism, the charge transfer occurs
through the plasmon-mediated charge scattering. Whereas, in the indirect mecha-
nism, the energetically excited charge carriers favor the transfer to the acceptor
orbitals (LUMO) of the absorbate. Here a few reactions are discussed which utilized
the plasmonic metal nanoparticles mediated photocatalysis:

(a) Photocatalytic selective Oxidation: alcohol to aldehyde

Upon visible light irradiation, LSPR generation on the metal nanoparticles produces
energetic electrons on the surface that are captured by the pre-adsorbed O2 mole-
cules to form O2

− species (Fig. 11.6a). As the (−CH2−) group of benzyl alcohol has
an active a-hydrogen, the electrochemically polarized metal nanoparticles readily
abstract the a-hydrogen from the surface adsorbed benzyl alcohol to form the
metal-hydrogen (M–H) surface species [46]. After this, the O2

− species utilizes the
M–H hydrogen to form water as a by-product. Meanwhile, the adsorbed benzyl
alcohol releases the electrons that are captured by the electron-deficient metal
nanoparticles to restore the catalytic activity. Finally, the benzylic alcohol radical
automatically releases the hydrogen of the hydroxy group to form the C–O bond,
and the final product is desorbed from the surface.

(b) Photocatalytic selective Reduction: Nitrobenzene to azobenzene

The photoreduction process occurs in the solution phase, which requires a solvent
that can perform both as a hydrogen donor and the solvent. The main
photo-catalytically active center for these reactions is the metal–hydrogen surface
species (M–H) (Fig. 11.6b). As the metal nanoparticles are irradiated by visible
light, the energetically excited electrons generated through LSPR are able to
abstract hydrogen from the solvent (isopropyl alcohol) to form the active photo-
catalytic center [45]. Thereafter, the M–H species combines with the N–O bond
of the nitrobenzene to yield the HO–M species. The interaction of high-energy
electrons with the electrophilic nitro group favors the cleavage of the N–O bond.
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Then the HO–M species transfers hydrogen to the nitrogen atom and releases
oxygen gas to transform into the original state to recycle the photocatalytic activity
of the material.

These are a few of the reactions demonstrated, and photocatalysis has a wide
range of applications such as degradation of volatile organic compounds. More
interesting discoveries are waited for trailing the environmental remediation and
eco-friendly chemical transformations.

11.5 Photocatalysis in the UV Range

The absorption by coinage metals shows localized surface plasmon resonance in the
visible region, whereas it is debatable whether absorption by other metals in the
UV–Visible range is attributed to LSPR or interband transition [47]. In particular,
gold nanoparticles are significant as they can absorb visible light via surface
plasmon resonance (SPR) to enhance photocatalytic reactivity [48]. In addition,
supported Au nanoparticles can also absorb ultraviolet (UV) via electron interband
transitions from 5d to 6s [49, 50].

Fig. 11.6 a Visible light-driven mechanism of oxidation of aromatic alcohol on gold–palladium
alloy nanoparticles. b Schematic showing mechanism of reductive coupling of nitrobenzene.
Reprinted with permission from [45]. Copyright (2015) Royal Society of Chemistry.
c Development of gold insulator-based photocatalysts. Reprinted with permission from [43].
Copyright (2013) Royal Society of Chemistry. d Natural versus artificial photosynthesis.
Reprinted with permission from [50]. Copyright (2008) Royal Society of Chemistry
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11.5.1 Solar Water Splitting

The water-splitting photocatalysis is an example of artificial photosynthesis and
indeed its challenging. The two essential processes that take place during photo-
synthesis are the production of oxygen by oxidation of water and reduction of
carbon dioxide (Fig. 11.6d). The reduction and oxidation processes for water
splitting can be achieved using semiconductor photocatalysts consisting of transi-
tion metal oxides. Semiconductors due to their unique electronic properties can act
as sensitizers for the light-induced redox reactions. The electronic structure of
semiconductors consists of filled valence band and an empty conduction band.
When they are irradiated by light of frequency equal or greater than their bandgap,
electrons from valence band (VB) get promoted to conduction band which leads to
the formations of electron–hole pairs. The electrons in the conduction band facil-
itate the reduction of water to form hydrogen, whereas the holes in VB’s are
responsible for the oxidation of water to produce oxygen. For the production of
hydrogen gas, the redox potential of conduction band should be more negative than
redox potential of H2/H2O (0 V vs. NHE), and for the production of oxygen, the
oxidation potential of valence band should be more positive than O2/H2O (1.23 V).
Thus, the bandgap should be larger than 1.23 eV to perform water splitting.
Semiconductor photocatalysts consisting of stable oxides and having metal cations
(Ti4+,Zr4+,Ta5+,W6+) with d0 configurations [51] and metal cations with d10 con-
figurations have their valence band which consists of O 2p orbitals, which are more
positive(3 eV) than oxidation potential of water. This results in wider bandgaps,
and due to their wider bandgaps, they respond to only UV light [52]. Nitrides and
oxynitride can often be used for the photocatalysis of water splitting because they
harvest solar light very efficiently [53].

11.5.2 CO2 Photoreduction

CO2 can be converted into various useful chemicals like HCOOH, HCHO, and
CH3OH and hydrocarbons like methane and so on. In 1978, Halmann did
pioneering work on photocatalytic reduction of CO2 [54]. Then, in 1979 it was
demonstrated by Inoue et al. that CO2 could be photoelectrically reduced to produce
organic compounds by using semiconducting photocatalyst [55]. Among various
useful chemicals produced by CO2, HCOOH is highly desirable because it acts as a
raw material for H2 production and is also widely used in chemical and energy
industries as a fuel [56]. Here we discuss the photocatalytic reduction of CO2 to
HCOOH using Cu–Zn nanoparticle-loaded SrTiO3. Copper has unique properties
like its high abundance, nontoxicity, and brilliant finish. The alloy Cu–Zn can
convert CO2 into HCOOH selectively in aqueous medium at room temperature.
Cu–Zn nanoparticle-loaded SrTiO3 acts as an efficient photocatalyst that can
selectively convert CO2 into HCOOH under UV radiation. It was observed that
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under UV irradiation, HCOOH is produced as the major product while methane and
CO are also produced, their production was limited, and a negligible amount of H2

was also detected. This highlights the selectivity of the Cu–Zn co-catalyst for CO2

reduction.
The reason for the selectivity of Cu–Zn alloy electrode is based on two factors:

(1) CO2 reduction pathways
(2) The state of the catalyst surface.

By studying numerous CO2 reduction pathways, it was analyzed that HCOOH
formation is initiated by a CO2 radical, which has weak adsorption on the catalyst
surface [57]. Due to this weak adsorption of CO2 anion radical, the transfer of one
electron to CO2 takes place, whereas a CO2 anion radical show hydrogenation,
thereby forming HCOO−. Here in the Cu–Zn based system, the adsorption of a CO2

anion radical on the Zn surface is weak. Therefore, the major product of CO2

reduction is HCOOH. On the other hand, when the catalyst surface shows high
adsorption for a CO2 anion radical, it leads to the formation of CO. Furthermore, if
metal possesses weak adsorption for CO radical, it will desorb from the surface of
metal which results in the production of CO. But, if the metal surface has enough
adsorption strength to stabilize CO radical on its surface, then the formation of CH4

or CH3OH takes place. When both Cu and Zn are combined at an atomic scale,
adsorption of both CO2 anion radical and CO radicals gets decreased, which leads
to the formation of HCOOH as a major product [58].

11.5.3 Activation of Inert molecules—the Cases
of N2 and CH4

The first reported conversion of N2 into NH3 under UV radiations was given by
Schrauzer et al. in 1977 [59]. CH4 is the type of hydrocarbon which are the highly
stable and are widely distributed in nature. The high abundance of methane is one
of the promising factors that compel us to use this hydrocarbon as an alternative for
fuel and chemical industry [60]. It has always been of interest to convert CH4 into
useful hydrocarbons and hydrogen. But it is challenging due to its inert nature or
high stability and high-energy requirements for the conversion processes. Various
schemes have been employed for the photolytic oxidation of CH4. The photocat-
alytic oxidation of CH4 over Ag decorated Zn nanocatalyst was reported by Yi et al.
[61]. It shows how the reduction in particle size of zinc to the nanoscale can
increase the activity of the oxidation of methane in sunlight and how the photo-
catalytic activity for the oxidation process can be enhanced further by decorating
with silver. This additional enhancement is attributed to the LSPR effects.
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11.6 Conclusions and Future Outlook

The world today is facing challenges in solving the energy crisis issues in the form
of greenhouse effect, excess carbon dioxide emissions, global rise in temperature,
etc. Additionally, there are challenges such as mitigating the projected energy crisis
and finding alternative energy sources that are clean and renewable. Efforts to
address these problems require harnessing of emergent and green chemistry, which
can be further accentuated by advanced photocatalysts that can provide an
energy-efficient way of chemical conversion. Among all existing sources, hydro-
gen, due to its high-energy capacity and environmental friendliness, is one of the
most popular choices. Thus, photocatalytic processes such as water splitting come
as a solution that will contribute to solving the energy crisis and environmental
issues through a sustainable and environment-friendly way. Such photocatalyst
needs to be good absorbers of sunlight and needs to have high stability and
favorable band structures. The incorporation of plasmonic entities has greatly
influenced the catalytic activity due to the generation of hot electrons, hotspots and
enhanced electromagnetic field, among others. In today's scenario, the photore-
duction of carbon dioxide can be the most promising solution since it can be
executed just by using sunlight. We are aware that coal is a national treasure; thus,
controlling CO2 emissions is one of the largest technical challenges faced by the
fossil energy industry. Photocatalysts also play an important role in the catalytic
conversion of CO2 and other inert molecules, which is of utmost importance as it
will help us decrease environmental-related problems and provide scope for
renewable sources of energy, i.e., green and clean energy. In all these applications
of photocatalysts, the role of metals and plasmonic materials has resulted in some
fundamental breakthroughs which have captured our imagination and have thrown
light into the mechanism of charge transfer. Further work is needed to fully realize
the potential and address several problems which are affecting semiconductors-
based photocatalysis such as charge transport and rapid recombination. Several of
these mechanisms have been discussed in this chapter, and with the advent of
advanced spectroscopies, both steady-state and ultrafast, would help in investi-
gating the charge separation and transport at the semiconductor heterojunction-
based photocatalysts, thus giving more clear ideas about solving the low efficiencies
and enabling the fabrication of highly energy-efficient photocatalysts.
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Chapter 12
The Role of Oxygen Vacancy and Other
Defects for Activity Enhancement

Marcin Janczarek, Maya Endo-Kimura, Tharishinny Raja-Mogan,
and Ewa Kowalska

Abstract Titania (titanium(IV) oxide; TiO2) has been intensively studied for both
fundamental and applied photocatalysis because of high photocatalytic activity,
abundance, low costs, and stability. However, the inability of working under
visible-light irradiation and recombination of charge carriers limit its broad com-
mercialization. Accordingly, various methods of titania modification have been
proposed, including the preparation of defect-rich titania samples. This chapter has
focused on this aspect, discussing self-doped titania photocatalysts, including defect
types, synthesis methods, and their applications for photocatalytic degradation of
organic compounds and solar energy conversion. Additionally, more complex
photocatalysts, such as self-doped titania co-modified with other elements (metals
and nonmetals) and novel structures of titania, i.e., inverse opal photonic crystals
with introduced defects, have also been discussed. Finally, antimicrobial properties
of defective titania and other semiconductors have been presented, confirming that
these photocatalysts are highly promising as effective, green, and cheap materials.

Keywords Defective titania � Surface vacancies � Ti3+ � Photonic crystals �
Antimicrobial properties � Vis-responsive photocatalysts � Titania modification �
Cancer therapy

12.1 Introduction

Over the past 40 years, titanium dioxide (TiO2; titania) has been of great interest,
because of its exceptional properties as an efficient photocatalyst in various redox
reactions. Although titania has been widely investigated and even commercially
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used (e.g., as self-cleaning coatings), there are two main shortcomings that limit its
broader applications, i.e., light sensitivity only in the UV range of irradiation (k
400 nm; depending on polymorphic form), and charge carriers’ recombination
(typical for all semiconductors). Accordingly, the properties of titania have been
improved by various methods [1, 2], including surface modification [3], doping [4],
heterojunction formation with other semiconductors [5, 6] and nano-architecture
design of advanced morphology, e.g., faceted nanoparticles [7, 8], nanotubes [9],
and inverse opal structures (photonic crystals) [10]. The introduction of external
species to titania structure and the interaction between modifier/dopant and titania
brings many challenges, such as intrinsic stability and real possibility of com-
mercialization of designed visible-light active photocatalysts. Another method, i.e.,
the defect engineering of semiconductors, has also been proposed and recognized as
a promising direction to improve the photocatalytic efficiency. First, numerous
studies have shown that the introduction of defects, such as oxygen vacancies or
Ti3+ species, can shift the photoabsorption properties into visible-light region of
irradiation, and thus, even unmodified titania has been described as “self-modified/
doped titania” [11, 12]. Furthermore, oxygen vacancies can affect also the charge
transport [13] and surface properties of titania [14]. The influence of the presence of
these defects on various properties of photocatalyst is still under debate.

12.2 The Character of Defect Disorder in Titania

The defect disorder in titania might be described by the presence of three types of
ionic defects: (i) oxygen vacancies, (ii) titanium interstitial (e.g., hydrogen or
nonmetal dopants), and (iii) substitutional impurity (e.g., metal or nonmetal
dopants) [14–16]. The formation of intrinsic defects can be described using the
Kröger–Vink notation by the following example of defect equilibria (12.1) and
(12.2) [15, 17]:

Ox
O $ V��

O þ 2e0 þ 1
2
O2 ð12:1Þ

TixTi þ 2Ox
O $ Ti���i þ 3e0 þO2 ð12:2Þ

where

Ox
O O2− ion in the oxygen lattice site,

V��
O oxygen vacancy,

e0 Ti3+ ion in the titanium lattice site (quasi-free electron),
TixTi Ti4+ ion in the titanium lattice site,
Ti���i Ti3+ in the interstitial site.
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The formation of doubly ionized oxygen vacancy and trivalent titanium inter-
stitial is shown in Fig. 12.1a and b, respectively.

The relationships between oxygen vacancies and Ti3+ are complex, and three
basic cases could be distinguished: (i) the electric charges of Ti3+ species in TiO2

might be balanced by oxygen vacancies ! Ti3+ and oxygen vacancies appear/
disappear simultaneously, (ii) besides Ti3+ and oxygen vacancies a certain amount
of structural defects are present ! inequalities between Ti3+ and oxygen vacancies
occur, (iii) electric charges of Ti3+ species in TiO2 are balanced by protons ! Ti3+

that has no direct connection with oxygen vacancies [12]. Furthermore, it is nec-
essary to underline that the ionic defects are responsible for the formation of donor
and acceptor levels in the electronic structure of titania (Fig. 12.2) [19]. It has been
stated that the introduced localized oxygen vacancy states at energies from 0.75 to
1.18 eV below the conduction band minimum of titania [20].

Fig. 12.1 Formation of doubly ionized oxygen vacancy (a) and trivalent titanium interstitial (b):
large and small circles represent lattice oxygen and titanium ions, respectively; black circles denote
electrons, and the square represents an empty lattice site. Reprinted with permission from [18].
Copyright 2011, American Chemical Society

Fig. 12.2 Band model of
TiO2 with the indication of
the energy levels of intrinsic
lattice defects. Reprinted with
permission from [19].
Copyright 2008, American
Chemical Society
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Furthermore, oxygen vacancies might also influence the electron-hole recom-
bination phenomenon, changing chemical rates that depend on charge transfer from
either electrons or holes [21].

12.3 Methods of Defects’ Introduction and the Properties
of Defective Materials

Modification of defect disorder can be conducted by: (i) changes of the
titanium-to-oxygen ratio and related concentration of point defects (self-modified
titania), and (ii) incorporation of higher- and lower-valence ions, forming donors
and acceptors, respectively [18]. It is important to state that the excess of electrons
located on oxygen vacancy states affects the surface adsorption and reactivity of
key adsorbates, such as O2 and H2O on titania [22]. Furthermore, theoretical cal-
culations show that a high vacancy concentration could induce a vacancy band of
electronic states just below the conduction band. Therefore, the development of
controllable synthesis of titania with oxygen vacancies with the possible adjustment
of its intrinsic properties important for photocatalytic applications is of great
importance [23].

12.3.1 Self-Modified Titania

The first group of methods to obtain defected titania without introducing additional
species is to reduce titania to form oxygen-deficient, non-stoichiometric titania
(TiO2−x). The most commonly used reductant is hydrogen (H2). Hydrogen reacts
with the lattice oxygen to form oxygen vacancies in titania, and simultaneously one
oxygen vacancy leaves behind two excess electrons. The mentioned electrons might
locate at titanium positions (forming Ti3+) or remain at the positions of oxygen
vacancies [12]. For example, Liu et al. treated titania powder with hydrogen gas at
high temperatures and estimated the photocatalytic properties of prepared materials
[24]. They observed the improvement of photocatalytic activity for phenol degra-
dation. An optimal H2-treatment temperature was found to be between 500 and
600 °C. According to EPR studies, it was observed that first oxygen vacancies were
generated, and then with an increase in temperature above 450 °C also Ti3+ defects
were formed. It was concluded that both oxygen vacancies and Ti3+ were attributed
to the enhancement of photocatalytic activity [24].

The hydrogenated titania (black samples) exhibiting solar-induced photocatalytic
activity (related to methylene blue and phenol degradation, and hydrogen genera-
tion with Pt-particles presence as co-catalyst) was also prepared by Chen et al. [25].
They applied H2-thermal treatment in high-pressure hydrogen system (20 bar) at
200 °C for 5 days. In this case, the presence of mid-gap electronic states in the
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lattice disordered titania structure was indicated as the main reason of observed
photocatalytic behavior [25, 26]. In another study, Wei et al. synthesized hydro-
genated (001)-facets-dominated anatase nanosheets [27]. These materials showed
higher UV–visible and visible-light irradiation-induced photocatalytic activity than
pristine TiO2. The presence of both oxygen vacancies and Ti3+ was detected. It was
proposed that these defects induced the adsorption of O− species on the titania
surface, resulting in a significant bandgap narrowing [27], as also confirmed by the
work of Naldoni et al. [28]. Sinhamahapatra et al. applied modified method to
prepare black titania, called as magnesiothermic reduction of titania under H2 (5%)/
Ar atmosphere [29]. They observed outstanding photocatalytic activity of prepared
samples (visible-light-induced hydrogen generation) due to the extended absorption
of visible light, optimal band position, the presence of an appropriate amount of
oxygen vacancies and Ti3+ and hindered charge carriers’ recombination. It has been
proposed that surface defects and/or oxygen vacancies might be considered as one
of the property factors, acting as electron donors to enhance donor density and
improving the charge transfer in black titania [29–31].

However, different observation was made by Leshuk et al. for black titania,
prepared by high-temperature hydrogenation (up to 450 °C) under 20 bar H2 for
24 h [32]. The deterioration of photocatalytic activity under sunlight irradiation
during degradation of methylene blue was observed for hydrogenated samples with
an increase in H2-treatment temperature, despite strong visible-light absorption. It
was proposed that a decrease in activity was caused by the presence of vacancy
defects confined to the core of titania crystals rather than to their surface, and, in
that case, they could behave as trap states and charge recombination centers [32].
Therefore, the proper conditions for hydrogenation of titania (temperature, H2

pressure, treatment time) are very important to adjust the proper ratio between
surface and core defects, such as oxygen vacancies.

Other approach for the preparation of self-doped titania to avoid the
high-temperature requirement and excessive energy consumption in H2-gas
hydrogenation is to apply mild sources of hydrogen, such as NaBH4 [33]. Xing
et al. successfully prepared self-doped titania nanoparticles (NPs) by a simple
one-step solvothermal method with NaBH4 added as a reductant [34]. Self-modified
titania samples have shown a good visible-light photocatalytic activity for phenol
degradation, which could be directly correlated with the concentration of Ti3+ and
oxygen vacancies. In another work, Fang et al. obtained self-doped TiO2 samples
also through NaBH4 reduction step [35]. The high photocatalytic activity for
degradation of Rhodamine B under visible-light irradiation was reported. It has
been proposed that as the consequence of visible-light irradiation of photocatalyst,
the electron is excited to the impurity level resulting from the presence of Ti3+ and
oxygen vacancies. The life of the photoinduced electron in the oxygen vacancy trap
is longer than that in conduction band, and thus leading to reduction of oxygen and
formation of superoxide radical, what enhances photocatalytic activity [34].
However, it should be pointed out that application of dyes for vis-activity testing is
not recommended due to possible dye-sensitization of semiconductors [36], and
thus vis-response should also be confirmed for colorless compounds.
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Interesting and economic synthetic approach to obtain self-modified titania was
applied by Xing et al. via low-temperature vacuum-activated method [37]. The
photocatalysts possessed higher visible-light activity in degradation of methyl
orange and phenol than commercially available unmodified Degussa P25 titania
(P25 is probably the most investigated titania, composed of anatase, rutile, and
amorphous phase, with one of the highest photocatalytic activities among titania
samples, and thus commonly used as a reference sample [38–40]). It was confirmed
(by EPR method) that three types of oxygen vacancy states existed in the bandgap
of vacuum-activated titania, i.e., Ov

++, [Ov�Ti3+]+, and [Ov�Ti3+]0, as shown in
Fig. 12.3. It was found that neutral [Ov�Ti3+]0 has been readily transformed to
[Ov�Ti3+]+ in the presence of O2 and light irradiation. This transformation might
move up the oxygen vacancy color center, resulting in a decrease in the visible-light
response and color decay [37].

In another research, Xia et al. prepared vacuum-treated titania nanocrystals [41].
It was proposed that the long-wavelength optical absorption was caused by the
existence of oxygen vacancies and Ti3+ defects, and also possible surface structural
disorders. Both oxygen vacancies and Ti3+ defects influenced the photocatalytic
activities in methylene blue decomposition and hydrogen generation. Interestingly,
it was found that oxygen vacancies positively influenced the decomposition of
methylene blue but harmed the photocatalytic hydrogen generation. Accordingly, it
was proposed that the vacuum-induced formation of Ti3+ could be associated with
the formation of oxygen vacancies as [41]:

2Ox
O þTixTi $ 2V��

O þ 3e0 þTi0Ti þO2 ð12:3Þ

where

Ti0Ti Ti3+ in the lattice titanium position.

Since superoxide ions are generated at oxygen vacancy sites in the photocatalyst
through reaction (12.4) [41]:

O2 þV��
O þ e0 ! O��

2ðvÞ ð12:4Þ

where

O��
2ðvÞ the superoxide ion generated in the oxygen vacancy sites,

the amount of superoxide ion generation is highly affected by the availability of
oxygen vacancy sites in titania. Dong et al. have postulated that the enhanced
photocatalytic activity of vacuum-activated P25 is attributed to the high separation
efficiency of photogenerated electron–hole pairs, caused by decreasing the ratio of
bulk and surface oxygen vacancies [42].

Katal et al. applied different synthesis strategies to generate surface oxygen
vacancies using vacuum [43]. They transformed Degussa P25 titania pellets by
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sintering at different temperatures (500–800 °C) under vacuum conditions. The
color of pellets changed from white to black due to the presence of both oxygen
vacancies and Ti3+, corresponding to the bandgap narrowing. It was found that the
density of oxygen vacancy influenced the solar light-induced photocatalytic
activity, tested for acetaminophen degradation. Furthermore, it has been found that
the density of surface oxygen vacancies can be optimized; i.e., the density higher
than the optimum value has a negative effect on photocatalytic activity [43].

Fig. 12.3 Band structure model and color changing for vacuum-activated TiO2 and the illustration
of its photosensitive property in the air. Reprinted with permission from [37]. Copyright 2011, The
Royal Society of Chemistry
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12.3.2 Modification of TiO2 by Metal and Nonmetal
Elements

Modification of titania by metal and nonmetal elements might also introduce both
types of defects. For example, interesting correlations were reported for nitrogen
doping of TiO2 by Batzill et al., where Ti3+and oxygen vacancies occurred
simultaneously with nitrogen doping, as confirmed by DFT calculations [44].
Similarly, Huang et al. observed for N-doped titania nanowire arrays, obtained by
annealing of titania under H2 and NH3 atmosphere, the presence of substitutional N
and Ti3+ doping, resulting in enhanced water oxidation induced by visible light
[45]. In contrast, other research reports showed that titania annealing in NH3 gas
atmosphere resulted not only in nitrogen doping but also the introduction of oxygen
vacancies. It has been postulated that the visible-light activity of these materials is
originated from a synergistic effect of substitutional N species and oxygen vacan-
cies [46].

Another nonmetal element showing successful synergistic effect with defects
was sulfur. Yang et al. showed that S–TiO2−x material with a core-shell structure,
prepared through post-thermal treatment in H2S atmosphere, exhibited a large
number of oxygen vacancies in the shell zone [47]. Next, a disordered layer
becomes accessible to sulfur ions S2−, occupied the oxygen vacancies site,
enhancing visible-light absorption properties. Feng et al. prepared boron-doped
titania with disordered surface layers [48]. They reported that the introduction of
interstitial B not only led to the formation of a stable Ti3+ and oxygen vacancies,
but also generated structural disorders in the surface layer. These changes caused
the substantial variations in the density of states: New mid-gap states were formed,
accompanied by a significant reduction of the bandgap. It has been stated that these
structures promote photogenerated electron mobility and provide shallow trapping
sites (B–O–Ti3+) to decrease a charge carriers recombination effect [48].

Modification with metals has also been proposed for defective titania samples.
For example, Liu et al. prepared Cu(II)–TiO2@Ti3+ structure [49]. The visible-light
photocatalytic activity was introduced by the presence of Ti3+ and grafted Cu(II)
oxide (amorphous nanoclusters), and the recombination of electron–hole pairs was
inhibited at the isolated Ti3+ band. Furthermore, it was reported that the presence of
Ti3+ did not significantly narrow the bandgap but led to the formation of isolated
states between the forbidden gap. These isolated states have various electric levels
from 0.3 to 0.8 eV below the conduction band minimum, resulting in the broad
visible-light absorption of the Ti3+ self-doped TiO2 (Fig. 12.4) [49].

Plasmonic photocatalysts (wide-bandgap semiconductors modified with deposits
of noble metals) were also investigated for defective titania samples (Ti3+) by
Bielan et al. [50]. Defective titania (confirmed by EPR) was prepared by the
hydrothermal method assisted with the annealing process, and then nanoparticles
(NPs) of noble metals (Pt and Cu) were deposited on its surface by co-precipitation
method with the assistance of NaBH4 (that could also work as reducing agent, as
discussed above). It was confirmed that co-modification (Pt and Ti3+) significantly
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improved vis-activity for phenol degradation, resulting from both bandgap nar-
rowing and plasmonic photocatalysis, as shown in Fig. 12.4. However, under UV/
vis irradiation much lower activity for defective platinum-modified sample was
observed than that for non-defective one (Pt/TiO2). It is not surprising since it has
been known that thought doped titania (not only self-doped but also
nonmetal-doped) samples exhibit vis-response, dopants are also as recombination
centers, and thus a decrease in UV-activity is the main shortcoming of doped titania
samples (Fig. 12.5).

12.4 Advanced Structures—Photonic Crystals
with Defects

Photonic crystals (PCs) have been identified as promising materials to harvest light
at longer wavelengths region (visible light and IR) due to the spatial periodicity of
refractive index owning to high dielectric medium (backbone of PCs) and low
dielectric medium (air and water). The periodicity causes prevention of light
pathways at certain frequency resulting in the appearance of photonic bandgap
(PBG), where at the edges of this particular wavelength, slow photons (reduced
group velocity of photons) are formed and could be utilized efficiently for better
photoabsorption [51–53]. In most of the cases, two-dimensional and
three-dimensional PCs have been explored theoretically and experimentally. In this
regard, inverse opal PCs (IO–PCs) are known as three-dimensional PC obtained as
the exact replica of the template (opal) structure, possessing plenty of advantages
such as large surface area, excellent mass transfer, and tunable porosity [54–56].

Fig. 12.4 Photocatalytic mechanism proposed for Cu(II)–TiO2@Ti3+ photocatalyst. Reprinted
with permission from [49]. Copyright 2011, American Chemical Society
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It is well known that the utilization of PCs is recognized as efficient pathway to
enhance photocatalytic performance due to their photonic effect apart from enlarged
surface area and efficient mass transfer [57, 58]. Self-doped titania PCs have also
been prepared and explored for various applications, e.g., surface-enhanced Raman
scattering (SERS) [59], photoelectrochemical bioanalysis and sensors [60, 61], gas
sensors [62], and photocatalysis [63, 64]. The idea of introducing oxygen
vacancies/surface defects within the structure of PCs-based materials has been
investigated by many methods, such as hydrogenation [65], microwave-assisted
reduction [66], utilizing reducing agents with subsequent calcination [67], noble
metals deposition [63], and annealing [68].

An interesting finding has been reported by Rahul et al., which strongly indicates
on the importance of precursor choice to obtain self-doped (Ti3+) titania PCs. In
brief, Ti3+ has been only detected when titanium butoxide was used as the titania
precursor, whereas no significant trace of reduced titania was observed (by X-ray
photoelectron spectroscopy) when titanium isopropoxide was used to infiltrate the
opal template [69]. A different approach has been taken by Xin and Lu, in which
titanium isopropoxide has been utilized to form titania IO structure, the Ti3+ defects
have been formed by subsequent reduction of IO by H2 to form black titania IO
with enhanced photocatalytic activity for dye degradation [64].

Defective titania-based PCs have been successfully applied for solar energy
conversion. For example, enhanced photocurrent density in photoelectrochemical
(PEC) water splitting has been achieved by hydrogenated titania nanotube PCs in
comparison with pristine titania nanotube PC (without defects) [65]. It has been
proposed that enhanced activity results from the presence of oxygen vacancies,
which have narrowed bandgap and provided better charge carrier separations.
Similarly, self-doped (Ti3+) titania nanotube PC structure, obtained by reducing
agent during microwave treatment, exhibited about tenfold amplified performance
in PEC water splitting as compared to non-doped structures [66].

As already discussed, titania could not drive photocatalytic reactions under
visible-light irradiation without the assistance of vis-responsive materials/elements,

Fig. 12.5 Energy diagram showing the position of valence and conduction bands of bare and
defective titania samples co-modified with Pt NPs (d-TiO2_20-Pt0.1) with the schematic
illustration of phenol degradation mechanism; reprinted from [50] (open-access article distributed
under the Creative Commons Attribution License)
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such as noble metals. It should be noted that even though the utilization of IO PCs
could extend the optical pathway to longer wavelengths, the photoabsorbing
material should be able to capture these slow photons. In this sense, self-defects
might be helpful to narrow the electronic bandgap of titania, which enables the
absorption of visible light coupling with the slow photons’ effects from the PC, thus
resulting in high vis-response, as proven by Qi et al. (without the aid of other
co-catalysts) [70].

PCs-based plasmonic photocatalysts have also been recognized as promising
materials with enhanced photocatalytic activity due to magnification of visible-light
harvesting ability (localized surface plasmon resonance (LSPR)) by slow photon
effect [52, 53]. Accordingly, further enhancement in photocatalytic performance has
been expected when three factors; i.e., slow photons, plasmonic absorption and
oxygen vacancies are implemented for better light harvesting, enhanced charge
carriers’ separation, and migration. Accordingly, hydrogen treated (to introduce
defects) Au/3D-ordered macroporous-titania photocatalyst has been investigated
[71]. Indeed, an obvious amplification in hydrogen evolution during photocatalytic
water splitting has been observed as compared to the similar structure without
oxygen vacancies. Another plasmonic material—MoO3−x of wide light absorption
ability and with Mo5+ species as oxygen vacancies, incorporated into titania IO PC,
has also been investigated [72]. As expected, higher photocatalytic activity has been
observed for photochemical water splitting and dye photodegradation than that for
the sample without Mo5+ species, suggesting the synergetic effects between oxygen
vacancies and photonic and plasmonic properties.

Apart from that, the deposition of noble metals on the surface of PCs could also
be a promising way to induce the oxygen vacancies due to enhanced metal–PCs
support interactions. In this sense, it has been reported that the loading of Pt NPs
has increased the Ti3+ content in Pt/PC-titania photocatalyst, causing remarkable
photocatalytic activity, probably because of the combination between slow photons
effect (from PC) and intensified light absorption (oxygen vacancies and Pt) [63].

In summary, the combination of unique characteristics from both PCs and
oxygen vacancies/surface defects could significantly enhance the photocatalytic
activity, as exemplary shown in Table 12.1.

12.5 Antimicrobial and Biomedical Applications
of Defective Oxides

Although the study of defective metal oxides is quite new, it has already been
investigated for antimicrobial and biomedical applications, due to the attractive
costs (in comparison with metal/nonmetal modification), simple preparation and
improved light absorption in visible light and even NIR range [28, 73]. For
example, oxygen-deficient metal oxides, such as titania (TiO2, e.g., black titania),
zinc oxide (ZnO), magnesium oxide (MgO), and tungsten oxide (WO3), have been
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Table 12.1 Combination of unique characteristics from both PCs and oxygen vacancies/surface
defects could significantly enhance the photocatalytic activity

PCs Oxygen
vacancies
introduction
method

Photocatalytic tests Findings References

Au–Pt/Ti3+ IO–
TiO2

Titanium
butoxide
precursor and
thermal
treatment

Water splitting;
simulated solar light

Enhanced H2

production
[69]

H–TiO2

NTPCs
Annealing in
the presence of
H2

PEC water splitting Twofold
enhanced
photocurrent
density

[65]

MWR–TiO2

NTPCs
Ethylene
glycol
reduction in
microwave

PEC water splitting 10-fold
enhanced
photocurrent
density

[66]

Ptx/PC–TiO2 Deposition of
Pt nanoparticle

CO2 reduction;
k = 320–780 nm

3.2-fold
enhanced
activity

[63]

IOPC–TZS Vacancies in
IO

Photodegradation of
Rhodamine B

27-fold
enhanced
activity as
compared to
P25

[76]

black TiO2 IO Reduction of
IO with H2

Photodegradation of
Rhodamine B;
k > 400 nm

Enhanced
activity

[68]

Ti3+ doped
TiO2 IOs

Vacuum
heating

Photodegradation of
acid orange 7

Enhanced
activity

[70]

Hydrogen-treated
Au/TiO2–3DOM

Hydrogen
treatment

Water splitting;
300 W Xe lamp

3.4-fold
enhanced
activity

[71]

IO-TiO2-MoO3-x Presence of
Mo5+

Photodegradation of
Rhodamine B;
water splitting;
300 W Xe lamp

Enhanced
activity

[72]

N-doped
mesoporous IO

Incorporation
of nitrogen
atoms

photodegradation of
methylene blue

4.9-fold
enhanced
activity

[77]

H–TiO2 NTPCs—hydrogenated-TiO2 nanotube PC; IOPC–TZS—Ternary inverse opal TiO2–

ZrTiO4–SiO2 PC; MWR–TiO2 NTPCs—self-doped through ethylene reduction in a microwave
process TiO2 nanotube PC; 3DOM—three-dimensionally ordered microporous structure
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examined for antimicrobial purposes. One of the advantages of defective titania is
the improved surface adsorption and reactivity (e.g., for O2 and H2O), derived from
the formation of donor levels by the oxygen vacancies in TiO2 (unpaired electrons
or Ti3+ centers) [74]. For instance, the enhanced cytotoxicity for microorganisms
has been revealed for oxygen-deficient P25, i.e., higher bactericidal activity than
that of pristine P25 under UV–A illumination, probably due to enhanced generation
of hydroxyl radicals (�OH) [75].

It should be pointed out that oxygen vacancies introduced into the bandgap
might also improve the electrical conductivity of titania [78]. Therefore, Carlson
et al. have developed the point-of-use water disinfection device using black titania
nanotubes (synthesized by annealing in H2 atmosphere) under applied electric
potential in the absence of irradiation, confirming higher bactericidal activity of
defect-rich titania than that for the reference sample (less oxygen defects) [78].

In addition to titania photocatalysts, ZnO has also been regarded as an efficient
antimicrobial agent. It has been proposed that the bactericidal activity of ZnO is
attributed to reactive oxygen species (ROS) even in the absence of light, due to the
oxygen vacancies [79]. For example, Xu et al. have found that an increase in the
oxygen vacancies results in an increase in the bactericidal activity in the dark [80].
It has been proposed that this activity correlates with generated hydrogen peroxide
(H2O2) on the oxygen vacancy in the surface layer of ZnO. Interestingly, it has also
been found that oxygen-deficient ZnO nanowires (NWs) exhibit higher antimi-
crobial activity in the dark for various microorganisms (Escherichia coli,
methicillin-resistant Staphylococcus aureus (MRSA) and Cryptococcus neoformans
(fluconazole-resistant fungus)) than oxygen-deficient flat ZnO film, indicating that
both morphology and surface composition are responsible for the activity
(Fig. 12.6) [81].

Similarly, the bactericidal activity of MgO is also oxygen vacancy-dependent
and the cell toxicity of MgO is attributed to the lipid peroxidation in the liposomal
membrane [82]. Moreover, the defective WO3@carbon shows enhanced ROS
generation by the promoted interfacial charge transfer on the surface of defective
WO3, resulting in an efficient visible-light-driven bactericidal activity [83].

Black titania has also been proposed for other biological applications, i.e., in the
field of the cancer therapy due to its unique NIR absorption ability, since UV and
visible light do not penetrate the skin and thus cannot be used for the noninvasive
medical treatment. It has been proposed that the bandgap narrowing, which is
attributed to the oxygen vacancies in the disordered surface layers, could be
responsible for the shift in the absorption from UV to NIR region [28]. Indeed, the
black titania with chitosan thermogels and polyethylene glycol exhibits excellent
therapeutic effect on tumors due to both photothermal therapy and ROS effect under
NIR laser irradiation, as shown in Fig. 12.7 [84, 85]. Moreover, it has been shown
by Han et al. that in addition to the photothermal effect, the black titania exhibits
tumor sonodynamic therapeutic effect under ultrasonication, due to enhanced
charge carriers separation [86].
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Fig. 12.6 SEM images of the interaction between microbial cells and ZnO nanowires. Top view
(A–L) and cross section (M–O) with control glass (A, E, I) and ZnO nanowires (others). Scale bars
for top views are 2 lm (A, I, J–L), 500 nm (B–H), and 1 lm (E). Scale bars for cross sections are
200 nm. Reprinted with permission from [81]. Copyright 2015, American Chemical Society

Fig. 12.7 Schematic mechanism of skin tumor treatment by black titania–chitosan matrix.
Reprinted with permission from [84]. Copyright 2019, American Chemical Society
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12.6 Concluding Remarks

During the last decade, the number of papers about the role of oxygen vacancies
and/or Ti3+ ions in photocatalytic processes has constantly increased. The presence
of these defects in the photocatalyst (mainly TiO2) structure is favorable for
introducing visible-light-induced activity and also can positively influence charge
transport issues, such as an inhibition of electrons–holes recombination effect.
Indeed, various studies have confirmed enhanced activity for environmental
purification, solar energy conversion, antimicrobial purposes, and even for cancer
treatment. However, there are still many challenges to properly design efficient
photocatalytic materials based on defective structure. The main difficulty is to find
the optimal concentration of oxygen vacancies/Ti3+ species so as not to lead to a
decrease in photocatalytic activity. Other problematic issue is to properly identify
the nature and local structure of these defects, which is the base to perform a
valuable interpretation of results. Therefore, to eliminate all mentioned gaps, the
need for more intensive research in this field still exists.
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Chapter 13
Efficient Visible-Light-Driven
Perovskites Photocatalysis: Design,
Modification and Application

Noor Haida Mohd Kaus, Mohd Lokman Ibrahim,
Saifullahi Shehu Imam, Salma Izati Sinar Mashuri,
and Yogesh Kumar

Abstract Perovskite-based photocatalysts are oxides with the general formula
ABO3 are interesting materials that remained essential in solving a great deal of
energy and environmental remediation challenges. Recent key issues for
high-efficiency solar or visible light photocatalysis are the effectiveness in rapid
transport to the semiconductor surface and the separation of photo-generated
electron-hole pairs; thus, substantial efforts have been made to design and develop
new generation of perovskite-based photocatalyst systems to improve their possible
use. The present article provides an up-to-date review of recent development of
perovskites-and its related materials, including titanate-based, tantalite-based,
niobium-based, ferrites and others, demonstrating a remarkably rapid development
and promising results in photocatalytic performance particularly in visible
light-driven applications. Furthermore, the review also includes modification
strategies that are commonly employed to improve the photocatalytic performance
of perovskites. Finally, the summary of recent developments of perovskites-based
photocatalysis for viable applications.
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remediation � Semiconductor

13.1 Introduction

Visible-light-induced chemical transformations or photocatalytic is a procedure of
significantly speed up reactions in the presence of a photocatalyst (single-electron
redox mediator) which absorbs photon energy from light irradiation to generate
photoinduced electrons and holes pairs. In particular, the photocatalysis transpire
through single-electron pathways, utilizing visible-light response of organic reac-
tions for the applications of wastewater treatment and environmental protection [12,
114, 163]. This procedure is environmentally and ecologically friendly, green and
produced clean energy as opposed to conventional organic reactions [83]. The
process particularly refers to heterogeneous photocatalysis that has remarkable
interest nowadays and mainly focuses on perovskites semiconductors that possess
distinctive electronic and optical properties, as well as the ability to photogenerated
electron-hole pairs [24, 152] with higher stability and potential recyclability [42, 83,
183]. Mostly semiconductors with wide band gaps i.e. TiO2, ZnO, etc. will restrict
its applicability to ultraviolet (UV) wavelengths, reflecting just 5% of the universe’s
available solar light energy. Moreover, the rapid recombination of photogenerated
electron-hole pairs results in a rapid dissemination of energy that decreases the
performance of photocatalyst [89, 121].

Some conventional approaches to prevail over the drawbacks listed compasses
the extension of the absorption to the spectrum of visible range [22, 86], and
decreasing the recombination rate of the photogenerated electrons and holes
[38, 156]. The solutions explored to boost photocatalytic performance include the
construction of appropriate band gaps [77, 170], the employment of nanosized
architechtures [183, 172, 174, 168], the implementation of interface design and
facet-engineered surface [13, 52], utilization of dopants, as well as metal and
non-metal co-catalysts [6, 95, 111], surface modification [54, 199] and the
heterostructure construction [16, 189, 69, 101].

Amongst the most photocatalytic materials, perovskite-based catalytic
(PCB) materials are auspicious photocatalytic materials with fascinating control-
lable physico-chemical and optoelectronic properties, such as electron mobility,
redox performance, structural flexibility, efficient photocatalytic performance, long
charge carrier lifetimes, excellent charge carrier mobilities, high absorbance coef-
ficients, and uncomplicated bandgap engineering with facile fabrication route [126,
193, 194, 7, 106]. The complete replacement of cation A or B by other metals leads
to variant interesting properties and alteration of the surface facets to create catalytic
activity enhancement [73, 113, 127, 94]. As opposed to other visible-light active
inorganic semiconductors, perovskite-type catalytic materials exhibited facile and
effortless materials construction, application, and permit simple alteration of their
semiconductor bandgap. In our study, we present a concise review to the current
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findings and noteworthy properties of perovskite materials, accompanied by the
enhancement techniques and their recent representative applications for improved
photocatalytic properties.

13.2 Overview and Design of Perovskites-Based
Photocatalysts

Perovskites are materials having similar crystalline unit cell as calcium titanate
(CaTiO3), that was first discovered by Aleksevich von Perovski in 1839 [18, 118].
They have general chemical formula ABX3, where ‘A’ and ‘B’ are cations of
different ionic radii (A larger than B), and ‘X’ which is a halogen or oxygen anion,
holds ‘A’ and ‘B’ together through an ionic bond [44, 65, 191]. Such different
anions and various cations form oxide perovskites and halide perovskites, both of
which have BX6 octahedra in their crystal structures, with ‘A’ cation located in the
interstitial voids of the neighbouring octahedra (Fig. 13.1).

The catalytic activity of the perovskites is primarily attributed to the transition
metal ion at the B-site, while their thermal endurance is mainly due to the rare earth
ion at the A-site [5]. As a result of their photoelectric [141], luminescent [187],
magnetic [9], and electrical properties [82], perovskites are used in the areas of
biological imaging, ionic conductors, sensing, photocatalytic, electro-catalytic,
information sensing and other numerous technological applications [191].

Among the perovskite materials, the perovskite oxide with the formula ABO3 is
a typical structure in inorganic chemistry [79]. It has demonstrated outstanding
potential in the development of solid oxide fuel cells [207], solar cells [206], and
ferroelectrics [40]. Various oxide perovskites such as titanates [109], ferrites [37],
and tantalates [98] are photocatalytically active. The flexibility in the composition
and structure of the oxide perovskites greatly influences their photocatalytic per-
formance [143, 193, 194].

Fig. 13.1 ABX3 perovskite
unit cell (Reproduced with
permission from Ref. [118])
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Previously, perovskite materials were usually prepared using the traditional
solid-state reaction method, but the produced materials are mostly heterogeneous,
impure, have low light absorption in the visible region, are very sensitive to tem-
perature changes, and the excited states have short lifetimes [2, 47]. To overcome
these defects, alternative methods, including sol–gel [36], freeze-drying [88],
combustion synthesis [92], electrospinning method [35], sonochemical method
[110], coprecipitation method [81], microemulsion method [5], glycine-nitrate route
[167] and microwave-assisted method [162] have been introduced. According to
Tanaka and Misono [161], the main strategies of designing perovskite catalysts for
the enhancement of their catalytic activity are; (1) selection of B-site elements
which principally determine its catalytic activity, (2) valency and vacancy control
by the selection of A-site elements, (3) synergistic effects of mainly B-site elements,
(4) enhancement of surface area via formation of fine particles or dispersion on
supports, and (5) addition of precious metals with their regeneration.

The efficiency of the catalyst, including perovskite materials during photocat-
alytic reactions, depends on three steps: (a) photon absorption and generation of
charge carriers, (b) separation and transfer of charge carriers to the active sites of
the surface, and (c) consumption of photogenerated charge carriers on the active
sites during redox reaction [120]. Since most perovskites have a wide bandgap,
several strategies have been employed to improve their visible light absorption and
enhance the separation of photogenerated charge carriers. According to Moniruddin
et al. [118], the key strategies include (a) bandgap engineering to achieve suitable
band edge position, (b) enhancing the separation of charge carriers by changing
particle size and crystal nanostructure, (c) improving visible absorption via the use
of plasmonic metal nanoparticles (Ag or Au), (d) formation of heterojunctions to
enhance separation of charge carriers, and (e) introduction of ferroelectric material
to capitalize on its polarization field towards photoexcited charge separation.
Specifically, various photo-active perovskites catalysts will be discussed in the
following sub-sections.

13.2.1 Titanite Perovskites

One of the classified perovskite with general formula of MTiO3 (M = Sr, Ba, Ca,
Mn, Fe, Co, Ni, Pb, Cd) known as titanate perovskites [74]. They are promising
photocatalysts with structural simplicity and flexibility [125]. Although most tita-
nates are only active under UV light because of their wide bandgap, however, those
containing transition metal oxides with d0 and d10 orbitals, including Co2+, Fe2+,
Ni2+, Zn2+, Pb2+, and Cd2+, would favour narrowing of the bandgap [21]. In
general, titanates remain attractive materials in photocatalysis due to their high
thermal stability and excellent resistance to photocorrosion [4, 100].

Among the titanate perovskites, SrTiO3 happens to be the most widely studied
titanate [164]. It is an n-type semiconductor posseseses an indirect bandgap
between 3.1 and 3.7 eV, having a basic framework of Ti–O polyhedron as TiO2,
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and remarkable charge transport properties [47, 166, 200]. Furthermore, SrTiO3 is
cheap, less toxic, and easily doped to control its electrical properties [45, 173].
Although some narrow bandgap titanates such as NiTiO3 (2.10 eV) and CoTiO3

(2.28 eV) are visible light active, their conduction band is below the water oxi-
dation potential. This limitation makes them unpopular [2]. Fortunately, despite its
wide bandgap, the band edge for SrTiO3 straddles the water splitting redox potential
[74].

13.2.2 Tantalate Perovskites

Tantalates perovskites have the general formula ATaO3 (A = Li, Na, K), and the
bandgap of lithium, sodium and potassium tantalates was found to be 4.7, 4.0 and
3.6 eV, respectively [67, 122]. Although the tantalates are only active under UV
light, however, they are interesting photocatalysts due to their good quantum yield,
structural feasibility and environment-friendly nature [3, 41, 184]. Moreover, the
respective Ta 5d orbital was placed at a negative site as compared to titanates. This
could make the tantalates paramount during a photocatalytic reaction [15].

The high photocatalytic activity of tantalates has been related to their layered
structure with a corner-shared framework of TaO6, allowing easy transport and
separation of photogenerated charge carriers [208]. NaTaO3 is the most active
tantalates perovskite [153], nevertheless it needs to be modified to extend their
photodetection to the visible region to harness more solar energy [164].

13.2.3 Vanadate Perovskites

Vanadate perovskites have the general formula RVO3 [177]. Among the vanadate
perovskites, AgVO3 is an efficient photocatalyst with favourable morphology and
nanocrystalline nature [150]. It has two crystalline phases of a-AgVO3 and
b-AgVO3, both of which have an intense absorption in the visible light region and
are strongly dependent on temperature [50, 182]. At higher temperatures beyond
200 °C, a-AgVO3 phase starts to convert into b-AgVO3, and the process reaches
completion at 300 °C [80]. Due to its more narrow bandgap, larger structural and
chemical stability, b-AgVO3 has gained more attention and wider application than
a-AgVO3 [81]. Although the CB potential of AgVO3 is suitable for O2 evolution
and degradation of volatile organic compounds (VOCs), it is not sufficient for H2

evolution [26].
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13.2.4 Niobate Perovskites

Niobate perovskites can be identified as ANbO3 (A = Na, K, Ag, Cu) [47].
Although they are only active under UV light due to their wide bandgaps (>3 eV),
they can induce both photocatalytic water splitting and oxidative degradation of
organic contaminants [208].

Among the niobate perovskites, sodium vanadate (NaNbO3) and potassium
vanadate (KNbO3) are less toxic and environmentally friendly materials and have
attracted considerable interest [56]. They are both indirect bandgap semiconductors,
with NaNbO3 having a bandgap of 3.4 eV, while KNbO3 has a slightly narrow
bandgap of 3.1 eV [78]. Band structure calculation revealed that the mobilities of
both charge carriers are higher in KNbO3 than in NaNbO3 [151]. This, in addition
to better light absorption, resulted in higher photocatalytic performance by KNbO3

compared to NaNbO3 [151].

13.2.5 Ferrite Perovskites

Ferrite perovskites have been identified as AFeO3 (A = Bi, La, Gd, etc.), with their
original bandgap in the visible area [74, 164]. Among the ferrite perovskites,
BiFeO3 photocatalyst is now parallel with the famous TiO2-based photocatalysts
[43]. Apart from its narrow bandgap, other interesting features of BiFeO3 are
non-toxic nature, high chemical stability, and the coexistence of ferromagnetic and
ferroelectric behaviours at room temperature [64].

13.2.6 Bismuthate Perovskites

Bismuthate perovskites have the general formula MBiO3 (M = Li, Na, K, Ag), and
bandgap in the order NaBiO3 (2.53 eV) > KBiO3 (2.04 eV) > LiBiO3

(1.63 eV) > AgBiO3 (0.87 eV) [132, 159]. They consist of Bi5+ with 6 s empty
orbital, contributing to both the valence band top and the conduction band bottom
[204]. Such a feature can narrow the bandgap and vary the band edge positions,
leading to improved photocatalytic performance [97, 96].

Despite the narrow bandgap of AgBiO3, the large radius of Ag+ and the strong
contact between Ag atoms and O atoms hinders the free transfer of Ag+ ions.
However, due to small ionic radii of Li+, Na+, or K+ and the weak interaction with
[BiO6] octahedrons, Li

+, Na+, or K+ ions may easily transfer in the tunnelled or
layered space to harness solar energy [204].
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13.2.7 Cobaltite Perovskites

Cobaltite perovskites have the general formula ACoO3 (A = Gd, Sm, La, Pr, Eu,
etc.) [51]. Among them, LaCoO3 is considered as a promising catalytic material, as
lanthanum (La) plays a vital role in the catalytic performance due to its partly
occupied 4f levels [66, 115]. At the same time, the cobalt (Co) is considered active
due to its mixed-valence state, excellent electrochemical behaviour, high electrical
and ionic conductivities [49, 66]. However, partial visible light-harvesting ability, a
short lifetime and recombination of photogenerated charge carriers limits its prac-
tical application [66].

13.2.8 Nickelate Perovskites

Nickelate perovskites have the general formula RNiO3 (R = La, Pr, Nd, etc.), and
LaNiO3 has attracted considerable attention in multiple fields [63, 140]. As a result
of its outstanding optoelectronic properties, inexpensiveness, suitable bandgap
(1.9 eV) and non-toxic nature, LaNiO3 has been deemed as an interesting and
hopeful visible light photocatalyst for wastewater purification [188]. However, the
conduction band position of LaNiO3 is below the H+/H2 potential, and therefore
electrons in the conduction band of LaNiO3 could not be used for H2 evolution
[175].

13.2.9 Antimonate Perovskites

Antimonate perovskites have the general formula ASbO3 (A = K, Ag, Cs, etc.), and
AgSbO3 has been reported as a promising material with positive response towards
visible light [71]. The two main polymorphs of AgSbO3 are the pyrochlore and
ilmenite phases. The ilmenite AgSbO3 phase was reported to show better photo-
catalytic performance towards the degradation of organic compounds under visible
light irradiation than the pyrochlore AgSbO3 phase [148]. However, the ilmenite
AgSbO3 phase is metastable and transforms into the stable pyrochlore AgSbO3

phase by heat treatment under appropriate conditions [72].
The conduction band bottom of AgSbO3 mainly consists of hybridized Ag 5 s

and Sb 5 s orbitals, while the valence band top consists of hybridized Ag 4d and O
2p orbitals. The hybridization of orbitals leads to a continuous dispersion in a
relatively wide energy range, resulting in high photocatalytic performance [90].
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13.2.10 Chromite Perovskites

Chromite perovskites have the general formula RCrO3 (R = La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, etc.) [139]. Among the chromite perovskites, LaCrO3 has been
extensively examined due to its wide application in various fields, including pho-
tocatalysis [149]. It is a p-type visible light active perovskite photocatalyst with a
bandgap of 2.6 eV [124]. The Cr-sites on the LaCrO3 surface are better adsorption
centres for atomic oxygen than Mn in LaMnO3 or Fe in LaFeO3 [169]. Such a
feature in LaCrO3 endows more favourable properties for photocatalytic applica-
tions [124].

13.2.11 Others

Apart from the above-discussed oxide perovskites, other oxide perovskites such as
zirconates (RZrO3 (R = Ca, Sr, and Ba)) [76], cerates (RCeO3 (R = Ca, Sr, and
Ba)) [28] and stannates [RSnO3 (R = Ca, Sr, and Ba)] [201] also exists. However,
they are barely used as photocatalysts, possibly due to their wide bandgaps [62, 70,
201].

13.3 Design and Modification Strategies

Solid-state technique is conventionally used to synthesize perovskites in the pres-
ence of basic salts at high thermal condition [39, 165]. Nevertheless, this method
restricts the control of the particles dimension and its crystallinity [53]. On that
account, an alternative method recently employed for the fabrications of tantalate
perovskites, for instance, hydrothermal, [23, 25, 68, 84, 108]. solvothermal [29,
129] and polymerized complex method [178] to ensure the possibility of tuning the
particle size with high surface area. It is interesting to note that, several modification
strategies along with the alternative method are necessary to produce effective PCB
with high photocatalytic performance. For example, the modification strategies
particularly in defect engineering, doping and co-doping, sensitization, facet control
and others.

The light absorption ability of the perovskite-based catalyst (PCB) was found to
be enhanced when compared particularly with common wide band gap semicon-
ductors (e.g., TiO2), significant to the efficacy of photon and its carrier conversion.
It is relevant to extend the duration of these carriers to further enhanced the pho-
tocatalytic performance. A befitting band gap is mostly crucial to optimize the
absorption of light by the photocatalyst. Practically, the greater absorption in the
visible range, the effectiveness of light absorption can be enhanced by tuning the
band gap to be narrower [23, 25] The construction of the band structures is vital in
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modulating the optical and electronic properties of perovskite nanostructures for
achieving multifunctional the efficacy and efficiency [123].

In particular, the perovskite material has a direct band gap for the whole visible
light range, therefore, the charge carriers were effectively generated at lower
energies in particularly for photocatalytic application [123, 17]. Among all, PBC
has been reported perspicuous approach for tuning the band gap, by simply
adjusting the defects of crystal structure, including the vacancy, impurity and the
interstitial atoms. It can be useful strategy for improving its performance [128, 197,
196] and lead to reduction in band gap value, thus improving the light absorption
within visible range, subsequently possessed higher photocatalytic activity [10, 48].

13.4 Design and Modification Strategies

One of the internal influences that profoundly impact the performance of the
photocatalyst is its configuration and modification in the physical structure and
composition. To be an ideal photocatalyst, the material should have narrow band
gap, high charge separation efficiency and a reasonable absorption efficiency
under visible light. Many photocatalytic materials suffer from wide band gap
energy which couldn’t be stimulated by visible light (Zheng et al. 2015) and high
recombination rate [57].

Conventional solid-state technique is commonly for synthesize perovskites
perovskite materials at high temperatures [39, 165]. However, this approach limits
regulation of crystallinity and particle size [53]. On that basis, for the manufacture
of tantalate perovskites, hydrothermal technique currently used as an alternative
strategy [23, 25, 29, 68, 84, 108, 129] and polymerized complex method [178] has
been reported to ensure the possibility of tuning the particle size with better surface
area. It is important to note that several modification strategies, along with the
alternative method, are required to produce successful perovskite-based catalyst
(PBC) with high photocatalytic efficiency. Several techniques have been developed
to address these limitations, such as defect engineering, doping, heterojunction,
sensitization, and other greener technique, i.e. integrated carbon-based material or
biopolymers [111].

The light absorption ability of the perovskite-based catalyst was improved
compared to typical large band gap semiconductors (e.g., TiO2), as reported by
Jiang and co-worker (2018). This improvement leading to the enhance the effi-
ciency of photon to electron mobility. They proposed that it is important to increase
the lifespan of these carriers to boost the overall performance of photocatalysts. An
appropriate band gap is fundamentally crucial for optimizing the absorption of
photocatalysts. In general, since the visible light range is greater, the absorption
efficiency can also be enhanced by modulating the band gap to lower values [23,
25]. To achieve multifunctional efficacy and effectiveness, the engineering of band
structures is crucial in tuning the optical properties and electronic states of per-
ovskite nanostructures [123].
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Some researcher reported the perovskite material has a direct band gap through
the visible spectrum, so the charge carriers have been produced efficiently at lower
energies, particularly for photocatalytic application [123, 17]. Relevant approach
for tuning the band gap, by simply tuning the crystal structure defects, including the
vacancy, impurity, and interstitial atoms, has been documented among the
advanced features of different photocatalysts. According to [197, 196, 128], a
proper tuning mechanism can be useful to enhance its efficiency and contribute to
decreases in the value of the band gap, thereby increasing the light absorption in the
visible spectrum and consequently allowing greater photocatalytic performance
[10, 48].

13.4.1 Defect Engineering

The improvement in light absorption, catalytic efficiency, charge transfer and sta-
bility can be constructed by defect engineering. The defects were graded according
to the defects and atomic structures of the semiconductor. In theory, structural
discrepancies of photocatalysts can be classified into four such as point defects
[146], line defects [131], planar defects [97, 96], and volume defects [99]. In
addition, many photocatalysis with cation vacancies have been established by many
researchers, and therefore significant to monitor the development of defects in
perovskite materials by generating vacancies and self-doping.

For instance, one of the perovskites reported by Liu and Solhberg, [100] called
strontium titanate, have been designed by defect engineering. SrTiO3, a semicon-
ductor of simple cubic and n-type with superior physical properties with bandgap
between 3.1 and 3.3 eV. Despite the advantages, its wide optical bandgap restricts
its capacity to absorb light, leaving most of the energy from solar light unused.
Strategies to increase the photocatalytic potential of SrTiO3 by controlling its
bandgap to allow use of a wider visible and solar spectrum range. In this example,
introducing defect or doping technique was done for the tuning of the SrTiO3

bandgap.
Xie and co-workers [181] constructed self-doped SrTiO3 through one-step

combustion technique. The samples were treated with argon, Ti3+ ion vacancies and
oxygen (O2) were injected into the lattice, serving as a template to activate water
molecules, helping to restore the efficacy of artificial photosynthesis. This study
was able to show that these oxygen deficiencies are accommodated by inducing the
gap that enables photoexcitation within the visible light region from the defect band
to the conduction band, consequently encourage the adsorption for reduction of
CO2 under visible light irradiation.

In another study investigated by Luo et al. [107], they stated that the link
between strontium titanate surface and its photocatalytic behaviour on CO2

reduction. As reported, the surface of TiO2-terminated surface is in low pH, so the
electronic properties of the two Sr and Ti surfaces experienced significant different,
where the Sr 4d orbital is more negative than the Ti 3d orbital in the conduction
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band, resulting in greater SrO-terminated surface reduction potential. The study
indicates that SrTiO3 surface-Ti-rich had the greatest potential for reducing CO2.

Kwak and Kang [87] have attempted to comprehend the effect of the Ca: Ti ratio
towards CaTiO3 and its potential efficiency. They reported a s the molar ratio of Ti
in the catalyst extends up, a reaction between the reactive sites and carbon dioxide
molecules occur. Nevertheless, it is reported that an excess of Ti will prohibit both
metals from having a synergistic impact. CaTiO3 encapsulated basalt fibre was
recorded as an assisted material to create the highest numbers of oxygen vacancies
on the planes {001} and sufficient pores size that allowed facilitating of CO2 as
indicated by Im et al. [61]. The fiber consisting of large amounts of SiO2 with
impurities of CaO, Al2O3, and Fe2O3 [27] having a role as photosensitizer to
enhance photocatalytic efficiency [30, 61].

In a separate approach, Hou et al. [55] disclosed the presence of nitrogen and
oxygen vacancy are able to modulate the electronic bandgap NaTaON, thereby
increasing the absorption of visible light. As these vacancies able to shifts the
absorption of visible light from the UV region, resulting in a reduction in the
2.18 eV bandgap. The heterojunction also increased the separation of charged and
improved the durability of the materials, thus improved the activity of CO2

reduction.

13.4.2 Doping or Co-doping

Doping or co-doping, which is modulated by the inclusion of a foreign element in
photocatalysts, is another alteration technique. Metal impurities are introduced into
the lattice of perovskite as foreign atoms in the doping technique. Doping modifies
the band gap and the material’s atomic composition, thus making it possible to
employ the visible light. In addition, Huang et al. [57] stated the additional energy
levels can be added that help trap excitons in separate carriers while avoiding
recombination. Many researchers utilized metallic elements and non- metallic
elements doped perovskite [14, 102, 144, 192, 198] to modulate the band com-
position and electronic behaviour of studied photocatalysts.

The assortment of modifications has been investigated to broaden the photo-
catalyst bandgap and thus expand their photo-response to the visible light field, as
reported by Samsudin and Abd Hamid [136] utilising noble metal deposition or
known as doping. In other work, the significant observation by Anzai et al. [8]
stated that the photocatalyst Ag-doped CaTiO3 showed a higher generation rate and
greater CO formation selectivity. In this study, Ag nanoparticles serve as unique
active site within CaTiO3 that reduced the production of H2, and subsequently
increased the creation of CO in water splitting.

Furthermore, by co-doping with La and Cr rare-earth metal, Wang et al. [172,
174, 168] successful modified hollow CaTiO3 cubes to reduce the bandgap and
boost their light-harvesting. In contrast to the small bandgap of pristine CaTiO3, the
hollow cubes exhibited stronger photocatalytic activity. This was primarily due to
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the improved photon interactions in La/Cr co-doping as well as the shorter charge
transport paths. Another series of La/Cr perovskite compounds co-doped with
ATiO3, of which A 1⁄4 Ca, Sr and Ba were studied by Lu et al. [105] to see the
differences in crystal structure as well as their optical and physicochemical prop-
erties. Critical structural contortions can be found for Ca0.9La0.1Ti0.9–Cr0.1O3,
indicating that Cr is responsible for the apparent light photoactivity. Lu et al. [105]
discovered that the divergence away from the bond angle of Ti–O–Ti contributed to
low catalytic efficiency as visible light absorption deteriorates. However, the
existence of Ti–O–Ti bond angle ensures optimum overlap between Ti 3d orbitals
and O 2p orbitals, resulting in broad band distribution and raised in charge
movement for effective H2 generations under visible light illumination.

Huang et al. [58] explored the properties of BaTiO3 perovskite structure, by
adjusting the concentrations of dopant elements such as selenium, tellurium and
sulfur. These dopants substantially minimize the energy gap of BaTiO3, thereby
increasing absorption of the catalyst in the visible region. The catalytic properties of
potassium tantalate, KTaO3, studied by Chen et al. [23, 25] was doped with carbon
and evaluated in the H2 generation under sunlight illumination. From the obser-
vation, carbon-doped KTaO3 demonstrated improved efficiency in the H2 genera-
tion rate relative to the parent materials. In contrast, Krukowska et al. [84]
investigated the role of lanthanides for KTaO3-doped material and its efficiency
towards generation of H2. Synergistic results found between ion-doped perovskites
of KTaO3 and lanthanides and have strengthened the formation of H2.

Depending on the crystallographic orientation, BiFeO3 a perovskite oxide in
rhombohedral unit cell and space group of R3c has known to be readily visible light
active with a direct bandgap between 2.2 and 2.7 eV [138, 186]. In addition, doped
or pristine ferrites materials are extensively studied in photocatalysis. For example,
Yang and co-workers (2019) used Gd-doped BiFeO3 as an efficient catalyst in
generating H2 in water splitting application. Meanwhile, Satar et al. [137] suggested
that the band gap of BiFeO3 decreased substantially in the presence of yttrium
doped, increasing the percentage degradation of cationic dye, MB under sunlight
irradiation. The authors claim, changes in performance are primarily due to elec-
trons and holes being effectively produced, separated, and migrated.

13.4.3 Heterojunction

Heterojunction is another technique to improve the performance of the photocat-
alytic by increasing the efficiency of charge separation. Several studies conducted
by Dutta et al. [33] and Ola and Maroto-Valer [121] showed, by bridging the
semiconductor with metals or non-metals, heterostructures are produced that
introduce new energy states that help to separate photogenerated charges and
thereby preventing the electron from recombining. Ruzimuradov et al. [134], for
instance, developed lanthanum- and N-co-doped strontium titanate-heterostructured

368 N. H. Mohd Kaus et al.



macroporous monolithic materials with a bi-continuous morphology of titanium
dioxide in visible light-active condition.

A number of works reported [11, 75] based on the effect of p-type coupled with
n-type materials to form a p–n heterojunction photocatalyst in addition to doping. In
specific, the efficacy of CO2 reduction in the presence of BiFeO3–ZnO p–n
heterojunction has been investigated by Karamian and Sharifnia [75]. The author
reported that the composite showed higher optical responses in the visible light
spectrum with higher performance in charge separation. This is largely due to the
existence of the p–n heterojunction that has supplied the CO2 photoconversion with
an excess of energetic electrons.

In another study, Bagvand et al. [11] investigated the role of ZnS for the pro-
duction of n-type photocatalyst of BiFeO3 and its efficiency effect by controlling
ZnS and ZnO molar ratios. The findings demonstrated the highest efficiency of
photocatalytic CO2 reduction at the equivalent molar ratio of both ZnO, ZnS and
BiFeO3 in the experiments. They claim that p–n structure will produce localized
electrical field that contributes to the transition in the opposite direction of charge
carriers, leading to a reduction of the recombination rate.

13.4.4 Sensitization and Facet Defect

Another strategy in crafting heterojunction for improved photocatalyst efficiency is
facet engineering. Facet engineering is a potent approach to intensify the crystal’s
photocatalytic efficiency by inducing the creation of the facet defect by modulating
the environment in which the crystal is being formed. The variation of surface
energy of facets will affect the photocatalytic behaviour. There are several types of
facets of the semiconductor lattice. Studies by Liu et al. [103] detected facets {110}
and {101} possess low surface energy and stable, while the {001} facet has the
greatest surface energy and highly reactive, respectively.

Interesting research finding by Yu et al. [190] has shown that {101} and {001}
facets of high-energy TiO2 nanocrystals exhibit different band configurations, and
these co-exposed {101} and {001} facets of nanocrystals establish unique surface
heterojunctions within single particles of TiO2 that are advantageous for the rapid
transfer of photo-induced electrons. In addition, building 3D/2D heterojunctions
between two contact semiconductors with profound and broad facet-dependent
contact areas will provide more effective gap and improved the efficiency as
claimed by Cao et al. [20]. Through efficient synthesis of TiO2/g-C3N4 hetero-
junction composites with a simple calcination route it resulted the photo-generated
holes appear to stay in the TiO2 valence band, while the electrons initially transfer
from the conduction band of TiO2 to the valence band of g-C3N4, which further
excited the g-C3N4 VB [190].

Dye sensitization and reactive facet exposure have recently become a successful
way to extend the spectrum of light reaction and prolong the lifespan of
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photogenerated electrons and holes. Owing to its greatest p-conjugated framework,
good thermal stability, and better absorption on visible irradiation, metallopor-
phyrin is known as one of outstanding photosensitizer. Most of the studies by
several researchers involved metalloporphyrin sensitized metal composites [85,
116, 154, 183, 104, 197, 196, 46], has been shown to effectively increase the
photocatalytic activity of certain semiconductor materials. Furthermore, metallo-
porphyrin processes suitable energy levels as one form of organic semiconductor
and can comprise effective Z-scheme heterojunction hybrid photocatalysts with
n-type TiO2. This hybrid system will prevent the possibility of recombination of
photogenerated charge carriers and boost photocatalytic activity through hetero-
junction interfaces as claimed by Low et al. [104].

Another study from Jeyalakshmi et al. [68], the team reported that sensitization
of cobalt(II) tetraphenylporphyrin controls the electronic configuration in La
changed perovskite of NaTaO3, adjusting the bandgap to be narrow bandgap. No
major change in the crystal structure of the pristine NaTaO3 nanocubes were
observed, but an absorption shift to 330 nm was observed. In addition, sensitization
increased the ability to minimize CO2 and decreased the recombination rate of the
charge carrier. After longer irradiation, the material has been shown to be chemi-
cally stable. In other works, Zhong et al. [202] reported the effect of exposed
catalyst crystal facets on water splitting using CdSe quantum dot (QD) sensitized
BaTiO3 nanocubes. They reported that CdSe QDs located on anisotropic planes of
(230) and (001) of 30-face cubic of barium titanate exhibited higher efficiency
compared to isotropic (001) facets of 6-face cubic of similar perovskite.

13.4.5 Others

Another alternative and practical modification, by involving carbon-based materials
due to their appropriate function, large surface areas, good conductivity and
chemical stability, as described by Sun et al. [155], Wang et al. [172, 174, 168], Tan
et al. [160]. Thus, the electron transfer of p–n heterojunctions is predicted to be
strongly promoted to achieve enhanced photocatalytic behaviour when coated with
a carbon film. Besides, the conductive carbon layer will also prevent p–n hetero-
junction nanostructure accumulation, which is helpful for the increased the stability
of p–n heterojunctions.

Zhou et al. [203] reported the production of ATiO3 hierarchical structure in 3D
utilizing the natural green leaves that aimed to decrease the emission of carbon
dioxide in the presence of A: 1⁄4 Sr, Ca and Pb. The porous network provided by
leave vein has a wide surface area that enhances gas diffusion, thus improving
overall efficiency. Furthermore, with a similar 3D structure, worked with numerous
cocatalysts, such as Pt, Cu, NiOx, Au, Ag and RuO2. The highest evolution of CO
and CH4 among all gold (Au) was observed, followed by Cu and Ag under visible
light illumination.
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Shi and co-workers [142] have been investigating the impact of the manufac-
turing approach on the catalytic efficiency of NaNbO3 through a solid-state reaction
and hydrothermal. Different morphologies were observed from those reactions.
Smooth and straight nanowires produced from hydrothermal reaction while bulk
particles in homogenous sizes were formed by solid-state reaction. The two
methods provided perovskite with a similar bandgap of 3.4 eV and the activity was
examined under UV illumination by the generation of CH4. The homogeneous
nanowires with increased crystallinity and greater surface area showed better CH4
behaviour relative to pristine NaNbO3 [142]. Further combination of NaNbO3

nanowires with g-C3N4 steered to greater performance compared to pristine
NaNbO3 or g-C3N4 for reduction of carbon dioxide. The overlap of NaNbO3 and
C3N4 coordinated band structures increased the efficiency of photocatalytics [142].

By using rGO carbon derivative as an electron separator and transporter to
improve H2 photocatalytic performance in water splitting, Humera et al. [60] further
enhanced the production of LaFeO3. The analysis shows that the integration of rGO
was able to improve the efficiency of the studied material. In addition, several
researchers team like Moniruddin et al. [117] and Dong et al. [31] stated the
calcination temperature and the concentration of precursors play a crucial role in
improving the photocatalytic perovskite performance. The study of Moniruddin
et al. [117] found the size of SrTiO3 is greatly increased with heating temperatures
up to 800 °C. The H2 production rate increases as the temperature rises. It can be
seen that with increasing precursor concentration in EtOH at 800 °C, the H2 pro-
duction rate reduces simultaneously as the size of SrTiO3 decreases.

The effect on the size and structure of CaTiO3 by changing the temperature,
molar ratio of water to ethanol and reaction time was successfully studied by Dong
et al. [31]. The shape varies from inhomogeneous structure to microspheres with
longer reaction time and temperature elevation. The morphology of microspheres
demonstrated greater photocatalytic activity as opposed to randomly aggregated
nanosheets [31]. The growth in photocatalytic activity is largely due to the greater
redox potential of CaTiO3. The synergistic impact of morphology and visible facets
in a photocatalytic system is therefore crucial to determine the efficiencies of
photocatalyst [202].

13.5 Application of Perovskite Photocatalyst

13.5.1 Water Purification

Water purification is the process of discarding contaminants from water such as
algae, bacteria, fungi, viruses as well as parasites as in a biological group, mean-
while in the chemical group consists of organic pollutants, inorganic pollutants,
toxic metals and suspended solids. Conventional purification processes use filtration
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and adsorption to remove the impurities from water sources. However, there are
several problems encountered, such as producing secondary waste, needing extra
treatment to unclog the filter and the pollutant not completely degraded. Therefore,
photocatalysis provides new insight into the water purification process. Due to the
ability of photocatalyst in degrading pollutants, it overcomes all the drawbacks of
conventional processes.

Figure 13.2 shows the basic mechanism of water purification by the photo-
catalysis process. The general photocatalysis process by perovskite photocatalyst
describe as following (i) the photon from light source hit the perovskite photo-
catalyst surface and produce electrons and holes; the light energy must overcome
the band gap in order to produce electrons and holes (ii) electron travel to the
conductive band (CB), simultaneously hole travelled to valence band (VB) (iii)
holes react with water molecules to produce hydroxyl ions and hydrogen ions.
Further reaction of hydroxyl ions with holes produce hydroxyl radicals which are an
active species to degrade the pollutants (iv) simultaneously, electrons react with
electrophilic oxygen to form superoxide radical anions also one of active species.
When superoxide reacts with hydrogen ions, create hydroperoxyl radicals. Two
hydroperoxyl radicals react, forming the hydrogen peroxide. Hydrogen peroxide
acts as fuel in producing an abundance of hydroxyl ions and hydroxyl radicals.
Therefore, most of the pollutants can be degraded when they react with these active
species and usually produce oxygen, carbon dioxide, water among the end
products.

When light source hit the perovskite photocatalyst surface,
Perovskite photocatalyst + hm ! h+ + e− (perovskite photocatalyst)
At CB,

hþ þH2O ! OH� þHþ

Fig. 13.2 Basic mechanism
of perovskite photocatalysis
[112]
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hþ þOH� ! �OH

Simultaneously, at VB,

e� þO2 ! O��
2

O��
2 þHþ ! HO�

2

HO�
2 þHO�

2 ! H2O2 þO2

H2O2 þO��
2 ! �OHþOH� þO2

H2O2 þ e� ! �OHþOH�

Therefore, after generate the active species,
The pollutants + specific active species ! degradation products
Absalan et al. [1] synthesis to degrade bromophenol blue wastewater. The band

gap was found at 3.80 eV required visible light of 410 W halogen lamp. In
120 min, 0.05 mol perovskite photocatalyst dosage successfully degraded 82% of
10.5−14 mol/L bromophenol blue solution. The reaction was repeated for 3 cycles
to prove the stability of that perovskite photocatalyst. Due to high crystallinity and
highly photoinduced, CoTiO3 creates electrons at CB and holes at VB after
obtaining the required light source. At the surface, the same mechanism as previ-
ously stated in general perovskite photocatalysis was observed in degradation of
bromophenol blue solution. Meanwhile, Fig. 13.3 shows the mechanism of BaBiO3

perovskite photocatalyst in degradation of Rhodamine B wastewater. 0.5 g/L of
perovskite photocatalyst is able to tackle 5 mg/L of Rhodamine B solution by both
discoloration (83%) and mineralization (80%) within 240 min and shows high
stability for 4 cycles of reaction under visible light (450 W Xenon lamp). Active
species generated by excitation of BaBiO3 (2.02 eV band gap) such as holes,
hydroxyl and superoxide radicals, break the aromatic rings to form smaller
molecular weight and intermediates, which further reaction produce the end
products such as CO2, NH4

+ and water. It proves that perovskite photocatalyst can
enhance the charge mobility in the crystalline network due to high crystallinity, the
low particle size promotes short diffusion length of the charge carrier to reach the
photocatalyst surface and reduce the electron-hole recombination [59].

Doped-perovskite photocatalysis for water purification shows a different
mechanism. Usually, the doping acts as an electron trapper to avoid electron-hole
recombination. Therefore, the electron acceptor such as diffuse oxygen can easily
trap electrons to produce superoxide radicals and other active species to degrade
pollutants. It is observed by Wang et al. [176, 171], 91.4% of 48 mg/L rhodamine B
wastewater degraded within 120 min under visible light (300 W Xenon lamp) by
Bi/BiOCl/ZnSn(OH)6 doped-perovskite photocatalyst. Figure 13.4 two-part energy
level for Bi/BiOCl and ZnSn(OH)6; Firstly, light energy hit BiOCl to produce
electrons at CB and holes at VB. Due to Fermi level of Bi is lower than CB of
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BiOCl, the electron trap at Bi-metal instead. Then, the electrons transfer to ZnSn
(OH)6 and react with diffuse oxygen to produce superoxide. The superoxide further
reacts and produce hydroxyl radicals to degrade Rhodamine B molecules partly into
water and CO2. Interestingly, at dopant, due to the accumulated electrons, the same
mechanism also applied to produce hydroxyl radicals and able to degrade
Rhodamine B. Next, the holes created by perovskite photocatalyst act as powerful
active species to directly degrade Rhodamine B molecules. Aligned with Safari
et al. [135], the methylene blue molecules purified by photogenerated holes and
superoxide anion radicals produced by Gd-doped NiTiO3. The doping of
gadolinium (Gd) ion helps in improving the porosity of NiTiO3 perovskite pho-
tocatalyst by decreasing the perovskite size, improving the specific surface area and
reducing the recombination of electron-hole. Thus, it enhanced the production of
holes and superoxide anion radicals. Therefore, the degradation of methylene blue
achieved 88.64% within 120 min.

Gd3þ þ e� ! Gd2þ electron trapping stepð Þ

Gd2þ þO2ðadsÞ ! Gd3þ þO��
2ðadsÞ electron transferring stepð Þ

Fig. 13.3 Mechanism of BaBiO3 perovskite photocatalyst in Rhodamine B wastewater degra-
dation and hydrogen production [59]
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O��
2ðadsÞ þHþ

ðadsÞ ! HO�
2ðadsÞ

HO�
2ðadsÞ þHþ

ðadsÞ þ e� ! H2O2

H2O2ðadsÞ þ e� ! �OHðadsÞ þOH�
ðadsÞ

13.5.2 Bacteria Disinfection and Air Purification

Bacteria is a unicellular microorganism from prokaryote group. It can be divided
into two types: gram-positive and gram-negative. Gram-positive bacteria have a
thick cell wall made of peptidoglycan, meanwhile gram-negative bacteria have a
cell wall made from outer membrane and thin peptidoglycan layer. Bacteria dis-
infection is physical or chemical treatment to reduce bacteria amount until obtaining
desired concentration. Bacteria disinfection by photocatalysis can be achieved when
the light source hits the perovskite photocatalyst to generate electrons and holes. In
the CB, there are two paths to deactivate the bacteria. Powerful active species in
deactivating bacteria is superoxide radicals which produce when electrons react
with oxygen. In the presence of water molecules, superoxide radicals can react with
it to create another active species, hydroxyl radicals to deactivate the bacteria.
Meanwhile, at VB, the holes itself have the ability to deactivate the bacteria
directly.

At CB,

Fig. 13.4 Doped-perovskite photocatalyst [176, 171]
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e� þO2 ! O��
2

O��
2 þ bacteria ! deactivated bacteria

O��
2 þH2O ! �OH

�OHþ bacteria ! deactivated bacteria

Simultaneously at VB,

hþ þ bacteria ! deactivated bacteria

The study by Shi et al. [145] found that CuBi2O4/Bi2MoO6, a perovskite pho-
tocatalyst (Bi2MoO6) with heterojunction p-type semiconductor (CuBi2O4), disin-
fect Escherichia coli (E. coli) almost completely within 4 h under visible light.
Figure 13.5 shows the mechanism of photocatalytic disinfection that produces the
active species such as holes, superoxide radicals, and hydroxyl radicals to inactivate
E. coli. The band gap of perovskite photocatalyst is 2.72 eV can highly absorb
420 nm visible light and create the holes after the electrons excite to CB. At CB of
perovskite photocatalyst, the electrons accumulate and follow the same paths as the
stated general mechanism to produce superoxide radical and hydroxyl radicals for
bacteria deactivation. Concurrently, the holes accumulate at p-type semiconductor
attack the cell membrane and cause the inactivation of E. coli. The large specific
surface area of CuBi2O4/Bi2MoO6 provides a more reactive site and reaction
interface between photocatalyst and the bacteria. Hence, slow recombination rate,

Fig. 13.5 Photocatalytic disinfection mechanism of E. coli by CuBi2O4/Bi2MoO6 [145]
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high efficiency for separation, high utilization rate of light and large specific surface
area are the valuable characteristics for photocatalyst during photo-disinfection.
Meanwhile, Li et al. [93], study the application of perovskite photocatalyst for both
gram-positive and gram-negative under the same factors. Under 400 nm visible
light (300 W Xenon lamp) irradiation, E. coli gram-negative and Staphylococcus
aureus (S. aureus) gram-positive were successfully degraded by Pb–BiFeO3/rGO.
The complete inactivation of E. coli within 30 min, meanwhile S. aureus achieved
99.7% degradation within 90 min. Gram-positive is more highly resistant due to
their cell wall structure, made up of 3D spatial network structure composed of many
layers of teichoic acids and peptidoglycan compare to gram-negative bacteria
consists of single layer scattered structure only.

Air purification is a process to kill airborne pathogens that can cause airborne
disease to humans or animals such as allergies, influenza, flu and measles. The
treatment reaction must be able cut-off the spread routes of pathogens either via
aerosol or contaminated fluid. The perovskite photocatalyst, La0.9MnO3 demon-
strates high oxidative ability towards influenza A virus. The illustration in Fig. 13.6
shows hemagglutinin and neuraminidase, the amino acid residue of envelope
proteins on influenza virus oxidized by La0.9MnO3. The oxidative species might
penetrate the virus and damage the genetic materials. In 15 min, almost 76% of the
virus has been disinfected. Therefore, prefer features of perovskite photocatalyst as
air purifier utilize visible light despite of UV light due to its carcinogenic potential
to humans and animals, able to self-disinfecting the airborne pathogens without
requiring external energy sources and working continuously, less harsh and also
high stability.

13.5.3 Photocatalytic Hydrogen and Oxygen Production

Hydrogen energy is the latest renewable energy discovered by scientists in this
century. In the meantime, it was developed for the purpose of hydrogen vehicles
that use internal combustion engines and fuel cells that are still under progress and
expected extensive study. The benefits of this approach are low greenhouse gas
emissions and can obtain by various fuel sources. For energy storage, gives eco-
nomic benefits due to efficient remote power systems and also reduction in pro-
duction and operational costs compared to fossil fuel energy.

Photocatalytic hydrogen evolution requires electrons as major active species.
Water splitting is a reversible process in hydrogen and oxygen production, so
photocatalyst is introduced in the reaction in order to produce an abundance of
hydrogen gas that can be collected.
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Water splitting by exert energy

2H2Oþ energy� 2H2 þO2

In presence of photocatalyst, at CB, water molecules reduce to form hydrogen
gas

2H2Oþ 2e� ! H2 þ 2OH�

And water molecules oxidize to form oxygen gas

2H2Oþ 4hþ ! O2 þ 4Hþ þ 4e�

Existing research recognizes the critical role played by perovskite photocatalyst
in hydrogen and oxygen production. BaBiO3 produces 61 µmol g−1 h−1 hydrogen
gas in 3 h under irradiated 450 W Xenon visible lamp. The water molecule is

Fig. 13.6 Deactivation of amino acids residue of envelope proteins influenza A virus by
La0.9MnO3 perovskite photocatalyst [179]
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reduced to produce hydrogen gas, meanwhile it is oxidized to form oxygen gas as
shown in Fig. 13.3.

Water molecule reduction to form hydrogen gas

2H2O ! 4Hþ þ 4e� þO2

4Hþ þ 4e� ! 2H2

This perovskite photocatalyst synthesis with slow and good crystal growth with
a less formation of defects. The defects can act as a recombination center. Thus, the
high crystallinity promotes better electrons and holes mobility in the crystal net-
work to reach the surface. Next, the particle is small in size to decrease the diffusion
length of photogenerated charges transfer to the surface, short distance directly
related to low resistance. It also implies low probability for electron-hole pair
recombination. Furthermore, small particles contribute to high surface area and
increase the adsorption capacity between perovskite photocatalyst and water
molecules. Hence, the stable photocatalytic hydrogen evolution must be attributed
to high crystallinity, low particle size, low recombination of electron-hole and low
resistance to improve the hydrogen production.

13.5.4 Photocatalytic Reduction of CO2

Almost 77% of carbon dioxide emission mainly contributed by transportation,
electricity and industry was reported by the United States Environmental Protection
Agency (EPA) due to large consumption of limited fossil fuels. Therefore, the
endeavour to convert CO2 into chemical fuels such as carbon monoxide, methane
and methanol to solve the global energy and environmental issues. Photocatalysis
has been recognized as one of promising strategies to tackle this problem. As
artificial photosynthesis, photocatalysts utilize solar energy to combine with CO2

and H2O to produce the chemical fuels and carbon monoxide as shown in Fig. 13.7.
As shown in Fig. 13.8, there are two paths for CO2 reduction either as CO or

CH4 can be achieved simultaneously during photocatalytic reactions. The influence
of H+ ion amounts towards CO2 molecules play an important role for the end
product yields. When the light reaches SrTiO3 perovskite photocatalyst, the elec-
trons excite to CB leaving the holes on VB. The active species on VB react with
H2O to produce H+. Meanwhile, the electrons at CB transfer to the dopant, Pt and
react with H+ to produce CO and CH4.

CO2 þ 2Hþ þ 2e� ! COþH2O Eh ¼ �0:53 V
� �

CO2 þ 8Hþ þ 8e� ! CH4 þ 2H2O Eh ¼ �0:24 V
� �
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Meanwhile, the morphology of perovskite photocatalysts influences light har-
vesting. The 3D ordered macroporous (3DOM) morphology of SrTiO3 perovskite
photocatalyst improves the light absorption by slowing the light source from
reaching Pt/SrTiO3 and separating the charge carriers. Next, the alkali earth metal,
Sr in the SrTiO3 helps the adsorption and initiate activity for CO2 reactant due to
high alkalinity of Sr. The Pt dopant helps to separate the photogenerated charges by
transferring the electrons and react directly with H+ ions. Therefore, perovskite
photocatalyst shows potential in CO2 reduction by undergoing artificial
photosynthesis.

13.5.5 Application of Visible-Light-Driven Perovskite
as Photovoltaic Solar Cell (PSCs)

Current global power demand is increasing significantly every year aligned with the
improvement of the technologies and industries need. Nowadays it was reported
that the energy usage is 16TW globally and expected to increase up to 30TW in
2050 [133]. Therefore, a lot of research has been done since then with only one
purpose to find an alternative source that can add-on to the current or conventional
source of energy such as petroleum-based fuel. Among the various sources of
energy, solar energy was found to be the most significant and promising since it is
easily and readily available. This is possible by converting the solar energy to
electricity. Therefore, using photovoltaic solar cells for power generation seems to
be a promising way as they convert the sunlight directly into electricity.

Nowadays, the market was dominated by the crystalline silicon solar cells.
However, the production of the solar cells is costly due to the expensive raw
materials. Because of that, most of the researchers come up with new ideas of
utilizing PV technology that has low efficiency and cost manufacturing. Despite all

Fig. 13.7 List of carbon dioxide reduction reactions produce different chemical fuel products
[185]
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the facts, poor device stability and short lifetime are creating interferences in the
path of commercialization of PSCs, the perovskite materials are gaining huge
attention among the researchers because of their excellent PV performance, cheap
raw material, and requires of easy processing parameters [205]. Furthermore, it also
does not entail any complicated processing conditions, since it can be created by
using simple low-cost methods such as screen printing, dual-source evaporation,
spin and dip coatings techniques which can be developed on flexible substrate.

Si et al. [147] have studied the fundamentals on the absorption of PSCs. It was
found that the perovskite layer tends to absorb UV and visible light bands,
meanwhile, the electrode layer favours to absorb IR bands. Interestingly, plasmonic
was used to create hot spots in active layer via light-flow-circulating and nonlinear
absorption mechanisms so that, the light can be localized through perovskite
material. Si et al. [147] also reported that the absorption of IR-band has been
extended to 58.2% when the plasmonic was used in the materials.

Figure 13.9a, b shows the mesoscopic architecture and the planar heterojunction
structure of PSCs, respectively. Recently, the mesoporous materials have been
studied and applied as PSCs due to their high porosity and large specific surface
area up to 1000 m2/g [205]. It potentially increases the light response of photo-
sensitize material and improves the effectiveness of the instrument.

Basically, a solar cell consists of metal electrode layer, a hole transport layer as
Hole Transporting Material (HTM), a perovskite layer, a porous oxide layer, a
dense electron transport layer as Electron Transporting Material (ETM), and

Fig. 13.8 The mechanism of Pt doped SrTiO3 perovskite photocatalyst in carbon dioxide
reduction into carbon monoxide and methane [180]
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Flourine-doped Tin Oxide (FTO) electrode. This structure arrangement not just
effective to decrease the recombination rate of electrons and holes, but also provides
the necessary diffusion length for the accumulation of electrons and holes effec-
tively [34]. The TiO2 layer in the middle layer plays a significant function such as
conducting the electrons, blocking the holes and inhibits the electron-hole pairs
recombination in the FTO conductive substrate. Thus, it contributes to improve the
photoelectric conversion efficiency of the studied materials. Furthermore, other than
TiO2, materials like ZnO, Al2O3, and ZrO2 are typically used. Meanwhile, the
function of hole transport layer is to accept the generated holes and transfer them to
the surface of the metal electrodes. Commonly, the hole transport material and
counter electrode materials are Spiro-OMeTAD (2,2’,7,7’-Tetrakis [N,N-di
(4-methoxyphenyl)amino]-9,9’-spirobifluorene) and noble metals, such as Au,
Ag, and Pt, respectively.

Based on Fig. 13.9b, the distinction from the mesoscopic structure is that the
planar structure has no porosity of materials between the two layers of the electron
transport and the hole transport, as a result, the electron-hole pairs can be parted
effectively. Additionally, it contributes enlightenment the mechanisms of light
absorption and electron-hole separation, thus, enhance the versatility of device
optimization for the development of highly effective and advanced coated per-
ovskite solar cells.

Fig. 13.9 Schematic diagram and SEM section image of a mesoscopic architecture PSCs and
b planar heterojunction structure PSCs (adapted from [205]
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Latest research by Ren et al. [130] they studied power conversion efficiency and
efficient light capture and prepared the ultraviolet-ozone assisted strategy on the
TiO2 interface for perovskite solar cells. Interestingly, the modified perovskite
PSCs with ultraviolet ozone TiO2 efficiently suppress the decomposition of per-
ovskite films under light illumination. They found that this device has better per-
formance and remarkable stability as compared to the pristine perovskite solar cells.

13.5.6 Application of Visible-Light-Driven Perovskite
as Photocatalytic Nitrogen Fixation

Ammonia (NH3) is an essential and important substance in the present-day industry
as the major component of production of many types of chemicals such as fertilizers
and bleaching agents for the cleaning process. Conventionally it has been produced
in big scale industries via Haber-Bosch reaction, which requires very high tem-
perature ranging from 400 to 500 °C and pressure ranging from 15 to 25 Mpa
[195]. Recently, numbers of research papers reported on the new and advanced
techniques which are simpler and environmentally friendly known as nitrogen
fixation. Previously, biological nitrogen fixation was introduced and applied in
many applications. During this process, the nitrogen gas from the environment will
be activated by the organism to produce NH3 at ambient temperature and pressure,
for example of the organism is nitrogenase enzymes which catalyze the reduction of
N2 to NH3 [19]. Recently, artificial solar-powered nitrogen fixation was introduced,
where the concept is by using the energy from light source such photons to excite
electron which will be used to create radicals. This can be divided into two major
steps; step (i) semiconductor is excited under light irradiation producing photo-
generated electrons excited to the CB leaving holes in the VB. Step (ii) the pho-
togenerated holes oxidize water to O2 while the photogenerated electrons reduce N2

to NH3. Figure 13.10 shows the mechanism for the production of NH3 by using the
photocatalytic N2 fixation technique.

Fig. 13.10 Propose mechanism for the photocatalytic N2 reduction [195]
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As reported by Li et al. [91], the bismuth molybdate nanosheet with oxygen
vacancies can be prepared via NaOH etching treatment at room temperature. The
function of oxygen vacancies is to boost the photocatalytic nitrogen fixation to
produce ammonia under the visible light source at room temperature and ambient
pressure. They found that the oxygen vacancies had improved the photogenerated
charge carrier separation and improve the capability of the materials for the N2

adsorption and activation. As a result, production of ammonia was increased up to
800 µmol g−1 h−1. Furthermore, these materials also show a good tolerance to the
oxygen in the N2 source for the replacement of pure N2 with air under simulated
solar conditions. The pictorial illustration of relaxed slab model of BMO sample
and the Vo–BMO–OH sample surfaces and the schematic representation of pho-
tocatalytic N2 fixation process under visible light illumination is shown in
Fig. 13.11.

Wang et al. [176, 171], reported the importance of oxygen vacancies with
abundant localized electrons, where it can assist or improve the ability of the
material to capture and activate N2. They proved that the bismuth
oxybromide-based semiconductor that they have prepared produced higher NH3

generation with rate up to 1.38 mmol h−1 g−1 under visible-light-induced OVs. It
also resulted in the stable photoreduction of atmospheric N2 into NH3 in pure water,
which serves as both solvent and proton source. Figure 13.12 shows that the
photocatalytic N2 fixation of the Bi5O7Br–NT can be divided into 4 major steps;
(i) under visible light irradiation, part of the O will escape in the form of O2 from
the surface of Bi5O7Br–NT creating sufficient surface OVs, (ii) the N2 is chemi-
sorbed and activated on the OV sites, (iii) the excited electrons s injected into the
activated N2 and reduce it to NH3 and the last step (iv) the photoinduced OVs
would be refilled by seizing O atoms from water, leading to a good recovery to the
original stable OV-free composition.

Fig. 13.11 Illustration of a the pictorial views of a relaxed slab model for the BMO sample and
the Vo–BMO–OH sample surfaces, and b the schematic illustration of the photocatalytic N2

fixation process on the Vo–BMO–OH sample under visible light illumination [91]
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13.5.7 Application of Visible-Light-Driven Perovskite
Photocatalyst for Anti-fogging Glass

Fog or fogging phenomenon is the formation of small water droplets from the water
condensation on the surface of glasses, goggles, camera lenses and binoculars. This
is possible due to high surface tension resulting in a single droplet of water. Here,
anti-fog or antifogging is very useful to avoid or to reduce the fogging phenomena,
it can be done by reducing the surface tension and altering the degree of wetting by
introduction of antifogging film, resulting in the super hydrophilic, non-scattering
film or water instead of droplets.

Takata et al. [158], reported that they prepared the antifogging glass by coating
the glass with the TiO2 layer. It was observed that the TiO2 has super hydrophilic
properties which is very likely attracted to water other than common ability such as
anti-bacterial, anti-pollution and deodorant materials. They mentioned that when
the surface of TiO2 is irradiated with UV-light could decrease the contact angle
(CA) and reaches almost zero with time as illustrated in Fig. 13.13 where the
incident light will not be diffracted. This finding also aligned with the statement
reported by Duan et al. [32] stated that the super hydrophilic TiO2 film reduces the
CA 150° (hydrophobic TiO2) to less than 5° (hydrophilic TiO2). When the TiO2

coated glass expose to the condensed water, the droplets will create or form very
thin water film and become transparent, automatically, due to the self-cleaning
effect it will repel oil layer and when exposed to the light source it activated and
catalyzed the degradation of any possible bacteria and fungi, etc. Because of that
ability, it was known that the TiO2 has vast application as antifogging and also the
antibacterial or self-cleaning assisted material.

Fig. 13.12 Schematic illustration of the photocatalytic N2 fixation model in which water serves as
both the solvent and photon source as well as the reversible creation of light-induced OVs [176,
171]
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Nundy et al. [119] studied the performance of the super hydrophilic ZnO
microstructure coating for photovoltaic and glazing applications. They reported on
the wettability and photovoltaic behaviour can be affected by the different structures
of ZnO by affecting the CA of each structure as shown in Fig. 13.14. From this
Figure, we can see that the hydrophilic surfaces for nanorods ZnO with higher CA
and super hydrophilicity of microflower and microsphere ZnO with lesser CA,
respectively. This is due to the changes of crystallinity and microstructural during
the synthesis of ZnO. Thus, microstructure ZnO is good for the many antifogging
and photovoltaic applications.

According to Takagi et al. [157], there are numbers of application of TiO2 that
has been studied as the sterilizer, cleaner, decomposer, and antifogging agent. This

Fig. 13.13 Illustration of water drops on a glass surface a uncoated side: hydrophobic (CA = 65°)
and b coated side: hydrophilic (CA < 10°)

Fig. 13.14 Contact angle measurement (CA) of a water drop before contact to the ZnO-coated
surface; b nanorods ZnO, c microflowers ZnO, and d porous microspheres ZnO [119]
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is because of the TiO2 that has high oxidizing power when it is irradiated by solar
light. They also studied the sputter deposition technique to apply the TiO2 film on
the surface of the glass or any targeted clean surface. Based on our previous studies,
a lot of research papers were discussed on the potential of photocatalyst as an
antifogging agent by increasing the wettability and reducing the contact angle of the
surfaces especially TiO2 and ZnO. However, best in our knowledge, studies on the
perovskite structure of photocatalyst as potential antifogging glass is not yet
reported or discussed elsewhere. This will become a good opportunity for the
researchers to study, evaluate and conduct research on the application of perovskite
photocatalyst as the antifogging agent.

13.6 Conclusion

This chapter revealed the theory of perovskite-based photocatalyst for various
environmental remediation applications specifically under visible light and solar
irradiation. Moreover, the different type of perovskite materials together with its
advantages is thoroughly discussed. Its unique characteristic enables it to incor-
porate with other metal and non-metal nanomaterials and such modification
strategies leads to an improve ability of perovskite-based photocatalyst especially in
harvesting of visible or solar light and prolong the life span of the charge carriers
has been further explained. The promising outcome of the fabrication perovskite
materials and its development pathway for various applications for energy con-
version and other environmental applications. Hence, the perovskite-based photo-
catalysts are a versatile material in terms of its recurrent development that enable
performance enhancement and its practicality towards environment protection in
the time ahead.
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Chapter 14
Advanced Laser Methods
for Synthesizing Photocatalysts

Florin Andrei, Athanasios Tiliakos, Monica Scarisoreanu,
and Nicu D. Scarisoreanu

Abstract The global demand for energy is steadily increasing in the past decades,
leading to a rise of the uses of conventional energy sources which are causing
serious environmental problems such as the greenhouse effect and pollution of the
water and air supplies. Therefore, numerous alternatives to minimize the impact of
environmental pollution have been tracking down and developed. In the quest for
sustainable growth in all fields of human activity, the water and air purification by
efficient catalysts which can be activated by natural sunlight is now a primary goal
of the worldwide research activity. Employing laser-based methods such as laser
pyrolysis (LP) or pulsed laser deposition (PLD) to obtain new or modified photo-
catalysts can contribute to these efforts, due to the fact that the native advantages of
these techniques allow the use of several efficient strategies (sensitization, structural
strain engineering, metal/non-metal doping) to enhance photocatalytic activity of
different materials. In this chapter, the laser processing techniques advantages are
presented through the functional property’s enhancement of different photoactive
materials such as complex stoichiometry inorganic perovskites (BiFeO3-based
materials) or binary oxides (TiO2, WO3, ZnO). The tuning process of the photo-
catalysts active in visible light for complete degradation of the persistent organic
pollutant or the effect of the structural strain on the photoelectrochemical water
splitting performance is detailed for both laser pyrolysis (LP) or pulsed laser
deposition (PLD) produced oxide nanomaterials.
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Keywords Environmental pollution � Laser pyrolysis (LP) � Pulsed laser depo-
sition (PLD) � Inorganic perovskites (BiFeO3-based materials) � Binary oxides
(TiO2, WO3, ZnO)

14.1 Introduction

Photocatalysis is an advanced oxidation process with a vast potential in contributing
to the solution of energy generation and environmental pollution problems. The
photocatalytic process is based on harvesting of sunlight—probably the cleanest
and most sustainable of the available energy sources—and its conversion to
chemical energy. Photocatalytic materials, generally referred to as photocatalysts,
are typically semiconductors capable of absorbing photons of energy at least equal
to the band gap (Eg) of the respective material. As an effect of the absorption
process, electrons (e−) from the valence band (VB) are promoted to the conduction
band (CB), leaving behind positive holes (h+). These photogenerated charge carriers
migrate towards the surface of the material where the chemical reaction takes place.
Depending on the reaction type, the photocatalytic mechanism is different. For
example, in the case of photocatalytic water splitting, water reduction is a
two-electron transfer process (2H2O + 2e− � H2 + 2HO−), while the transfer of
four electrons is required for water oxidation (2H2O � 4e− + O2 + 4H+) [1–3].
From the thermodynamical point of view, water decomposition into H2 and O2 is a
non-spontaneous reaction requiring an excess of energy (theoretical value of
1.23 eV per electron transfer) to take place. However, in practice, it was observed
that an even higher energy is necessary for the reaction to occur, in order to avoid
energy losses associated with charge carrier transfer and recombination, as well as
induced kinetic losses [4, 5]. A schematic representation of the photocatalytic water
splitting process is presented in Fig. 14.1.

The photodegradation of pollutants in aqueous solution can be viewed similarly
to the water splitting process. Photogenerated electrons react with the adsorbed
oxygen molecules on the photocatalyst surface, leading to the formation of highly
reactive radicals (dioxide radical and its protonated hydroperoxyl form: O2

− (O2
•),

HO2 (HOO•), respectively); then, positive holes react with the adsorbed water
molecules and hydroxyl radicals (•OH) are formed. All these produced radicals
interact with the pollutants, oxidizing them to other less toxic or non-toxic com-
pounds, like CO2 and H2O [6].

Perhaps the most widely used photocatalyst, titanium dioxide (TiO2), a semi-
conductor which is activated by light, can either mineralize organic molecules or
oxidize inorganics in the presence of water and oxygen, thus helping to alleviate
environmental pollution [7–22].

The electromagnetic spectrum corresponding to sunlight extends over a wide
range of wavelengths, from the ultraviolet (UV) at 250 nm to the infrared (IR) at
2500 nm, equivalent to an energy range starting from 4.9 to 0.5 eV, respectively. It
is comprised mainly from IR (ca. 49.4%) and visible (ca. 42.3%) radiation, with the
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UV part corresponding to only a small portion (ca. 8%) [23]. Thus, for efficient
photocatalysis by sunlight, it is recommended to employ semiconductors with band
gap values between 2.0 and 2.2 eV, with the positions of band maxima being a
crucial factor for the efficiency of the process [4].

Although photocatalysis poses as a highly efficient process, there can still be
issues concerning photocatalytic materials, with the most common of them being
related to [24]:

• overly high band gap values;
• short lifetime of the photogenerated charge carriers and their rapid

recombination;
• photo-corrosive effects.

In general, photocatalytic activity can be enhanced by increasing the absorbance
of sunlight by the photocatalyst and by limiting the recombination rate of free
charge carriers. Several efficient strategies to enhance photocatalytic activity are
listed below [25, 26]:

• sensitization;
• photoelectrochemical (PEC) enhancement;
• oxygen vacancies and structural strain engineering;
• metal and/or non-metal doping;
• stratified photocatalysts;
• morphological optimization.

Nanoparticle properties (phase composition and morphology, particle size dis-
tribution and shape, porosity distribution) are determined by the employed synthesis

Fig. 14.1 Photocatalytic water splitting process
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method. There have been several conventional methods for synthesizing TiO2: sol–
gel [8, 15, 27], hydrothermal [11, 18], chemical vapour deposition (CVD) [28] and
combustion flame [29]. To these, advanced laser-based methods have been added
offering greater versatility: pulsed laser deposition (PLD) [12], matrix-assisted
pulsed laser evaporation (MAPLE) [30] and laser pyrolysis (LP)/laser-induced
chemical vapour deposition (LCVD) [31–49]. Especially the latter laser methods
offer the possibility of synthesizing a wide range of nanomaterials: TiO2 and TiC;
SnO and SnO2; ZnO; Fe and Fe2O3; as well as Fe coated in polymer nanotubes,
carbon nanotubes (CNTs), or turbostratic carbon). The major advantage of laser
pyrolytic methods is that the process of doping is performed in a single step, within
the main LP reactor during synthesis (Fig. 14.6).

14.1.1 Simple Metal Oxides Photocatalysts Prepared
by Conventional Methods

14.1.1.1 Titanium Oxide (TiO2)

The photoelectrochemical activity of TiO2 photoanode was discovered in 1972 by
Fujishima et al. They have tested a n-type TiO2 semiconductor for the water
photodecomposition reaction under UV irradiation [50]. Additionally to the pho-
tocatalysis, in a photoelectrochemical process, the redox reactions take place at
different materials surface. For example, the water oxidation occurs at the anode
(e.g. TiO2), while the hydrogen is formed at the cathode surface (e.g. Pt wire). In
order to improve the free charge carriers separation, an external electrical bias can
be applied [51]. Since then, TiO2 has become one of the most studied photocatalyst
due to its high resistance to chemical and photocorossion, non-toxicity and high
activity. Under UV light irradiation photoanodes based on TiO2 show excellent
results with the photocurrent value of 2.5 mA/cm2 at 1.23 V versus RHE. The
Incident-Photo-to-Current-Efficiency (IPCE) in the UV region is *95%, but it is
almost 0 under visible light irradiation, because TiO2 has typically a large band gap
of ca. 3.0–3.2 eV. A small value of the onset potential (0.1 V vs. RHE) was
reported for this type of photocatalyst. The onset potential can be defined as the
potential where the photocurrent starts to increase. The Solar-to-Hydrogen
(STH) conversion efficiency is *1.63% with a measured volume of mixed gas
(H2 and O2) of *0.47 mL/h. The photocatalyst still shows high stability after 16 h
of reaction [52]. The addition of Si to TiO2 and the decreasing of pH value are
lowering the photocurrent density. The IPCE under Vis irradiation is still under 1%.
Also, the onset potential increases around 3 times leading to a higher energy
consumption.

One way to improve the absorption properties under visible radiation is to use a
dye-sensitizer. A detailed studied was recently published by Wang et al. concerning
the dye-sensitizer TiO2 effect. They have used an anthraquinone dye to harvest the
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visible light on the surface of TiO2 semiconductor and
2,2,6,6-tetramethylpiperidin-1-yl)oxyl for oxidative transformation. They have
successfully tested the prepared photocatalyst under visible irradiation for oxidation
of amines to imines with both high selectivities (up to 97%) and conversions (up to
98%) [53]. Choi et al. have reported photocatalysts based on organic dye-sensitized
TiO2 for solar hydrogen production and photodegradation of different organic
pollutants under visible radiation. They have used several branched organic dyes
with numerous carboxylate anchoring groups for light harvesting and tri-
ethanolamine and ethylenediaminetetra-acetic acid as electrons donor [54].

A detailed study concerning the doping of TiO2 photocatalysts was recently
reported by Khlyustova et al. They have demonstrated that by integrating different
dopants into the TiO2 structure the photocatalytic activity can be rigorously
improved. For example, when using Al and Cu as dopants, the photocatalytic
activity is increased up to 70%, while for Mo and W dopants it increases to 96%
[55]. Also, other studies related to C-doped TiO2 [56, 57], S-doped TiO2 [58, 59]
and N-doped TiO2 [60, 61] with smaller band gap values than pristine TiO2 are
reported in literature.

14.1.1.2 Zinc Oxide (ZnO)

ZnO is a widely used photocatalyst, its physical and chemical properties, as well as
band gap value being similar to the TiO2 semiconductor. Lu et al. have reported a
micro/nanoarchitecture prepared by solvothermal method with excellent pho-
todegradation efficiency of methyl orange under UV radiation. The high photo-
catalytic efficiency was correlated to the high specific surface area of ZnO
semiconductor (>180 m2/g) and stability against particles aggregation [62].
Numerous studies concerning the morphology of ZnO semiconductor are reported
in literature and its effect on the photodegradation of different organic dyes (e.g.:
rhodamine B, methylene blue) are detailed [63, 64]. One way to improve the
photocatalytic activity of ZnO is by combining with CdS. Bulk CdS has a band gap
value of 2.4 eV at room temperature and it possesses higher affinity for electrons
than ZnO. By irradiating the ZnO/CdS composite, electrons from the VB of CdS
are expelled into its CB. After ca. 18 picoseconds the electrons found in the CB of
CdS are transferred to the CB of ZnO. This process can further improve the pho-
tocatalytic activity [65]. Also, the doping of ZnO is an effective way to lower the
band gap value and to improve the separation of the free charge carriers leading to
an enhanced photocatalytic activity. Numerous dopants, both metallic and
non-metallic are integrated in the ZnO structure increasing the global efficiency of
the photocatalytic process [66].
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14.1.1.3 Tungsten Trioxide (WO3)

WO3 is a suitable n-type semiconductor used for the photocatalytic applications.
Although it has the capability to absorb approximately 12% of the solar light with a
band gap energy value of about 2.5–2.8 eV, it presents several limitations which
influence the generation and separation of free charge carriers, as well as their
transport to the photocatalytic reaction process. An impressive number of dopants
were used to modify the physico-chemical properties of WO3 in order to improve
its photocatalytic activity [67]. For example, it was demonstrated that by doping
WO3 with Fe3+ the separation of charge carriers is improved as well as the stability
of the material. Further loading of Fe-doped WO3 with Pt leads to a photocatalyst
which is able to rapidly oxidize ethylene [68]. Al-doped WO3 prepared by
hydrothermal method on FTO glass shows a photocurrent density 1.3 times higher
than pristine WO3. Al atoms increase the electron conductivity and mobility leading
to an increase of the global photoelectrochemical activity [69]. Mo-doped WO3

prepared by the same method was successfully studied for the photodegradation of
rhodamine B under visible light radiation (420 nm). The highest efficiency was
obtained in a strong alkaline solution (pH = 12) [70].

14.1.2 Perovskites-Based Photocatalysts Prepared
by Conventional Methods

14.1.2.1 Bismuth Vanadate (BiVO4)

BiVO4 is a promising perovskite material with great photocatalytic activity due to
its narrow band gap (2.3–2.5 eV), non-toxicity and high photocorrosion stability. It
shows three crystal structures: monoclinic scheelite structure, tetragonal scheelite
structure and tetragonal zircon structure. The highest photocatalytic efficiency is
generally obtained for the monoclinic structure due to its smaller band gap value
compared to the others structures. However, the main issue of the bare BiVO4 is
correlated to the fast recombination of the free charge carriers which limits the
global efficiency of the photocatalytic process [71, 72]. Kudo et al. have synthe-
sized BiVO4 through a long-term process at room temperature with different crystal
structure: monoclinic (Eg = 2.4 eV) and tetragonal (Eg = 2.9 eV). Under UV
irradiation, the photocatalytic activities for oxygen evolution reaction are compa-
rable for both structures. When perovskites were irradiated with visible light, the
highest efficiency was obtained for the monoclinic structure [73]. Monoclinic
BiVO4 with different morphologies, sizes and specific surface areas were prepared
by hydrothermal method. They were tested for the photodegradation of methylene
blue under visible irradiation and the highest photocatalytic performance was
obtained for BiVO4 flower-like photocatalyst. In contrast to other studied mor-
phologies, it shows the smallest band gap value (2.14 eV) [74]. Regmi et al. have
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reported a study where they have synthesized a monoclinic-tetragonal Fe-doped
BiFeO3 structure by using microwave hydrothermal method. The photocatalytic
activity over photodegradation of ibuprofen (>70% after 1 h under visible irradi-
ation) is clearly increased compared to undoped BiVO4, the highest performance
being obtained for the sample doped with 1 wt% Fe [75]. Similar performance
(75%) was reported for Cu-doped BiVO4 tested for the photodegradation of
ibuprofen, while almost entire methylene blue was oxidated over this type of
photocatalyst [76]. S-doped BiVO4 prepared by the surfactant-free hydrothermal
method was tested for the photooxidation of methylene blue under visible irradi-
ation. In just only 25 min, 100% of the organic dye was eliminated [77]. Also,
rhodamine B was almost completely photo-oxidized over Mo-doped BiVO4, while
in the same experimental conditions, pristine BiVO4 shows a photoconversion of
ca. 40% [78].

14.1.2.2 Bismuth Ferrite (BiFeO3)

BiFeO3 is one of the most studied materials which present multiferroic properties at
room temperature. It has distorted rhombohedral structure with high transition
ferroelectric Curie temperature (1103 K) [79], while the Neel temperature for the
antiferromagnetic ordering is *643 K [80]. The ferroelectric order is due to the 6 s
lone pair electron of Bi3+, while the unpaired Fe spins are responsible for the
magnetic ordering [81]. The structure of BiFeO3 is rhombohedrally distorted along
[111] direction. The Bi3+ cations are strongly displaced in relation to the FeO6

octahedra and this is leading to the formation of ferroelectric effect with the highest
spontaneous polarization when it is oriented along [111] direction [82].

BiFeO3 is among the most studied perovskite-type photocatalyst, especially for
the water photolysis and organic dyes decomposition despite the fact that it has a
relative high band gap value (ca. 2.7 eV) [83]. Liu et al. have reported the
preparation of single-phase BiFeO3 nanoparticles by a simple chemical coprecipi-
tation of bismuth and iron nitrates. Excellent efficiency was obtained when the
photocatalyst was used for the organic dye decolorization under UV irradiation
(>92% for methyl orange) [84]. Single crystalline BiFeO3 nanosheets and nano-
wires were prepared through hydrothermal synthesis starting from Bi3+ and Fe3+

precursors. They were tested for the degradation of rhodamine B under UV irra-
diation with acceptable photocatalytic activity after 3 h (66% for nanosheets; 60%
for nanowires). The slightly higher efficiency obtained for the nanosheet mor-
phology can be correlated to the lower band gap value (2.075 for nanosheets; 2.1
for nanowires). Further, the authors have tested the degradation of rhodamine B
over the same catalysts, but under ultrasonic wave vibrations. Interesting was the
fact that under these conditions, BFO samples show higher degradation rate of
rhodamine B (59% for nanosheets and 92% for nanowires after 1 h). An even
higher performance was obtained under simultaneous irradiation and ultrasonic
wave vibration conditions, with a degradation of rhodamine B of 71% for
nanosheets and 97% for nanowires. The authors have demonstrated that the internal
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piezoelectric effect is responsible for enhanced efficiency, which ensures a better
electrical transport property of charge carriers to the BFO-electrolyte interface,
limiting the recombination of these species [85]. A schematic representation of
photocatalytic and piezoelectric processes is presented in Fig. 14.2. As in the case
of other photocatalysts, numerous dopants were used to modify BiFeO3 structure
and thus its photocatalytic performance, as Haruna et al. have presented in a
recently published review [86].

14.1.2.3 Lanthanum Ferrite (LaFeO3)

Alongside BiFeO3, LaFeO3 perovskite is also widely used in the field of photo-
catalysis, it presenting a lower band gap value (ca. 2.07 eV) compared to BiFeO3

[87, 88]. Ismael et al. have reported the preparation of LaFeO3 through a sol–gel
method showing excellent photocatalytic activity under visible light irradiation.
They have tested thus prepared photocatalyst for the photodegradation of rho-
damine B and 4-chlorophenol and have correlated the high activity to the high
specific surface area and the good separation of charge carriers [89]. Also, LaFeO3

was prepared by a similar sol–gel method with ca. 1.86 eV band gap energy and the
effect of vacuum microwave calcination temperature on the photocatalytic degra-
dation of methylene blue and methyl orange dyes under visible irradiation was
studied by Shen et al. They have observed that the vacuum microwave calcination
can reduce the separation of the photogenerated charge carriers leading to an
improvement of the photocatalytic performances [90]. B-doped LaFeO3 shows
excellent photocatalytic activity for the degradation of phenol with a conversion of
ca. 87.9% under simulated solar light [91]. The photoelectrochemical performance
of LaFeO3 thin film photocathodes prepared by sol–gel on F-doped SnO2 substrates
was tested by Wang et al. At an applied potential of 0.6 V versus RHE, they have
obtained a photocurrent density of ca. −4.82 lA/cm2. This value can be further

Fig. 14.2 Photocatalytic and
piezoelectric processes

406 F. Andrei et al.



increased in absolute value (ca. −19.6 lA/cm2) by integrating a thin layer of Au
between the substrate and the perovskite material. The layer of Au ensures an
improved light harvesting, better charges separation and enhanced electrical con-
ductivity [92]. A detailed study concerning the metal doping of LaFeO3 photo-
cathodes was reported by Diez-Garcia et al. They have used different contents of
Mg2+ and Zn2+ for Fe3+ substitution leading to an improvement of the photoelec-
trochemical efficiency of the water reduction [93].

14.1.3 General Aspects Concerning Laser Devices

The laser was built for the first time by Maiman in 1960 [94]. Even from the
beginning, the name “LASER” itself, has given a lot of information about this
device which is based on Light Amplification by Stimulated Emission of Radiation.
The main difference between a light emitted by a commercial source and a laser can
be highlighted by the fact that the laser light has monochromacity (only one
wavelength), directionality, coherence and high intensity. A laser device is made of
three important components, as can be seen in Fig. 14.3. The gain medium (laser
medium) is responsible for the population inversion, process that is closely related
to the stimulated emission of light (laser effect). The wavelength of the laser light is
given by the nature of the laser medium. The pump source ensures the required
energy for the population inversion to take place. Last, but not least, the optical

Fig. 14.3 General aspects concerning the components of a laser device
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resonator acts as light amplifier and it is generally composed by mirrors with
different partial reflectivities.

Laser devices are widely used in numerous application fields, especially for
medical and biomedical applications, welding/cutting/joining and for material
processing [95]. In the next sections, different laser-based techniques used for the
preparation of different photocatalysts will be presented in detail.

14.2 Laser Pyrolysis

In the frame of sustainable growth, the water and air purification by efficient cat-
alysts which can be activated by natural sunlight is now the goal of researchers.
Titanium dioxide (TiO2) is widely studied at the international level, but funda-
mentally limited by its low absorption efficiency of sunlight (4%) and by the rapid
recombination of electron-hole pairs. In order to solve this problem, we propose
four solutions: (i) doping of TiO2 with metallic/non-metallic ions, (ii) coating of
TiO2 nanoparticles, (iii) coupling with other semiconductors or (iv) by decorating
them with noble metals, where metal-titania composites become advantageous due
to resonant plasmonic effect (SPR). This chapter will provide information about
how the TiO2-based nanoparticles with photocatalytic properties can be correlated
to experimental conditions using a fast, single-step method—laser pyrolysis (LP).
LP is a versatile and reproducible technique in controlling the morphological and
structural properties of the resulted products. A wide range of the experimental
parameters can be varied: power density, the pressure in the reaction chamber, the
flow of gas/vapour introduced into the reaction. Optical, morphological and
structural characterizations of titania-based nanoparticles synthesized by LP have
been performed, as well as their organic pollutant photodegradation efficiency
evaluation, under UV and Vis range, the main purpose being to obtain photocat-
alysts active in visible light for complete degradation of the pollutant. The aim of
this chapter is to assess the photocatalytic activity of modified titania nanoparticles
synthesized by LP. These nanomaterials with predictable properties were obtained
by introduction of different degree of V dopant in the TiO2 lattice or by coupling
with SnO2 or by loading them with noble metal (Ag). The structural, morphological
and optical properties of nanopowders were characterized using X-ray diffraction
(XRD), transmission electron microscopy (TEM), energy-dispersive X-ray spec-
troscopy (EDX), Raman spectroscopy and UV–V is diffuse reflectance spec-
troscopy (DRS) techniques and correlated with their photodegradation efficiency of
different organic pollutant (Fig. 14.4).

Some examples of the Ag/SnO2/V-modified TiO2 catalysts used for different
pollutant degradation studies along with their preparation technique are given in
Table 14.1.
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Table 14.1 Studies on Ag/SnO2/V-modified TiO2 assisted photodegradation of different pollutant

Catalyst Pollutant used for
analysis

Techniques for preparation of
TiO2-based catalysts

Ref.

TiO2–Ag particles P-nitrophenol Sol–gel method [5]

TiO2/Ag nanosponge composite RhB and salicylic acid Sol–gel method [6]

Ag/TiO2 Rhodamine B Photodeposition [7]

Ag/P25, Ag@CuO NPs Phenol and acetic acid Radiolytic reduction [8]

Ag@TiO2 NPs Methyl Orange Hydrothermal method [9]

Ag-loaded TiO2 Methylene blue Pulsed laser ablation [10]

TiO2/Ag/SnO2 composites Methylene blue One-step reduction [11]

Silver-doped TiO2 nanoparticles Lomefloxacin Liquid impregnation method [12]

SnO2/TiO2 nanoparticles Methylene Blue,
Rhodamine B and
phenol

Sol–gel method [13]

SnO2–TiO2 composite Rhodamine B Chemical precipitation [14]

Sn-doped TiO2 nanoparticles and
TiO2–SnO2 nanocomposites

Methylene blue Sol–gel method [15]

TiO2-doped with SnO2 thin films Methylene blue Sol–gel method [16]

SnO2/TiO2 nanotube Textile dye effluent Hydrothermal preparation
followed by chemical
precipitation

[17]

SnO2 particles Congo red Precipitation and calcination
pathways

[18]

V–TiO2 nanoparticles NO2 reduction Gas-phase condensation [19]

Vanadium-doped TiO2

nanoparticles
Methyl orange Sol–gel method [20]

Vanadium-doped TiO2

nanoparticles
Alkyd resin
(Photochromic
properties)

Wet chemical method [21]

Vanadium-doped TiO2 Methylene blue Sol–gel method [22]

Fig. 14.4 Pictorial
representation of the band gap
when modified TiO2
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14.2.1 Materials and Methods

Three types of TiO2 nanopowders were studied. All these samples were obtained by
the laser pyrolysis method using the following precursors: TiCl4 (Aldrich 98%
purity), SnCl4 (Aldrich 98% purity), VOCl3 (Aldrich 99% purity), Air (Siad
99.99% purity), C2H4 (Siad 99.5% purity), AgNO3 (Aldrich 97% purity) and Ar
(Siad 99.98% purity).

14.2.2 Laser Pyrolysis-The Synthesis Method

The laser pyrolysis method is based on the resonant transfer of energy between the
CO2 laser radiation and the absorption band of a reactant or sensitizer. The CO2

laser was first developed in 1964 by Patel and colleagues working Bell Labs in the
USA [96]. It was soon observed a significant increase in the laser power and
efficiency with the addition of nitrogen and helium. This made it possible to achieve
very high-power continuous wave (1, 10 kW), and 20–30% efficiency. The CO2

laser emits in the spectral range 9–11 µm (middle infrared) in over 100 individual
rotational vibration lines. The most intense lines are found at 10.6 µm line 10P
(20) and at 9.6 µm line 9P (20) [97]. Gas lasers use a gas or a mixture of gases as
the active medium. Common examples of gas lasers are those with HeNe, CO2,
argon or excimers. The main scheme of such a laser is presented in Fig. 14.5.

There is a wide variety of constructive configurations. For example, the gas can
flow through the laser tube or can be used in closed mode; the electric discharge can
be in direct current, in alternating current or in radio frequency. Gas lasers emit over
6000 laser lines into gases and vapours from more than 140 different species (atoms
and molecules) [98].

Titanium tetraisopropoxide (TTIP) or TiCl4 is mainly used as precursors for the
production of TiO2 via laser pyrolysis [37, 38]. Doped nanoparticles can be easily
obtained through LP in one-step reaction, which is a major advantage of this
technique in contrast to other chemical methods where, generally, a few reaction
steps are required.

Fig. 14.5 Diagram of the CO2 laser
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Generally, pyrolysis in the gas phase takes place in the small volume defined by
the interpenetration between gas and radiation, place where a flame usually appears
(see Fig. 14.6). The visible emission is attributed primarily to the thermal effect,
resulting from the emission of hot, newly formed particles. Being a well-defined
reaction in volume (no contact with the walls of the enclosure) no chemical con-
tamination occurs ensuring a high purity of the powder obtained. Due to the high
temperatures during the reaction (700–2000 °C) corroborated with high heating/
cooling speeds (105–106 °C/sec) the obtained particles have small size (5–25 nm).

Until now, our best results regarding TiO2-based materials are: (i) TiO2 nano-
spheres, decorated with Au, Ag and Pt nanoparticles by chemical impregnation
reveal a rapidly and complete degradation of MO pollutant and a good biocom-
patibility with human lung cell [31]; (ii) TiO2 nanoparticles with majority anatase
phase (reaching values of 97%) whose photocatalytic properties were tested,
yielding a 45% efficiency higher than the current industry standard Degussa P25
[46]; (iii) interstitial N-doped-TiO2 (0.7–0.9 at%)—obtained both by varying the
doping level and the nature of the oxidizing agent in order to improve the properties
of absorption in the visible range for photocatalytic applications [37, 48]; (iv) sub-
stitutional Fe-doped TiO2 nanoparticles with varied doping level (0.1–0.5 at%)/(7–
25 at%)—the displacement to the visible of absorption peak succeeded,
from *380 nm at 533 nm (for photocatalytic applications) [36, 40]; (v) improve the
photocatalytic properties of TiO2 by doping with S and/or C coverage. The results
have shown the visible light absorption improvement by narrowing the band gap up
to 2.7 eV (versus 3.2 eV in the literature corresponding to anatase phase) [41];
(vi) TiO2 nanocomposites with photocatalytic properties as well as magnetic in order
to recover their properties in magnetic field after the process of photodegradation, by
carrying out new architectures of the core/shell—Fe/TiO2/SiO2 [38].

In the present study, TiO2-based nanoparticles were obtained by laser pyrolysis
method using the following precursors: TiCl4—titanium tetrachloride (as precursor

Fig. 14.6 Schematic setup of a LP system
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for Ti), air (as oxidizing agent), C2H4—ethylene (as sensitizing), VOCl3 (as pre-
cursor for V), SnCl4 (as precursor for Sn) and AgNO3 for decoration of TiO2 NP
with metallic Ag particles. The introduction of ethylene as sensitive was necessary
because none of precursors not absorb CO2 laser radiation The synthesis experi-
mental parameters are strictly controlled by using electronic-assisted equipments
(mass flow controllers, pressure controller): flow reactants: UAr = 1500–
2000 sccm, UAir! TiCl4 ¼ 150�300 sccm, UC2H4 = 30–50 sccm, UAir supple-
mentary = 200 sccm and UAr window = 2500 sccm, the total pressure
(P = 450 mbar) and the laser power (400 W). The doping process of the titania
nanoparticles was performed using the following precursors and varying
their proportion: UAir!AgNO3

¼ 150 sccm, UC2H4!VOCl3 ¼ 5�30 sccm and
UAr!SnCl4 ¼ 0�30 nm. The precursors enter in the reaction chamber through a
system of three concentric nozzles, to not react chemically before encountering the
laser radiation, as shown in Fig. 14.6. The following parameters were maintained
constant for each of the three types of experiments: the flows of Ar for windows
flushing (UAr window = 1750 sccm), the total pressure (P = 450/850 mbar) and
the laser power (450 W). The nanoparticles formed in the pyrolysis flame are
collected on a ceramic filter; the mean productivity for the powder is about 1.5 g/h.

14.2.3 Characterization Methods

Energy-dispersive X-ray spectroscopy coupled to a Scanning Electron Microscope
(SEM) (FEI Co., model Quanta Inspect S, at 15 kV in high vacuum) was used to
study the elemental composition of TiO2-based nanopowders.

An X-ray diffractometer Panalytical X’Pert MPD theta-theta was used to eval-
uate the crystalline phases of the samples and the topography of the sample was
analysed by High-Resolution Transmission Electron Microscopy (HRTEM) in a
TECNAI F30 G2 S-TWIN.

The optical properties of TiO2-based samples were measured by Diffuse
Reflectance (DR) spectra using a UV–VIS spectrophotometer, Analytik Yena
Specord, 200 Plus. The values of optical band gap for some samples are estimated
from the Tauc plots of diffuse reflectance UV–VIS data converted into absorbance
by Kubelka-Munk function.

The surface morphology and particle size of nanostructured of TiO2 powders
were characterized using transmission electron microscopy TEM, high-resolution
transmission electron microscopy (HRTEM), and selected area electron diffraction
(SAED) measurements using JEM ARM 200F analytical microscope (Jeol, Japan).
The preparation of samples for the test was performed by dispersing the powders on
Cu grids with an amorphous carbon support layer, after a light grinding of the
powders. This grinding aims to break down the particle aggregates into submicron
aggregates, transparent to the electron beam, and does not affect the morphology of
the nanometer particles.
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14.2.4 Evaluation of Photocatalytic Performance

14.2.4.1 Photocatalytic Degradation of Methanol

The experimental procedure consisted in dispersing in a uniform layer 0.05 g of
photocatalyst in powder form on an area of about 3.6 cm2. This photoactive surface
was subsequently exposed to simulated sunlight. Methanol (5 µL) was injected into
the photoreactor with a volume of about 120 cm3 so that the concentration at the
beginning of the experiment in the gas phase is 123 µmoles. The temperature inside
the photoreactor was maintained constant, 18 °C, with a cryostat. The AM 1.5 solar
light (1000 W/m2) was provided by a Peccell L01 solar simulator. For each test
200 µL gas samples were taken from the photoreactor at 20 min and analysed with
two gas chromatographs equipped with FID (Agilent 7890A) and TCD detection
(Buck Scientific, model 910). The total time of a photocatalytic test was 180 min.

14.2.4.2 Photocatalytic Degradation of Methyl Orange

The UV photocatalytic activity was measured in a photoreactor coupled to
6 � 6 W fluorescent lamps (kmax = 365 nm, irradiation time *2.25 h). The con-
centration of the dissolved oxygen in the photoreactor containing the photocatalyst
suspension and the pollutant was kept constant by continuously purging air during
the reaction process. A JASCO-V650 (Tokio, Japan) spectrophotometer
(k = 297 nm) was used to measure the concentration of the organic dye. The slope
of the curve ln (C0/Ct) versus irradiation time was used to calculate the photo-
catalytic rate constants considering a first-order kinetics, where C defines MO
concentration, C0—initial concentration, Ct—final concentration.

14.2.5 Results and Discussion

14.2.5.1 EDX Measurements

EDX quantitative analysis indicates a good correlation between the precursors used
and the elemental concentration of samples (at. %). The presence of the dopant and
degree of this which modifies the structure of TiO2 is presented in Table 14.2
together with calculated crystallite size and phases proportion of titania. The
samples were named according to the degree of doping given by the EDS results.
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14.2.5.2 X-ray Diffraction

XRD was carried out to characterize the crystalline phase of the powders. All
samples show the characteristic phases of TiO2 -anatase (JCPDS 00-021-1271) and
rutile (JCPDS 00-021-1276), only in the case of TiO2–SnO2 samples could be
identified for the sample with highest Sn content the formation of the crystalline
phase of SnO2–cassiterite (JCPDS 00-041-1445). Neither shifts can be seen in the
anatase and rutile XRD peaks for the vanadium or silver containing samples,
meaning that the doping degree is very low or absent. These superposed diffrac-
tograms (shown in Fig. 14.7) allow a direct comparison between the pure TiO2–

SnO2–0 sample (containing a single phase: TiO2 anatase) with the highest sample
content Sn–TiO2–SnO2–5, where all three phases are present due to the presence of
tin who favours the formation of the rutile phase. The crystallite size was calculated
from the most intense peaks for each powder, respectively (101) at 2h = 25.4° for
anatase and (110) at 2h = 27.5° for rutile, using Scherrer’s equation and the results
are presented in Table 14.2.

Increasing doping degree of TiO2 with Ag, Sn and V leads to the transformation
of the anatase phase into rutile in all three cases (see Table 14.2). Khatun et al.
explain this in the case of V, the increase of the doping level leads to the increase of
the V4+ phase to the detriment of V5+ also observing a decrease of the band gap
value, simultaneously [99].

Table 14.2 TiO2-based samples crystallographic parameters

Sample Degree of doping TiO2—phases
proportion

Mean crystallite size

(at%) A (%) R (%) Da (nm) Dr (nm)

TiO2:V V (at%)

TiO2:V-0 0 87 13 18 26

TiO2:V-1 1.0 83 17 19 29

TiO2:V-6 6.3 67 33 20 27

TiO2:V-8 8.6 68 32 19 20

TiO2–SnO2 Sn (at%)

TiO2–SnO2–0 0 100 0 20 –

TiO2–SnO2–3 2.7 83 17 17 10

TiO2–SnO2–5 4.8 77 23 16 8

TiO2@NM Ag (at%)

P25 – 84 16 22 31

TiO2 – 87 13 35 38

TiO2@Ag 0.05 76 23 36 28
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14.2.5.3 TEM Analysis

TiO2@Ag

Spherical nanoparticles of TiO2 with dimensions 30–50 nm are presented in
Fig. 14.8. Due to the small amount of Ag, the silver nanoparticles could not be
distinguished on the TiO2 surface for the TiO2@Ag sample but the diffraction rings
from de SAED measurements, presented as an inset in the figure, confirm its
presence—Pt (111) and the anatase (101) and rutile (110) planes.

TiO2–SnO2

The anatase titania phase nanoparticles for the sample TiO2–SnO2–0 are shown in
Fig. 14.9 and the corresponding insets-SAED and HRTEM confirms this. The
images are in concordance with the XRD results, which show the 100% anatase
phase.

The introduction of tin leads to decrease the crystallinity of TiO2–SnO2–3
sample, nanoparticles appear to be embedded in an amorphous carbon matrix
(Fig. 14.10). Diffraction rings are less intense compared to the previous sample
TiO2–SnO2–0 (without tin content).

Fig. 14.7 X-ray superposed diffractograms of TiO2–SnO2 samples obtained by LP
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The increase of the Sn content in sample TiO2–SnO2–5 continue the trend of
lowering crystallinity, the HRTEM image presented in Fig. 14.11 showed the TiO2

nanoparticle covered in the carbon layer.

TiO2:V

The TiO2:V-0- reference sample is TiO2 powder obtained by laser pyrolysis without
the addition of vanadium (Fig. 14.12) The crystals of anatase are observed, which
are partially faceted and more spheroidal, fact that constitutes a specific morpho-
logical characteristic for the powders obtained by laser pyrolysis. SAED image,
presented as inset in the figure indicates a high degree of crystallinity of the sample
containing anatase phase in major proportion.

The TEM image shows nanoparticles with different shapes and sizes, easily
aggregated in the sample TiO2:V-1. By introducing vanadium, the crystallinity of
the powder decreases (see the SAED/EDS image shown by the inset in Fig. 14.13.).

Fig. 14.8 HRTEM images of TiO2@Ag together with their corresponding SAED-inset
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14.2.5.4 Evaluation of Photocatalytic Performance

Photocatalytic Degradation of MO

TiO2@Ag

In Fig. 14.14, TiO2@Ag sample shows an enhanced photoactivity as compare with
pure TiO2 sample against the water-soluble Methyl orange azo dye, used by many
other researchers as a benchmark dye in photodegradation experiments. The pres-
ence of Ag on the titania photocatalyst drastically decreased the MO concentration.
In our experiments, for photodegradation of MO (c0 = 125 µM or 41.25 mg/l)
under UV light we found rate constants of 18.55 � 10–3 and 9.6 � 10–3 min−1 for
TiO2@Ag and TiO2 samples, respectively, whereas the corresponding rates for
visible light irradiation were slightly lower, 14.56 � 10–3 and 1.8 � 10–3 min−1

(see Table 14.3). The explanation for the MO photodegradation on the synthesized
composite materials under V is light irradiation can be based on the SPR effect of
noble metal nanoparticles, deposited on the TiO2 surface in which the electron gets
transferred from metal NPs surface to the conduction band of TiO2.

Among the as-synthesized photocatalysts, TiO2@Ag shows the highest activity
for MO photodegradation under UV or VIS light, the rate constant value is more

Fig. 14.9 TEM images of TiO2–SnO2–0 and SAED/HRTEM presented as inset
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Fig. 14.10 TEM images of TiO2–SnO2–3 and SAED/HRTEM presented as inset

Fig. 14.11 HRTEM image of
TiO2–SnO2–5
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than 2 times higher than that obtained TiO2, and 3 times higher than that for P25
photocatalyst. In a previous study, we obtained a slightly better result, achieving
total photodegradation of MO in visible light by a similar procedure [31].

Fig. 14.12 HRTEM image of TiO2:V-0- reference sample and inset-corresponding SAED

Fig. 14.13 TEM image of TiO2:V-1 sample and SAED/EDS presented as inset
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TiO2–SnO2

Figure 14.15 shows the degradation of methylene blue for two hundred minutes in
the case of TiO2–SnO2 type photocatalyst, and Table 14.3 collates the dye removed
per specimen under UV irradiation. In the first part of the experiment, the free tin
sample TiO2–SnO2–0 shows the highest photoactivity, but in the end, it decreases,
highlighting the influence of the tin on the reaction yield. After the finishing of the
irradiation process, TiO2–SnO2–3 and TiO2–SnO2–5 show a higher efficiency for
MO degradation as compared with P25.

Improving the photocatalytic properties of titania by the introduction of tin
content is attributed by the better separation of electrons and holes by coupling
TiO2 with SnO2 [100].

TiO2:V

The results of photocatalytic tests for the formation of CO2 from CH3OH–H2O
mixtures on TiO2:V samples, prepared by laser pyrolysis, exposed to simulated
sunlight are presented in Fig. 14.16 (in comparison are represented the results

Fig. 14.14 Photodegradation of MO for the sample TiO2@Ag as compare with bare sample

Table 14.3 Photodegradation efficiency and band gap energy values

Samples Rate constant
k � 10–3 (min−1)

Band gap energy (eV)

UV VIS

P25 6.54 0.19 3.25

TiO2 9.6 1.8 3.08

TiO2@Ag 18.55 14.56 2.90

TiO2–SnO2–0 7.08 – 3.22

TiO2–SnO2–3 6.65 – 3.04

TiO2–SnO2–5 9.16 – 3.05

420 F. Andrei et al.



obtained for pure TiO2 obtained by LP and commercial reference material-P25).
The photomineralization activity of CH3OH is relevant for depollution processes.

Figure 14.16a, b can be seen that (i) the preparation process of TiO2 nanopar-
ticles by laser pyrolysis improves the photocatalytic activity of CO2 production and
(ii) the addition of a small amount of vanadium to the TiO2 matrix (1.02 at.%) has a
good result on catalytic activity. The highest CO2 formation rate of 3.59 µmol h−1

was measured on the TiO2:V-1 sample, which has the lowest V content of all the
analysed samples. The factors that determine this type of behaviour by adding
vanadium to the TiO2 matrix are (i) improving the absorption of light radiation by
extending it in the visible range, (ii) separating electrons and gaps generated at the

Fig. 14.15 Photodegradation of MO for TiO2–SnO2 photocatalysts as compare with P25 sample

Fig. 14.16 Photodegradation of CH3OH for TiO2:V photocatalysts as compare with P25 sample
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interface of crystalline domains, (iii) CH3OH adsorption and of the degraded
intermediates formed (formaldehyde and formic acid). In a similar study for MB
photodegradation using V-doped TiO2 nanoparticles obtained by flame spray
pyrolysis Thian et al. reported that the optimal V concentration is 0.5% above this
level decreasing the photocatalytic activity due to V4+ ions which steadily become
the recombination centres of photogenerated electrons and holes [101].

14.3 Pulsed Laser Deposition

Since 1970, when pulsed laser deposition (PLD) technique was discovered [102], it
became one of the most important laser-based technique for the material processing,
mainly as thin films. The experimental setup of PLD is presented in Fig. 14.17. In
this technique, the surface of a material target positioned in a sealed vacuum
chamber is hitted by a high energy pulsed laser, leading to the melting and
vapourization of the material. Further, the vapours are ionized with the formation of
a high temperature plasma plume. Parallel to the material target is positioned a
substrate which is able to collect the material particles through a condensing process.
In this way, the desired material can be grown onto a substrate via PLD technique.

Fig. 14.17 PLD experimental setup
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This technique presents the following advantages [103, 104]:

• The process efficiency, as well as its control and flexibility, are improved due to
the laser radiation which can be focused on very small spot sizes;

• The thin film growing is performed in a sealed reactor and in this way the
external contamination is avoided. Also, the deposition process can occur in
both reactive or inert gasses;

• It ensures a precise stoichiometric transfer for all kinds of materials (complex
stoichiometry, organo-metallic compounds);

• It provides high deposition rates (1–5 Å/pulse) with excellent control of the
parameters involved in the process.

These advantages make this technique a widely used one for the thin films
fabrication. Further, for this chapter, the preparation by PLD of different materials
with potential applications on the photocatalysis field will be presented.

14.3.1 Simple Stoichiometry Metal Oxides Photocatalysts
Prepared by PLD

14.3.1.1 TiO2

TiO2 was prepared by PLD using both excimer (KF) and solid-state (Nd:YAG)
lasers on different substrates, in Table 14.4 being resumed the experimental con-
ditions used for the preparation of various simple oxides thin films. Lin et al. have
grown TiO2 on conductive ITO substrates by using an excimer KF laser with a laser
fluence of 1.8 J/cm2. They have prepared TiO2 films by using three deposition
temperatures (room temperature, 600 and 800 °C) and different partial pressures
(0.33; 1 mbar). The photoelectrochemical properties of TiO2/FTO photoanodes
were tested in a three-electrode system which is one of the most utilized systems for
the evaluation of PEC performance. A slightly alkaline electrolyte solution was
used for PEC tests (pH = 9). The flat band potential (Vfb) is strongly dependent on
the experimental conditions of the deposition process and it increases (in absolute
vacuum energy scale) with lowering the partial pressure inside the deposition
chamber at 600 °C. This modification of Vfb was correlated by the authors to the
induced oxygen vacancies in TiO2 structure. At low deposition temperature (e.g.
600 °C), TiO2/FTO films show high porosity which leads to a higher IPCE and
hence, a better PEC performance [105]. Gyorgy et al. have reported the preparation
of TiO2 on Si substrates by PLD, starting from a metallic Ti target, under controlled
oxygen pressure. The deposition temperature was 500 °C and the laser fluence 3 J/
cm2. They have demonstrated the semiconductor behaviour of grown TiO2 films,
which make them possible candidates for the utilization as photocatalysts [106].
Daghrir et al. have reported the growing of TiO2 on Ti grinds by ablating a high
purity TiO2 target, under oxygen pressure and different substrate temperatures (400
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and 600 °C). They have tested TiO2/Ti thin films for the photoelectrochemical
degradation of chlortetracycline and obtained a very high photocatalytic activity
(ca. 98% degradation) [107]. The photocatalytic degradation of methylene blue
over TiO2 thin films grown on Al2O3 (sapphire) substrates via PLD was studied by
Yamaki et al. They have demonstrated that the experimental laser parameters used
for the TiO2 deposition are crucial for the physico-chemical properties of the final
material. Also, the authors have mentioned that the photocatalytic efficiency can be
improved by choosing the correct PLD experimental conditions [108]. Also, the

Table 14.4 Experimental conditions for different oxides-based thin films prepared by PLD

Material Substrate Gain
medium

k (nm)/m
(Hz)/Laser
fluence
(J/cm2)

Partial pressure
(mbar)

TS

(°C)
Application Ref.

TiO2 ITO KF 248/n.s./1.8 0.33 (Ar:
O2 = 50:50)

600 PEC studies [105]

TiO2 ITO KF 248/n.s./1.8 1 Ar:
O2 = 50:50

800 PEC studies [105]

TiO2 Si Nd:
YAG

266/3/3 10–4–10–1 (O2) 500 Semiconductor
studies

[106]

TiO2 Ti KrF 248/30/4.5 1.3 � 10–3 (O2) 400
600

PEC studies
(ChD)

[107]

TiO2 Sapphire KrF 248/10/n.s. 3.5 � 10–4 (O2) 400 PC studies
(MBD)

[108]

TiO2/
TiN/
TiO2

SiO2 KrF 248/n.s./n.s. 3.0 � 10–2

(N2 for TiN)
1.4 � 10–2

(O2 for TiO2)

150 PC studies
(MBD)

[109]

TiO2 Modified
SiO2

KrF 248/5/n.s. 0.24 (O2) 675–
750

PEC studies
(WS)

[110]

WO3 Si and
SiO2

KrF 248/20/4.5 1.5 � 10–2 (O2) RT PC studies
(MBD)

[111]

WO3 FTO KrF 248/10/n.s. 1.3 � 10–1 (O2) 400 PEC studies
(WS)

[112]

TiO2/
WO3

Quartz KrF 248/10/3
(TiO2) 1.3
(WO3)

0.27 (O2) 500 PC studies
(MBD)

[113]

ZnO Si Nd:
YAG

1064/10/n.s. 2 (O2) n.s PC studies
(RbD)

[114]

ZnO FTO Nd:
YAG

355/n.s./n.s. 8.5 � 10–4 (O2) n.s PEC studies
(WS)

[115]

Ts—the substrate temperature; ITO—indium tin oxide; FTO—fluorine-doped tin oxide; PC—
photocatalytic (without external applied bias); PEC—photoelectrochemical (with external applied
bias); ChD—chlortetracycline degradation; MBD—methylene blue degradation; WS—water splitting;
RbD—rhodamine B degradation; n.s.—not specified
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photocatalytic degradation of methylene blue was successfully evaluated over a
heterostructure based on TiO2/TiN/TiO2 prepared by PLD, starting from a ceramic
target of TiN [109]. Rahman et al. have demonstrated the preparation of TiO2/Si via
PLD with high degree of control of films morphology as well as defects content,
which are extremely important parameters for the photoelectrochemical perfor-
mance [110].

14.3.1.2 WO3

WO3 thin films were grown on Si and SiO2 from a compressed target chemically
prepared starting from metallic tungsten and boric acid. The deposition process was
performed at room temperature under oxygen pressure with a laser fluence of 4.5 J/
cm2 and a laser frequency of 20 Hz. The complete formation of WO3 was ensured
by annealing of thin film at 600 °C. Excellent photodegradation efficiency of
methylene blue was obtained over prepared WO3 films this behaviour being cor-
related to the high specific surface area which can improve the interaction between
the organic dye and the catalytic active sites [111]. Fàbrega et al. have reported the
preparation of monoclinic WO3/FTO thick films through PLD using an excimer KF
laser. The deposition temperature was set to 400 °C and the oxygen pressure during
the deposition process was 0.13 mbar. Their photoelectrochemical water splitting
activity was tested in acid electrolyte and the authors have reported a value of the
photocurrent density of ca. 2.4 mA/cm2 [112]. Also, multilayer TiO2/WO3 thin
films prepared by PLD on different substrates were tested for the photodegradation
of methylene blue under visible light irradiation [113]. We have grown WO3 on
commercial Pt/TiO2/SiO2/Si by PLD using a Nd-YAG laser which emits at 355 nm.
Two different WO3 film’s thicknesses (330 nm and 1100 nm, respectively) were
obtained by varying the number of laser pulses. The films were tested in acid
electrolyte for the photoelectrochemical oxygen generation from water. No major
differences in the I versus V curves were observed, the maximum value of the
photocurrent density being ca. 30 mA/cm2 at 1.59 V versus RHE (Fig. 14.18).

14.3.1.3 ZnO

ZnO has been grown on Si by PLD using a solid-state Nd-YAG laser emitting at
1064 nm. The band gap of the resulting films is ca. 3.25 eV. ZnO thin films were
immersed in a solution of rhodamine B and were left for 6 h under sunlight irra-
diation, the concentration of the organic dye being spectrometrically analysed at
every hour. After the first two hours, only 30% of the organic dye was eliminated.
After other two hours, the percentage increases to ca. 82%, in the final ca. 91% of
rhodamine B being oxidized. The authors have mentioned that the photocatalytic
performance can be further increases by adjusting the PLD experimental parameters
[114]. A detailed study concerning the photoelectrochemical properties of ZnO thin
films prepared by PLD was reported by Wolcott et al. [115].
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14.3.2 Perovskites-Based Photocatalysts Prepared by PLD

Perovskites materials having ABO3 structure are of great interest in the photocat-
alytic field, especially due to their photocorossion stability and optical properties.
Table 14.5 presented the experimental PLD parameters for obtaining different
perovskite-based thin films with potential applications in photocatalysis.

14.3.2.1 BiVO4

Bare BiVO4 and Li-doped BiVO4 were grown on ITO/YSZ substrates by PLD
technique. The deposition temperature was 600 °C with a laser fluence of 1.8 J/
cm2. The thin films were used as photoanodes in a three-electrode configuration and
their photoelectrochemical water splitting performances was studied. It was
demonstrated that the Li doping of BiVO4 improves the global efficiency of the
reaction [116]. A very complex study related to photoelectrochemical activity of
single layer BiVO4/FTO and multiple layer BiVO4/SnO2/FTO, BiVO4/WO3/SnO2/
FTO thin films prepared by PLD was reported by Lopez et al. [117].

14.3.2.2 BiFeO3

Both pristine BiFeO3 and doped BiFeO3 were grown by PLD on different types of
substrates with numerous applications in photocatalysis, ferroelectric and

Fig. 14.18 Potentiodynamic measurements performed for WO3 films
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photovoltaic fields, as can be seen in Table 14.5. The intense research studies on
BiFeO3 have started after a large ferroelectric polarization (60 lC/cm2) in thin films
of BiFeO3 prepared by PLD has been reported [132]. In the bulk form, the ferro-
electric polarization is much lower because of the high oxygen vacancies content
which leads to high dielectric losses An acceptable value of the ferroelectric
polarization (20 lC/cm2) was reported for bulk BiFeO3 [133, 134]. Yun et al. have
reported a giant ferroelectric polarization (ca. 150 lC/cm2) for BiFeO3 deposited on
Pt/TiO2/SiO2/Si substrates by PLD with a solid-state Nd:YAG laser emitting at
355 nm [119, 120]. A high spontaneous polarization can improve the photocatalytic
activities, because it can minimize the recombination of the free charge carriers, the

Table 14.5 Experimental conditions for different perovskite-based thin films prepared by PLD

Material Substrate Gain
medium

k (nm)/
m (Hz)

PO2 (mbar) TS

(°C)
Film
thickness
(nm)

Ref.

BiVO4 ITO/YSZ KrF 248/5 2 � 10–2 600 n.s. [116]

BiVO4 FTO KrF 248/10 2.6 � 10–1 300 n.s. [117]

Li-doped
BiVO4

ITO/YSZ KrF 248/5 2 � 10–2 600 n.s. [116]

BiFeO3 SrRuO3/
SrTiO3

KrF 248/10 2.6 � 10–1 680 n.s. [118]

BiFeO3 Pt/TiO2/
SiO2/Si

Nd:
YAG

355/2.5 7 � 10–2 450 300 [119,
120]

BiFeO3 SrTiO3 Nd:
YAG

355/2.5 10–2 580 70 [119,
120]

BiFeO3 Nb-doped
SrTiO3

KrF 248/5 4 � 10–2–
4 � 10–1

670 30–80 [121]

Ca- and
Mn-doped
BiFeO3

SrRuO3/
SrTiO3

KrF 248/5 3 � 10–2 700 n.s. [122]

Sm-doped
BiFeO3

SrTiO3 KrF 248/5 2.6 � 10–1 600–
670

n.s. [123]

Ba-doped
BiFeO3

Nb-doped
SrTiO3

KrF 248/5 6.6 � 10–2 650 ca. 80 [124]

Pr-doped
BiFeO3

Pt/SiO2 Nd:
YAG

355/5 n.s n.s ca. 200 [125]

Nb- and
V-doped
BiFeO3

Pt/TiO2/
SiO2/Si

KrF 248/5 10–1 690 150 [126]

LaFeO3 SrTiO3 KrF 248/10 4 � 10–5 700 65 [127]

LaFeO3 SrTiO3 KrF 248/4 2 � 10–1 670 32–53 [128]

LaFeO3 LaAlO3 KrF 248/10 4 � 10–5 700 65 [127]

LaFeO3 GdScO3 KrF 248/5 1.3 � 10–1 700 100 [129]

LaFeO3 SrTiO3 KrF 248/1 3.5 � 10–1 540 20 [130]

Sr-doped
LaFeO3

Si Nd:
YAG

266/10 5 � 10–2

(air)
570 150–170 [131]
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effect being illustrate in Fig. 14.2. A detailed study concerning the effect of the
ferroelectric properties on the photoelectrochemical water splitting activity of
BiFeO3 thin films prepared by PLD was reported by Song et al. They have obtained
a value of the photocurrent density of 0.080 mA/cm2 at 0 V versus Ag/AgCl [118].
Also, the unassisted photoelectrochemical water splitting over epitaxial BiFeO3 thin
films prepared by PLD was studied by Ji et al. [135]. As already discussed, PLD is a
versatile laser-based technique which permits an excellent control and transfer of
complex stoichiometries, and hence, numerous single- and co-doped BiFeO3 per-
ovskites were successfully grown on different substrates. Among the most used
BiFeO3 dopants are Ca, Mn [122], Sm [123], Ba [124], Pr [125] and Nb [126].

Y-Doped BiFeO3

Recently, a detailed study related to the influence of the dopant concentration, as
well as the structural strain of Y-doped BiFeO3 (Y-BFO) thin films on the pho-
toelectrochemical water splitting activity was reported by our group [136]. Starting
from a Bi0.957Y0.03FeO3 ceramic target, films with thickness in the range of 20–
80 nm were deposited on conductive Nb-doped SrTiO3 (001) substrates via PLD.
Independently on the thickness, all the films show very well crystalized perovskites
phase with no additional secondary phases, as can be observed in the obtained
diffractograms presented in Ref. [136].

It was observed a clear tendency of decreasing the photocurrent density value
with the increased film thickness. The highest value at 1.4 V versus RHE
(0.72 mA/cm2) was obtained for the thinnest Y-BFO film (22 nm) and it decreases
with the increase of the film thickness. The same trend was obtained for the
structural strain, the thinnest film showing the most strained structure. Also, the
sample with the smallest thickness shows the higher absorbed photon-to-current
conversion efficiency (APCE) [136].

Y-Doped BiFeO3 Heterostructures

Using the same PLD experimental setup, bi-layer heterostructures based on BFO/
Y-BFO were fabricated. Two different types of heterostructures were prepared by
varying the dopant concentration of the material targets. Hence, the following
ceramic targets were used for the deposition experiments: (1) Bi0.957Y0.03FeO3 !
Y-BFO3; (2) Bi0.955Y0.05FeO3 ! Y-BFO5 and (3) BiFeO3 ! BFO. They were
grown on Nb-STON and Pt/Si substrates in sealed chamber without opening the
reactor between the deposition processes. In this way, the contamination and the
formation of undesired interfaces are avoided. The used laser was an excimer ArF
with emission at 193 nm with a laser frequency of 5 Hz and the pressure inside the
chamber was 0.13 mbar. For all the samples BFO was deposited on the top. The
experimental conditions for the preparation of thins films are presented in
Table 14.6.
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Y (3%) Doped BiFeO3 Heterostructures

A very important factor for the photoelectrochemical performance is the choice of
the collecting substrate. Figure 14.19 presented the effect of the substrate on the
potentiostatic measurements of the BFO/Y-BFO3 heterostructures. Independently
on the applied potential, when using STON substrate, the photocurrent density is
much higher compared to PtSi substrates. For a more detailed analysis of these
results, additional characterisations of the obtained thin films, especially on the
growing mechanisms and the conductivity of the substrates. Nevertheless, at 0 V
versus Ag/AgCl, the highest value of the photocurrent density is ca. 0.4 mA/cm2,
while by increasing the applied potential to 0.4 V versus Ag/AgCl it increases
almost three times. Also, the photocurrent’s spikes are diminished by increasing the
external applied potential, meaning that the recombination of the charge carriers is
decreased. By increasing the thickness of the film, the progenerated current
decreases as well, as can be observed in Fig. 14.20. This behaviour probably is
correlated to the structural strain, which decreases with the increase of the film
thickness.

Y (5%) Doped BiFeO3 Heterostructures

The photoelectrochemical water splitting activity of heterostructures based on BFO/
Y-BFO5 was tested in an strong alkaline solution of NaOH (pH = 13). Figure 14.21
presented the potentiodynamic measurements under dark conditions obtained for
different BFO/Y-BFO5 thin films with different thicknesses. All the samples are
catalitically inactive for the water splitting reaction without irradiation, the current
being zero.

The photocurrent increases under light irradiation with a maximum photocurrent
density of ca. 0.8 mA/cm2 at 1.8 V versus RHE. It decreases with the increase of
the film thickness, as can be observed in Fig. 14.22.

All the tested samples show excellent stability for 900 s in strong alkaline
solution under an applied potential of 0.4 V versus Ag/AgCl, the results being
presented in Fig. 14.23.

Table 14.6 Experimental conditions for BFO/Y-BFO heterostructures prepared by PLD

Sample Substrates dt−c (cm) TS (°C) Npls

(1) BFO/Y-BFO3 PtSi 4 600 (500/500) � 3

(2) BFO/Y-BFO3 STON 4 700 (500/500) � 3

(3) BFO/Y-BFO3 STON 4 700 (1000/1000) � 3

(4) BFO/Y-BFO5 STON 4 700 1000/1000

(5) BFO/Y-BFO5 STON 4 700 (1000/1000) � 2

(6) BFO/Y-BFO5 STON 4 700 1000/1000/1000

dt−c (cm)—the distance between the substrate and the target; TS (°C)—the substrate temperature;
Npls—the number of pulses (e.g. (500/500) � 3 represents a series of 500 pulses of Y-BFO
deposited on STON and 500 pulses deposited on Y-BFO/STON, repeated 3 times)
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KBiFe2O5

KBiFe2O5 (KBFO) was grown on STON substrates via PLD using an excimer laser
emitting at 193 nm. The oxygen pressure inside the chamber was 0.13 mbar.
Table 14.7 presented the experimental conditions for thin films preparation.

Fig. 14.19 Potentiostatic measurements obtained for BFO/Y-BFO3 heterostructures grown on
different substrates: a under 0 V versus Ag/AgCl; b under 0.4 V versus Ag/AgCl
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Fig. 14.20 Potentiostatic measurements obtained for BFO/Y-BFO3 heterostructures with different
thicknesses at 0 V versus Ag/AgCl

Fig. 14.21 Potentiodynamic measurements obtained for BFO/Y-BFO5 heterostructures without
irradiation
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The photoelectrochemical measurements for water splitting reaction were per-
formed using a three-electrode system connected to a sealed quartz cell. For
studying of the photoelectrochemical activity, the samples based on KBFO grown
on STON were used as working electrodes, the counter electrode was made of Pt

Fig. 14.22 Potentiodynamic measurements obtained for BFO/Y-BFO5 heterostructures with
404 nm irradiation

Fig. 14.23 Potentiostatic measurements obtained for BFO/Y-BFO5 heterostructures with different
thicknesses at 0.4 V versus Ag/AgCl
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and the reference electrode was Ag/AgCl (Ag/AgCl 3.5 M KCl). The electrical
contact for working electrode was made by contacting a conductive wire on the
back of the STON substrate with silver paste. The external field was applied using a
Methrom AutoLAb model PGSTAT 302 N and the measurements were recorded
with NOVA software. All measurements were performed in strong alkaline solution
of NaOH (0.1 M; pH = 13 pH). Before measurements, the back and the sides of
KBFO samples were electrically insulated with a noncorrosive resin to avoid the
short circuit. The samples were irradiated with a laser diode (405 nm) having an
output power of *5 mW.

The potentiodynamic measurements were performed in the applied potential
range of −0.4–2 V versus RHE to study the influence of the film thickness for both
HER and OER. As can be seen in Fig. 14.24, all samples show both cathodic and
anodic photocurrents. The photoelectrochemical properties of KBFO films are
strongly dependent on the film thickness, with the photocurrent density Jph
increasing with the thickness of the films. The KBFO/STON film having 104 nm
shows at 2 V versus RHE a maximum value of the photogenerated current
of *0.085 mA/cm2. Similar values of Jph were reported for the photodegradation
of methylene blue (MB) under visible light irradiation using poly-crystalline KBFO
prepared via citrate combustion technique [137]. This value is much higher com-
pared to the thinnest sample (30 nm) which shows the maximum Jph
of *0.019 mA/cm2 at 2 V versus RHE.

The same trend is observed for the values of the onset potential as a function of
KBFO films thickness as can be seen in Fig. 14.25. A negative onset potential value
of −0.152 V was recorded for 30 nm KBFO sample. Increasing the film thickness,
the onset potential is shifted to higher values, more precisely 0.189 V for 80 nm
and 0.367 V for 104 nm, respectively.

The potentiostatic measurements were performed to study the stability of the
KBFO/STON samples under strong alkaline conditions. As can be seen in
Fig. 14.26 all the samples show excellent stability at an external applied potential of
1.4 V versus RHE during 900 s. In the case of the thickest sample, the peaks are
very sharp indicating a high recombination of the free charge carriers [138].

Table 14.7 Experimental conditions for KBFO/STON thin films prepared by PLD

Sample Substrates dt−c (cm) TS (°C) Npls

(1) KBFO STON 4 700 3000

(2) KBFO STON 4 700 12,300

(3) KBFO STON 4 700 15,000

(4) KBFO STON 4 700 15,000
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Fig. 14.24 Potentiodynamic measurements under chopped irradiation for KBFO/STON thin films
having different thicknesses

Fig. 14.25 Onset potential versus KBFO thickness
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14.4 Conclusions

It was proven here that the laser-based material processing techniques, namely laser
pyrolysis and pulsed laser deposition, are versatile and reproducible techniques in
controlling the physical and chemical properties of the resulted nanostructures
(nanopowders, thin films). Having the possibility to vary a wide range of the
experimental parameters such as laser power density, the working gas pressure in
the reaction chamber, the flow of gas/vapour introduced into the reaction, laser
fluence or deposition temperature, makes these techniques suitable for tailoring or
enhancing certain functional proprieties of different oxide materials. Synthesizing,
the laser pyrolysis and pulsed laser deposition techniques have the following
intrinsic advantages:

• fast, single-step methods with high accuracy in controlling different experi-
mental parameters.

• the material processing is performed in a sealed reactor and in this way the
external contamination is avoided. Also, the obtaining process can occur in both
reactive or inert gasses;

• precise stoichiometric transfer for all kinds of materials (complex stoichiometry,
organo-metallic compounds);

• high production rates (up to kg/h nanopowder rate production for LP, 1–10 Å/
pulse thin film growth for PLD) with excellent control of the functional prop-
erties of the resulted nanomaterials.

Fig. 14.26 Potentiostatic measurements under chopped irradiation for KBFO/STON thin films
having different thicknesses
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The following conclusions can be drawn from the analysis of the three series of
TiO2-based nanopowders (decorated with Ag, coupled with SnO2 and doped with
V) produced by LP technique:

– photocatalytic degradation of MO in an aqueous solution is influenced by fac-
tors such as morphology (the best result was obtained for the TiO2@Ag sample
as compared with all the TiO2–SnO2 samples) and degree of doping (the effi-
ciency of degradation increases by increasing the doping level with tin).

– for the degradation of CH3OH, titania doped with vanadium presents an
improvement of the photocatalytic properties up to a degree of an optimum level
(1.02 at.%), beyond that the efficiency of degradation of pollutant decreased.

– all three categories of samples present improved photocatalytic properties (by
loading, coupling, or doping process) as compare with pure TiO2 or P25
commercial sample, demonstrating de versatility of LP method for obtaining
titania-modified photocatalysts with high visible light photocatalytic activity.

Using Pulsed Laser Deposition technique both simple and complex stoichiom-
etry oxide materials can be processed into thin films form with tailored functional
properties. Employing doping or structural strain engineering strategies, it is pos-
sible to surpass the performances of the host materials. Thus, simple stoichiometry
oxides such as TiO2, ZnO or WO3 thin films have been deposited for achieving
superior photoelectrochemical water splitting efficiency. For example, a maximum
value of the photocurrent density of 30 mA/cm2 at 1.59 V versus RHE has been
obtained for WO3/Pt/Si (100) thin films. Moreover, the possibility to engineer the
crystalline structure of complex stoichiometry materials such as ABO3-type per-
ovskites, for enhancing the photoelectrochemical water splitting activity adds a new
dimension to the extended possibilities of this material processing technique.
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Chapter 15
Immobilization of Photocatalytic
Material on the Suitable Substrate

Harshita Chawla, Seema Garg, Pravin P. Ingole,
and Amrish Chandra

Abstract In the world of increasing industrialization and global population,
environmental pollution has continued to rise over last few decade. Photocatalysis
came forward as capable method in removal of various recalcitrant pollutants from
atmosphere. The nano-photocatalytic semiconductors are majorly used in the form
of slurry, and removal of these nano-photocatalytic materials turns out to be quite
challenging and costly. Therefore, to resolve the problem of recollection of mate-
rial, voluminous strategies have been executed for immobilising nano-photocatalyst
on various substrates including carbon-based compounds, glass, zeolites, polymers,
clay and ceramics and various natural fibres. The strategies including sol-gel, dip
coating, polymer-assisted hydrothermal discharge, photo-etching, electrophoretic
deposition, cold plasma discharge (CPD), RF magnetron sputtering and spray
pyrolysis are discussed in this chapter. At last, characterization techniques used for
studying various properties of immobilized catalyst are discussed in brief.

Keywords Photocatalyst immobilization � Immobilising strategies � Natural
immobilizers � Sol-gel method � Carbonaceous substrate

15.1 Introduction

Over the passing few decades, problems regarding energy crisis and water con-
tamination have imposed discrepancy in sustainable environment. Due to
large-scale industrialization and heavy utilization of water in these activities, these
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contaminants are released in various water bodies such as sewage water, surface
water, ground water and drinking water. These contaminants include pharmaceu-
tical wastes, pesticides, dyes, etc., which are water soluble. Till date, various
wastewater treating methods including membrane filtration, sedimentation, coagu-
lation and flocculation, filtration, reverse osmosis, chemical treatments, etc., were
broadly employed to eliminate these impurities from water [1–4].

However, the techniques were not adequately effective for the treatment of
wastewater consisting these harmful contaminants. In the recent past decade, the
use of photocatalyst that have been implemented for the management of
waste-water containing harmful effluents (such as agricultural waste, pharmaceu-
tical waste, dyes etc.) has rapidly increased to a great extent. Now, researchers are
mainly focussing on producing a photocatalyst which is highly stable, economically
viable, non-toxic, and a catalyst resistant to corrosion as well. To the conventional
methods used, the advanced oxidation processes (AOPs) have been demonstrated
with highest success in regard with disintegration of these harmful pollutants. These
AOPs are based on production of photo-induced charge carriers and formation of
reactive species such as hydroxyl ions responsible for degradation of pollutants, and
photocatalysis is one of these AOPs [5, 6].

Photocatalysis is not only useful in degradation of these harmful pollutants but
also in production of clean energy as well as bacterial degradation. Various cata-
lysts such as TiO2, BiVO4, BiOX (X=Cl, Br, I), Bi2MO6 (M=W, Mo, Cr), ZnO [7–
10] have been employed for environmental remediation. These photocatalysts have
been employed using slurry suspension system, i.e. suspension of fine powder into
effluent water containing contaminants [11, 12]. Post-treatment, elimination of these
photocatalysts have caused deduction in significant benefit caused by these pho-
tocatalysts as these processes are very costly and time-consuming as well as
recovery and reuse of these photocatalyst at industrial scale are very difficult. As a
result, it turned out to be highly challenging to use these NPs at industrial scale.
These NPs if not removed after treatment of wastewater can exhibit cytotoxicity as
well as genotoxicity to human as well as aquatic life [13–15].

Thus, in order to ease the recovery of photocatalyst and its reutilization, in 1993,
immobilizing photocatalyst onto inert surface was widely accepted, and this tech-
nique has facilitated the reuse of the catalyst in eco-friendlier manner. Till date
various strategies have been employed to immobilize catalyst on various substrates
such as glass, zeolites, carbon nanotubes, ceramic fibres, clay, polymers, graphene
oxide, photoelectrodes, wire mesh, cellulose, chitosan, luffa cylindrica, but usage of
natural fibres is increasing due to their ease in availability, renewability,
biodegradable, cost efficient as well as environmentally benevolent. These fibres
provide a 3D support to the catalyst. But these photocatalysts often suffer inherent
mass transfer limitations, as the effective surface area available for the reaction and
irradiation decreases when compared to homogeneous catalytic systems. This
chapter mainly summarizes materials and strategies used for immobilizing catalyst
in 3D support system [16–22].
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15.2 Photocatalyst Working Mechanism

Photocatalysis is an advanced oxidation process involving various intermediate
steps. Preliminary step involves generation of electron–hole pair on irradiating light
on surface of catalyst, where light source has wavelength equal or greater than that
of band gap of semiconductor. This state is referred to as photo-excitation of
semiconductor where charge separation takes place. Here, electrons on gaining
sufficient energy cross band gap energy barrier and reach conduction band leaving
holes behind in valance band. The holes created in valance band act as strong
oxidizing agent, and electrons exited in conduction band act as strong reducing
agent. The generated holes on surface of semiconductor oxidize electron donor, and
exited electron reduces electron acceptor. The semiconductor photocatalyst there-
fore works accordingly as per particles present around them [23–28]. Diverse
reactive oxygen species are generated involving hydroxyl ions (OH-), superoxide
radical (O2

∙-) that are primarily responsible for degradation of pollutants. In case of
photocatalysis, the effectiveness of the reaction is measured in terms of quantum
yield [29]. It is a function of number of molecules degraded and the number of
photons absorbed by the solution.

QuantumYeild ¼ number of molecules undergoing dissosiation
number of photons absorbed by the solution

The reaction below represents charge carrier reaction of TiO2 photocatalyst.

TiO2 þ hm�!hmEBGhþ
VB þ e�CB

If there are no scavengers available for electron trapping, then electrons will
combine with holes present in VB. Therefore, to delay electron–hole recombina-
tion, the presence of electron quencher becomes vital. This is a restraining process
in photocatalysis as it affects charge generation and reduces ability to reduce as well
as oxidize harmful pollutants present in water [30, 31]. Also, in some cases, the
pollutants may combine and form products which are more harmful than initial one.
Figure 15.1 shows general mechanism of photocatalytic degradation of dye [32].

15.3 Various Substrates for Immobilization
of Photocatalyst

Several substrates are available for supporting photocatalytic systems. These
include activated carbon, glass, graphene oxide, silica, polymers, clay, zeolite,
ceramics, alumina, quartz and various biodegradable materials such as cellulose, fly
ash, coconut fibres, vycor glass, optical fibres, anodised iron, Raschig ring and glass
wool. These materials have been widely implemented for immobilizing
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photocatalyst. Photocatalyst can be both optically transparent and opaque [18, 22,
33–35]. Though any support system can be chosen from above-listed materials but,
it is essential that material possesses the following characteristics:

I The photocatalyst should be immobilised permanently and strongly in the
entrapment medium.

II There should not be a great decrease in photo-activity of photocatalyst after
immobilisation on suitable substrate.

III There should be noticeable increment in surface area of photocatalyst after
immobilisation on substrate.

IV The substrate implemented as immobilizer should be capable of adsorbing
contaminants on its surface for degrading pollutants effectively.

V The supporting material should contain an excellent stability against
degrading activity of photocatalyst implemented, i.e. immobilizer should be
resistant towards oxidoreduction power of photocatalyst.

VI It must provide a considerably large surface area.

The main feature while electing a significant support material is the ability of the
photocatalyst to adhere to the photocatalytic material. We will hence try to illustrate
some of the recently recounted entrapment media for the catalyst and the method
adopted for the immobilisation process in the following sections of the chapter [36].

15.3.1 Carbonaceous Substrate

In last few decades, carbon-based immobilizing substrates such as activated carbon
(AC), carbon nanotubes/nanofibers (CNTs), graphene oxide (rGO), fullerenes,
carbon dots (CDs), carbon sponges/aerogels are majorly used. The literature reflects
that these materials have gained quite high attention of researchers for immobilizing

Fig. 15.1 Schematic diagram representing the photo-induced photocatalytic activity of photocat-
alyst (reprinted with permission from Ref. [32])
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photocatalyst due to their excellent thermal, electronic, mechanical properties, high
adsorption, highly inert to various chemicals and high stability. These carbonaceous
substrates have shown a great increase in surface area as well increase in degrading
efficiency of photocatalyst after immobilization. After broad range evaluation of
immobilized photocatalyst on these carbonaceous materials, it was concluded that
these materials especially nano-carbon substrates exhibit fascinating ability in
enhancement of photocatalytic activity of immobilized photocatalyst [37–40].
Although there is difference in morphologies of listed carbonaceous materials, the
working mechanism which increases the photocatalytic activity is proposed on
following facets:

I With introduction of carbon as substrate, numerous heterojunctions were
generated between catalyst and carbon which efficiently traps
photo-generated electrons for longer interval of time and suppresses elec-
tron–hole recombination.

II These carbon-based materials are capable in incrementing adsorption
capacity of visible light spectra and transportation of electron, and also,
separation of charge carriers is enhanced due to good conductivity of these
carbo compounds.

III In regard to higher surface area of immobilized photocatalyst on
carbon-based substrate, more reaction sites are available, and the adsorption
capacity of photocatalyst is significantly incremented. Therefore, more
reactive sites are in contact with pollutant, and higher degradation is
observed.

IV The excellent stability, inertness has ensured good utilization of carbon as
substrate due to its unique physical and chemical properties.

Although researchers have achieved a great advancement in immobilizing photo-
catalysts on these carbonaceous materials, still there are many critical limitations
which have to be resolved for promoting the practical applications and its indus-
trialization. The major challenges faced on using these carbon-based substrates are
as follows:

I In major cases, photocatalytic materials are loaded on surface of matrix of
carbon, the interface formed between carbon substrate and photocatalytic
material is not so intimate which further results in limited electron transfer
ability and limited bond strength. Therefore, by improving the interaction
forces between carbon matrix and photocatalytic semiconductor, properties
such as photo-generated charge separation efficiency, band gap, light
absorption efficiency can be further optimized accordingly.

II The nano-structured forms of carbon utilized for immobilization such as
CNTs, CDs and graphene are highly efficient in enhancing the photocatalytic
activity of these semiconductor photocatalyst, but due to their powder form, it
is quite difficult to reobtain them after completion of reaction. Therefore, to
resolve the collection problem, activated carbon is used in form of carbon
block. Similarly, other carbonaceous compounds which are present in powder
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form are converted into 2D/3D matrix so that there is no problem of recol-
lecting material. Further, there is requirement for increasing stability of
binding interactions of nano-catalyst on carbonaceous material and their
mechanical strength. Figure 15.2a represents SEM image of 2D block of
activated carbon, and 15.2b represents SEM image of photocatalyst loaded on
carbon block [41].

Further development in these photocatalyst-carbonaceous materials can adequately
help in commercialization and industrialization of photocatalytic water treatment,
environment-friendly and clean energy production strategies [41, 42].

15.3.2 Glass

Even after many advancements in the field of photocatalyst immobilization over
last decade, glass has still continued to be as a remarkable substrate for entrapment
for most of photocatalytic applications. Glass has been employed as substrate in
numerous physical forms such as beads, plates and rings. Most researchers instead
of using external components such as rings and beads as anchoring agent have used
glass for construction of photocatalytic reactor, and then, uniform layer of catalyst
was coated on walls of reactor. With the inert nature of glass, in combination with
its optical properties, its ability to withstand at high calcination temperature and
cost-effectiveness, glass is still preferred as an efficient substrate for immobilization
of photocatalyst. Previous studies have investigated degradation of HCHO, a
recalcitrant pollutant using ZnO nano-photocatalyst which were immobilized on
glass plate, on a bench-scale reactor, attached with peristaltic pump for mixing
reacting mixture. A strong adherence of photocatalyst has been observed after
calcination, and also, the presence of hydroxyl ions has been primarily observed.
The use of glass beads has been observed as a versatile and convenient tool to

Fig. 15.2 SEM images a blank 2D block of activated carbon, b photocatalyst 1% BiOI-G loaded
on carbon block (reprinted with permission from Ref. [41])
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increase surface area of photocatalyst. In this manner, photocatalyst surface is
efficiently illuminated to light source leading towards excellent generation of charge
carriers on the wall of photoreactor and beads. Researchers have shown 97%
removal of ethylene using TiO2 glass bead photoreactor. They pre-treated glass
substrate using concentrated NaOH by dipping it for 24 h, and then, these sub-
strates were dried at 350 °C for 3 h and were prepared using dip coating method
[18, 19, 43–48]. Figure 15.3 shows TiO2-coated glass beads filled in reactor and
degrading pollutants in presence of solar light [19].

15.3.3 Zeolites

Zeolites are described as 3-D crystalline, microporous materials, with defined
structural organization of channels and voids of discrete size which are accessible
through well-defined pore and molecular dimension containing framework of sili-
con, alumina and oxygen atoms. These are naturally occurring compounds, formed
during changes that occur in volcanic rock when it interacts with sea or freshwater.
The 3D structure of zeolite contains aluminium ion in centre surrounded by silicon
and four oxygen atoms containing minerals and overall charge is negative. Due to
negative charge of complex, it can combine with various positively charged cations
such as titanium, zinc, cadmium, lead, manganese and other transition metals.
Generally, photocatalytic semiconductors contain transition metals that can form
ionic interactions with zeolites. The most common use of zeolite is removal of

Fig. 15.3 Capillary micro-photoreactor packed with TiO2-coated glass beads (reprinted with
permission from Ref. [19])
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heavy metals present in effluent water from industries. Few examples of types of
zeolites used for immobilization of photocatalyst include phillipsite, stilbite,
natrolite, etc. [49–53]. Figure 15.4 represents zeolite structure and zeolite loaded
with catalyst [54]. Among the exclusive features of zeolites when compared to
conventional catalyst support includes the following:

I Uniform diameter of pores.
II Pore width ranges with molecular dimension of zeolite. The diameter of pore

is less than 2 nm.
III The nature of zeolite contains acidic sites which can form interactions with

metals.
IV It is shape-selective, concentration-effective, the location of acidic sites in

zeolite framework.

15.3.4 Clay and Ceramics

Clays are vital, naturally occurring, non-polluting material which have wide range
of applications including water treatment, polymers, ceramics, cosmetics, paints,
paper, pulp and pharmaceutical industries. Clays are referred to as naturally
occurring fine-grained crystalline materials including carbonates, silicon oxides,
metal oxides which turns hard on exposure to high heat. The components of clay
are arranged in different structural layers and structural arrangement and are referred
to as polytypism. Minerals forming clay are hydrous aluminium silicates in nature
that retain large amount of water with other properties including swelling, colloidal
behaviour and adsorption capacity. These minerals are classified as illite, kaolinite,
bentonite, montmorillonite and chlorite. These minerals are commonly used for
immobilizing photocatalyst as they have high stability, availability, high surface
area and good structural characteristics. These minerals are naturally abundant,

Fig. 15.4 a Blank zeolite, b zeolite pores loaded with photocatalyst (adapted from Ref. [54])
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non-toxic, as well as play a significant role in scavenging pollutant in wastewater
either using adsorption process and via ion exchange process or both. These
minerals are basically used as depolluting agents. Studies have shown that degra-
dation rate of pollutant depends on pore size of clay chosen. Higher the pore size,
higher will be adsorption of pollutant on surface, more will be degradation [55–60].

Ceramics are solid materials comprising various non-metallic and inorganic
components. These are found in both amorphous and crystalline forms. These
materials during manufacturing process are subjected to temperatures above 500 °
C. These materials may be boride, metal oxides, carbides, nitrides or mixture of
these compounds. These materials are present in the form of ions, and anions play a
major role in depicting their morphological structure. Ceramics are used because of
their insulation properties (including heat and electricity), higher hardness, brittle-
ness, corrosion resistant and fracture properties without deformation in any struc-
tural arrangement. Ceramics in fibrous form have shown a great potential in
immobilizing photocatalyst on its porous surface. These fibres are highly flexible,
bear outstanding shape and size compatibility, large surface area, high tensile
strength, high resistance toward acidic and alkali attack and temperature change.
Due to its thermal conductivity, broader range of incident wavelength of solar light
spectra is absorbed, more numbers of photo-generated charge carriers are formed
that are further required for degradation activity. These fibres due to high flexibility
and tensile strength can be given a variety of desired shapes [14]. Various studies
have been carried out by immobilizing photocatalyst on surface of ceramic fibres.
Figure 15.5 shows SEM images of blank (a) CerF, (b) BiOCl-CerF,
(c) BiOBr-CerF and (d) BiOI-CerF [61].

15.3.5 Polymers

Monomers in a large number when combined with each other with chemical bonds
give rise to macro molecules called polymers. The number of monomeric units may
vary from polymer to polymer. They may be natural or synthetic. Synthesis of
polymeric substances is easier compared to other substrate, enabling them to be
utilized as an effective substrate for immobilization of photocatalyst. Numerous
polymers have been used for immobilizing photocatalyst, namely polyvinyl chlo-
ride (PVC), polystyrene, polyaniline (PANi), expanded polystyrene, poly (methyl
methacrylate) (PMMA), poly(styrene)-co poly(4-vinylpyridine), poly (tetrafluoro
ethane), poly (3-hexylthiophene), low density polymer (LDP), high density poly-
mer, polycaprolactam and carbon nitride polymer. Immobilization of photocatalyst
on polymeric surface has shown that ability to adsorb naturally available solar light
radiation had increased due to increase in surface area. Using biodegradable
polymers for immobilization of photocatalyst has been promoted. The utilization of
polymers for immobilization of photocatalyst has successfully developed at labo-
ratory scale, but much studies are required for its commercialization [22, 62–68].
Figure 15.6 represents immobilized TiO2 on polyethersulfone matrix [69].
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Major advantages of using polymers as substrate for immobilization are as
follows:

I These materials are chemically inert and mechanically stable, have high
durability.

II They have hydrophobic nature which gives an advantage of concentrating
organic pollutants on surface, thereby increasing efficiency of photocatalyst
in degrading hydrophobic pollutants.

III These are generally inexpensive and readily available.
IV They have resistance toward UV and do not oxidized easily.
V Due to their thermoplastic nature, they bear softening properties, which

further provide ease in coating catalyst over the surface of polymer.
VI They are available in density range of 0.9–2 g cm−1 and thus show penalty

of advantages in developing buoyant photocatalyst

Fig. 15.6 Immobilization of TiO2 on polyethersulfone matrix degrading Methyl orange dye
(reprinted with permission from Ref. [69])

Fig. 15.5 SEM images of blank a CerF, b BiOCl-CerF, c BiOBr-CerF and d BiOI-CerF
(reprinted with permission from Ref. [61])
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15.3.6 Additional Unusually Practiced Supports

Apart from above-listed substrates, many other substrates have been used for
immobilizing catalyst including natural fibres such as luffa cylindrica, alginate
beads and cellulose fibres. These materials due to their ease in availability of these
substances and cost-effectiveness have advantage of being implemented at com-
mercial scale. Recent studies have demonstrated that immobilizing photocatalyst for
degradation of these pollutants have a higher photocatalytic activity then slurry
reactor. Other than these many other biological fibres can be used for effective
immobilization of photocatalyst [70].

15.4 Commonly Used Strategies for Immobilization
of Photocatalyst

The strategies employed for immobilizing photocatalytic material on substrate play
momentous role in defining the photocatalytic activity of the photocatalytic semi-
conductor. Hence, choosing the substrate for supporting photocatalyst depends on
type of semiconductor and the targeted pollutant and by products formed after its
degradation. Also, the strategies employed for deposition of photocatalyst should be
such that it does not either decrease the activity of catalyst nor decrease the surface
area but should increase both. Several strategies have been reported in the literature
to achieve the same. These strategies include chemical vapour deposition, elec-
trophoretic deposition, thermal treatment method, sol-spray method, cold plasma
discharge, solvent casting, magnetic sputtering, polymer-assisted hydrothermal
coating, photo-etching and sol-gel method consisting of dip coating. Many of these
strategies are not widely employed as they require high temperature which can
further decompose the substrate, and procedure is also highly expensive. From
researcher’s point of view, sputtering method and sol-gel method are widely used
strategies for immobilizing photocatalyst on inert support materials [71]. In this
section, several photocatalyst immobilization strategies are reviewed and discussed.

15.4.1 Dip Coating

One of the most effective techniques being extensively used for research point of
view is dip coating as it is very facile and convenient process of immobilizing
photocatalyst on required approach. The photocatalyst is suspended in the solution
in which catalyst is efficiently dispersed. Then, the chosen substrate is immersed in
suspended photocatalyst slurry. Once photocatalyst is successfully loaded to the
substrate, the solvent used for dispersing photocatalyst can be removed by oven
drying. The forces responsible for coating of catalyst on surface of substrate are
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viscous drag, surface tension, inertial force and gravitational force [45, 72–76].
Generally, dip coating consists of following five steps:

I IMMERSION: The chosen substrate is dipped into photocatalytic slurry at
constant speed. Based on the nature of substrate, pre-treatment of substrate is
carried out so that it can hold catalyst on its surface or pores.

II START-UP: The substrate is immersed in slurry for a particular time interval
such that a layer is deposited on its surface, and then, it is pulled out.

III DEPOSITION: When substrate is pulled out from slurry suspension, thin
film of coated catalyst is visible. The thickness of coated catalyst depends on
the speed by which substrate is pulled out from slurry and time interval for
which it is dipped. Thickness is directly proportional to both speed and time
interval.

IV DRAINAGE: This step involves drainage of excess solvent from substrate
coated during deposition of catalyst.

V EVAPORATION: Solvent used to form slurry evaporates from the surface of
substrate leading to formation of thin film of catalyst. If solvent used is
volatile, it evaporates during deposition of photocatalyst (Fig. 15.7).

Because there is no requirement of any sophisticated equipment, this method is
cost-effective, and thickness of catalyst can be easily adjusted. The drawback of this
method is that it is quite slow process, and the coating produced may not be quality
as required to hold catalyst for longer duration of time. This may affect the pho-
tocatalytic degradation efficiency. This method has shown good results when glass
is used as substrate, but when graphene oxide is used as substrate, this may not
produce sufficiently dense coating and cannot be applied to vast range of substrate.
However, this method is used at large scale due to its cost-effectiveness but is
effective from lab point of view [77–80].

Fig. 15.7 Schematic view of dip coating method (reprinted with permission from Ref. [77])

456 H. Chawla et al.



15.4.2 Cold Plasma Discharge

This is an eco-friendly technique developed through which new polar functional
groups can be introduced to surface of immobilising substrate, and this helps in
facilitating attachment of photocatalyst on the surface and pores of substrate. Cold
plasma refers to partially ionized gas consisting of electrons, ions, photons of UV
range and reactive neutrals including exited and ground state molecules and radi-
cals. These low energy molecular species and high energy electrons therefore ini-
tiate series of reaction which are responsible for production of energy and charges
on substrate surface without production of any excessive heat. Studies have shown
that using cold plasma discharge technique as pre-treatment of substrate helps in
improving adhesion and hydrophilic properties of matrix used for immobilization of
photocatalyst. This technique has shown various advantages over conventional
method used for pre-treatment of substrate. The first and foremost reason is that this
plasma-based treatment does not require allied reagents and water which in turn
makes this process more economical and environment friendly. The prevalent
advantage of implementing this strategy is that it has shown remarkable increment
in degradation of pollutant present in industrial effluent as well as cost reduction in
effluent treatment. Other merits of using this technique are that it increases tensile
strength of fibres used as plasma treatment only occurs on surface leaving core
unaffected and also it helps in eliminating surface cracks present on substrate. It
also relaxes the stress accumulated in inner core of substrate created during coating
of immobilized photocatalyst [81–87]. Figure 15.8 represents methods of plasma
discharge [88].

Fig. 15.8 Methods of discharge of plasma a dielectric discharge, b jet discharge (reprinted with
permission from Ref. [89])
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15.4.3 Polymer-Assisted Hydrothermal Decomposition
(PAHD)

This is very commonly implemented strategy for immobilization of photocatalyst
on polymeric substrate and is referred as polymer-assisted hydrothermal decom-
position (PAHD). This strategy involves combination of hydrothermal approach of
photocatalyst synthesis and its deposition on polymeric substrate simultaneously.
This strategy is highly useful in case of water-soluble polymers, due to their ability
with respect to control in viscosity of photocatalytic slurry and its bond formation
with metallic ions and thus reduces ability of photocatalytic hydrolysis. Major
advantages of implementing this strategy are that it avoids irregular morphology of
particles, has broad particle size distribution, and the polymeric films formed are in
range near to tens of microns [89].

15.4.4 RF Magnetron Sputtering

In addition to various methods which are in existence to prepare thin films of
immobilised photocatalysts, magnetron sputtering using radio-frequency(rf) has
come out as one of the most effective methods because of its inherent versatility and
the capacity of homogenous surface coverage even at low temperatures under
controlled processing conditions. The RF magnetron sputtering approach was found
to be comparable to CPD technique. One of the main advantages of using magnetic
RF sputtering is its ability in synthesis of metallic nanoparticles with better control
over shape and size, alongside having smooth distribution of particles on oxide
films with suitable technique of nanoparticle synthesis [90–92]. Figure 15.9 rep-
resents schematic representation of set-up used for immobilizing catalyst on sub-
strate using this strategy [93]. Researchers have shown that using RF magnetron
sputtering method TiO2 was immobilised on ceramic fibres and degradation effi-
ciency was increased by great extent. Also, it was concluded that with increase in
sputtering time, degradation efficiency was also increased. It was also concluded
that the sputtering time is directly related with thickness of film. When the film was
thin, then irradiated light passes through, and lower radiations are absorbed by
catalyst leading to decrement in photocatalytic efficiency, but as soon as optimum
thickness is achieved, efficiency of light absorption with photo-generated charge
carrier also increases [92, 94].
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15.4.5 Photo-etching

Photo-etching process is based on principal of lithography. Lithography is a process
which is mainly employed for fabricating micro molecules to form thin or thick
layering for supporting any type of substance [95–98]. This phenomenon includes
transfer of geometric pattern to photo-resist surface from photo-masking substances
by usage of light irradiation. This process involves following steps:

I A substrate is chosen and is coated with thin uniform film of photo-resist
over the substrate.

II A designed mask for forming pattern is placed over photo-resist layer.
III UV light is then irradiated over the arrangement formed; this irradiation of

light leads to polymerization of photo-resist.
IV After the designed structure is obtained over the chosen substrate, mask and

unpolymerized sections are removed using trichloroethylene solution, and
excess section of substrate which are not covered using mask can be removed
using HCl.

Figure 15.10 represents basic steps involved in photo-etching [99]. The major
reason of using photo-itching is lowering of band gap of photocatalyst and for-
mation of macropores. Formation of these pores acts as sensitizer and increases
photo-activity of photocatalyst. The studies have shown that immobilized catalyst
has a relative constant k value for up to 10 cycles. Therefore, photo-etching has
come out as a promising strategy for immobilizing photocatalyst on any substrate
[96].

Fig. 15.9 Schematic representation of arrangement for RF magnetron sputtering (reprinted with
permission from Ref. [93])
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15.4.6 Sol-Gel Method

The sol-gel technique of immobilising photocatalyst is a wet-chemical strategy
involving deposition of wet chemical solution in various steps. The steps include
hydrolysis and polycondensation, gelation, ageing, drying, densification of solution
and crystallization of solution and are followed in chronological order. This method
is primarily applied for fabricating metal oxide using their corresponding metal ions
as precursors. These primary materials have shown a vital role in determining the
morphology of the immobilized photocatalyst. These precursors are capable of
producing a gel-like integrated network of polymers or discrete particle [100–104].
This method includes following steps:

I The chosen metal oxides are dissolved in a solvent most commonly ethanol.
On addition of little water hydrolyses material, polymeric form is formed. The
solution turns little acidic, and the material thus formed is a loose-gel having
liquid filled pores.

II To remove the liquid filled in pores and densifying the material, heat treatment
of higher temperatures ranging from 100 °C to 1000 °C is provided.

Most commonly lower temperatures are implemented for maintaining structural
morphologies and reducing the index of formed films. Even very minute quantities
of dopants can be introduced while coating sol and the dopant are uniformly

Fig. 15.10 Representation of flow diagram of photo-etching process (adapted from [99])
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distributed in resulting product. These compounds are capable of undergoing a
variety of reactions including hydrolysis and condensation reactions leading in
production of inter-linked connections between metal centres (M) and oxo (MO–M)
or hydroxy (M–OH–M) linkages. Presence of excess solvent is generally removed
using drying process, which leads in densification and volume shrinkage of the
photocatalyst immobilized on the film. The drying is further followed by a thermal
treatment process, which further supports polycondensation and leads in enhance-
ment of mechanical and structural properties of thus fabricated films by densifi-
cation, sintering and grain growth. Major advantages of this technique include
purity of deposited catalyst, homogeneity, lower temperature fabrication, control
over morphology of fabricated material including shape, distribution, size and other
properties, multilayer coatings, etc. Howsoever, production of multilayer coating
can create a problem due to lack in drying efficiency between layers and may lead to
heterogenous coating and further creating in decrement of photocatalytic activity
[105].

15.4.7 Electrophoretic Deposition

Electrophoretic deposition has emerged out as remarkable electro-chemical method
for coating and immobilizing semiconductors over various substrates mainly
ceramics. This technique has become primary choice of researchers for preparation
of thin as well multilayer film deposition of photocatalyst over chosen suitable
substrate. The uniformity in films formed is comparatively high when compared to
dip coating method. This method is capable in forming multilayer films of varying
thickness. This method can be implemented commercially as thickness of film is
controlled by electrically charged particles present between two electrodes, namely
anode and cathode present in dielectric medium. The working principal regulating
the deposition of powder photocatalyst involves following steps:

I The selected photocatalyst powder is dispersed in a solvent medium con-
taining both electrodes where one electrode present is counter-electrode, and
another electrode is of metallic substrate that is to be coated on.

II A net electric charge is developed on surface of powder particles dispersed
due to electrostatic interactions with solvent molecules.

III As soon as external electric potential is applied, these suspended partially
charged particles tend to move freely in suspension towards the electrode
opposite to their polarity. This phenomenon of deposition of electrically
charged particles over electrodes is referred to as electrophoresis. To enhance
charge stabilization in suspension thus formed, additives such as acetylace-
tone and isopropanol are used. They increase durability and uniformity of
coating.

IV The substrate is thus obtained with required coating of catalyst. Figure 15.11
represents schematic view of cathodic electrophoretic deposition cell.
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This strategy has been employed in various industries for coating heavy equipment,
automotive frames and large metal parts. This strategy is majorly applicable where
substrate has irregular shape or object is quite complex, as this method leads to
uniform coating. It is fast, cost-effective than many other listed strategies.

15.4.8 Spray Pyrolysis

Spray pyrolysis is a commonly implemented strategy for thin film deposition of
photocatalyst over the surface of heated substrate, which includes formation of
aerosols of photocatalyst. The solution formed is colloidal in nature [36, 106]. The
formed aerosol is heated very rapidly at required high temperatures and is passed
through several stages listed as follows:

I The solvent is evaporated from droplet surface.
II The droplets containing precipitated are then dried.
III Thermolysis is performed, i.e. annealing of precipitates at high temperature

takes place.
IV Formation of microporous particles of desired phase composition takes

place.
V As a result of above step, solid particles are formed.
VI At last, formed solid particles undergo sintering, i.e. particles get compacted

under high pressure and temperature (Fig. 15.12).

This strategy leads to formation of uniform and fine deposition of photocatalyst
over the surface of substrate. When compared to other strategies available, it holds

Fig. 15.11 Schematic
representation of the cathodic
electrophoretic deposition cell
(reprinted with permission
from Ref. [36])
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numerous distinctive advantages. These advantages include its experimental set-up
which does not require costly equipment and can be easily established at lab scale.
It is very cost-effective method, and required chemicals and reagents are also easily
available. The drop produced is of narrow size and thus has higher surface area
leading to higher photocatalytic activity. The size and morphology of particles can
be effectively controlled by variating preliminary condition, solvent, additives,
concentration of reactant and flow rate in precursor solution. The resultant immo-
bilized catalyst films have high density packing with higher uniformity. The
resultant has high purity, nano structure, narrow size distribution, large surface area
and high porosity resulting in better efficiency of photocatalyst [107–110].

15.4.9 Solvent Casting

Another most commonly implemented technique used for immobilizing photocat-
alyst in form of thin polymeric films of nanocomposite scaffold is solvent casting.
The working principle of solvent casting is based on solvent containing uniform
distribution of photocatalyst of specific size, and solution is kept in 3D mould for
casting. This method is widely implemented due to its cost-effectiveness, ease in
reaction variation and shorter preparation time interval. The solvent chosen for
dispersion plays a key role in determining morphological properties including
orientation of surface crystals, surface heterogenicity, swelling nature and rate of
structural deformation of formed composite. CCl4, methylene chloride and
tetrahydrofuran are most commonly used solvents. These solvents are spread uni-
formly over teflon lined surface, and then, solvent is allowed to evaporate gradually

Fig. 15.12 Spray pyrolysis
apparatus constituting of
precursor solution, atomiser,
temperature controller and
substrate heater (reprinted
with permission from Ref.
[36])
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using continuous flow of dinitrogen stream. After complete evaporation of solvent,
deposited films are dry casted using IR lamp. This method has shown excellent
reusability and recyclability of photocatalyst for degrading environmental pollu-
tants [111–116] (Fig. 15.13).

15.5 Surface Analysis of Impregnated Photocatalyst
on Various Surface

It became essential to study the structural, morphological and physio-chemical
properties of catalyst apart from their increment in photocatalytic activity after
desired immobilization of photocatalyst on suitable substrate. This study can be
achieved my means of various characterization techniques available. These tech-
niques majorly include scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy,
thermal gravimetric analysis (TGA), dynamic light scattering (DLS), atomic force
microscopy (AFM) and Brunauer–Emmett–Teller (BET) [117]. The brief infor-
mation with their applications is listed as follows:

I Transmission Electron Microscopy: This technique is useful in determining
anatomy of particles with size of particle in nm range. With help of electron
beam, it determines crystal phase as well as crystal size.

II Scanning Electron microscopy: This technique produces image of surface of
sample by means of electron beam. It helps in determining surface mor-
phology including shape, measurement of sample size, analysis of sample
composition using EDX, as well as study of micropores present on surface.

Fig. 15.13 Preparation of photocatalytic polymer film using solvent casting method (reprinted
with permission from Ref. [117])
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III X-Ray Diffraction: This technique helps in determination of type of crystal
lattice, size, shape, edge length and phase analyzation of crystalline material.

IV Thermal Gravitation Analysis: This technique is used for determination of
thermal properties of synthesised samples where change in mass of sample
is measured over time with change in temperature. It helps in determination
of composition of sample, degradation mechanism as well as kinetics of
sample. It also helps in determination of ash contents of sample.

V X-Ray Photoelectron Spectroscopy: It is a surface-sensitive quantitative
technique used for analysing surface elemental and chemical composition
with complete electronic structure and density of electronic states of present
material using photoelectric effect. Also, it helps in determination of
bonding between elements present using line profiling across the surface of
substrate containing immobilized photocatalyst. It provides empirical for-
mula of sample and measures uniformity of elemental composition.

VI BET: This technique focuses on measurement of surface area including
pore-size distribution over the surface of substrate and immobilized catalyst.
The data thus obtained helps in prediction of rate of dissolution, and thus,
specific surface area is predicted using area available for bio-activity. This
analysis is also useful in evaluating performance of product as well con-
sistency of manufacturing that product.

VII Dynamic Light Scattering: This is referred to as photon correlation spec-
troscopy or QLS which helps in deamination of particle size using sus-
pension of particles in form of colloidal solution. This technique is helpful
in measurement of hydrodynamic size of particles by means of laser light
scattering by colloidal solution. The intensity of light scattered by these
Brownian nanoparticles helps in correlation of hydrodynamic diameter.
Smaller the particle, faster is the diffusion rate. As light hits and gets
scattered by particle, it causes a Doppler shift. This Doppler shift helps in
determining the particle size by means of change in wavelength. It is most
appropriate technique listed till date for determination of particle sized.

VIII Atomic Force Microscopy (AFM): It is an influential technique used for
analysing micro or nano coatings on various substrates. It uses probe for
analysing surface structure. It helps in analysing surface adhesion, pores,
friction, etching, polishing, lubricating as well as etching. In comparison
with electron microscopy, it does not require any vacuum as it can work in
air or liquid environment. It provides a true 3-D surface profiling without
any requirement of pre-treatment of sample [118].

15.6 Summary

Photocatalysis has emerged out as green and highly potential technique among
many AOPs for degrading recalcitrant pollutants including various organics, inor-
ganics and bacterial disinfection with efficiency of producing clean energy fuels
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during degradation of these pollutants. Various reasons are present that hinders the
implementation of photocatalyst for environmental remidiation at large scale..
Major factor governing is wavelength absorbed by photocatalyst for getting initi-
ated for degradation of pollutant and second is cost-factor for its commercialization.
In last decade, numerous studies have been carried out for immobilizing photo-
catalyst on various substrates to increase their reusability and recyclability, making
the process more sustainable. In this chapter, we have tried to incorporate various
substrates that have been implemented for immobilizing catalyst onto their surface.
A large number of strategies have also been adapted for their immobilization, and
few effective techniques are also listed with their processes for immobilizing cat-
alyst. The research gap is present that the material immobilized should sustain for
longer duration with recyclability of large number of cycles. It also includes that
researchers should be encouraged for utilizing natural and biodegradable substrates
for immobilizing catalyst on their surface. First and foremost, thinking of a
researcher before choosing any substrate with suitable strategy for immobilizing
photocatalyst should be that it should increase surface area of catalyst, secondly it
should be held by substrate for longer duration, have inertness, it should not
interfere the catalyst during its reaction with pollutant, should not be
self-oxidizable, bear good conductivity and should increase absorption of visible
light spectra. The major limitation that came across is inherent mass transfer of
immobilized catalyst. A detailed emphasis is required for development of new
immobilised photocatalysts that are not only capable of showing photocatalytic
activity under visible and/ or solar light spectrum, but can also be recycled over
many runs without significant loss in its photocatalytic activity. Nevertheless, it is
worth to note that, a large-scale implementation of these types of immobilised
catalysts can help in reducing a great stress on environment due to toxic effluents
from industries, harmful organic compounds and pharmaceuticals from domestic
sewage, etc.
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Part IV
Environmental Remediation



Chapter 16
Photocatalytic and Other Similar
Green Technologies for Reducing
Environmental Impacts of Leather
Industries

Hemen Dave, Mona Vajpayee, and Lalita Ledwani

Abstract This chapter reviews recent advancements in the photocatalytic process,
along with other similar green technologies such as nanotechnology, nonthermal
plasma treatment, ozone-based technologies, etc., with specific emphasis on
reducing the environmental impacts of leather production and processing. Leather
industries are among the most polluting industries worldwide, and to address the
challenges leather industries are facing with respect to environmental pollution
much scientific work has been carried out. Photocatalytical processes have been
explored for treatment of wastewater from tanneries and leather dyeing and fin-
ishing. Green photocatalytic processes exhibit great potential for chromium removal
from tanneries’ wastewater, and degradation of dyes and other hazardous chemical
compounds usually found in wastewater from leather industries. Nanomaterials and
nanomaterial-based photocatalytic processes also provide leather and leather
products with diverse types of surface functionalization and antimicrobial finish
which is environmentally affable compared to conventional technology. Other
similar technologies are nonthermal plasma and ozone technology which is prin-
cipally based on nonthermal plasma. Nonthermal plasmas-ionized gases at low
temperature have a potential for surface modification of leather which can render
applications such as sterilization, improved uptake of dyes, chemicals, and natural
products, varieties of finish including antimicrobial finish, etc. Being a dry tech-
nology the nonthermal plasma processing can significantly reduce environmental
impacts compared to wet chemical processing. The ozone-based technologies are
also similar in modes of action with that of the photocatalytic process. The
ozone-based technologies are explored by contemporary researchers and are
reported to have potential applications such as cleaner dehairing, cleaner preser-
vation, treatment of tanneries’ wastewater, hazardous chemicals used in leather
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manufacturing, dye degradation, etc. The holistic overview provided in this chapter
would be certainly useful to researchers working in these areas.

Keywords Leather � Pollution � Environmental impacts � Photocatalysis �
Nonthermal plasma � Ozone � Waste treatment � Cr reduction � Dye degradation �
Wastewater treatment

16.1 Introduction

Leather production is all about the transformation of proteinaceous skin/hide flayed
from dead animals to a stable, economically important commodity with a wide
variety of uses. Leather production involves pre-tanning, tanning and post-tanning
operations; at each stage huge quantities of chemicals and water are required which
give rise to massive loads of waste, both solid and liquid, with substantial envi-
ronmental impacts [1]. As per a study, each year approximately 6.5 million tons of
flayed animal skins and wet salted hides are processed worldwide, with around 4.8
billion square feet of leather production [1]. Other studies report 1.67 � 109 m2 of
leather manufactured every year with global sales of US$70 billion [2]. There are
around 10,000 tanneries in the world with an estimated US$50 billion turnover; the
largest supplier of leather is the European Union which exported 1163.1 thousand
tons in the year 2014 [3]. The major production centres of leather are agroeconomic
countries such as Argentina, Brazil, Mexico, China, South Korea, India and
Pakistan [3]. South Asian leather industries comprise about 5000 tanneries which
are small-scale, having a processing capacity of less than 2–3 tons of hides/skins
per day, and are scattered all around the region [4]. For an agro-economy, local
development can be enhanced by tanneries and leather processing industries but in
time this can lead to serious pollution of the environment [3]. As per a statistical
estimation, the world capacity of leather production is about 1.5 � 1010 kg hides/
skins every year with a per day average discharge of more than 1.5 � 1010 kg of
wastewater and an annual generation of 6 � 109 kg of solid waste [5]. India being a
country with a huge livestock population, more than 3000 tanneries employing 2.5
million people are present in India, processing 80 million hides and 130 million
skin pieces every year. Chrome tanning is commonly perceived in 80% of tanneries
in India. India is a leading exporter of leather goods, having an export capacity of of
$2.8 billion [6]. Leather production involves several stages/processes as described
in Fig. 16.1. These stages/processes can be classified as pre-tanning or beamhouse
operations followed by the tanning of pickled hide either by chrome tanning or
vegetable tanning, and the associated stages/processes are called tanning yard
operations. The leather thus produced is further provided with various finishes as
per the product requirements [3].

At each stage of leather production and processing, huge amounts of water,
chemicals and energy are required, and waste is produced at each stage which has
significant environmental impacts as described in the next section. The challenge to
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reduce the environmental impacts associated with leather production and processing
has been addressed by various technological solutions [7]. In this chapter, we
provide an overview for emerging photocatalytic, nonthermal plasma and ozone
technology to reduce environmental impacts associated with leather production/
processing. As seen in Fig. 16.1, the environmental impacts associated with
beamhouse operations can be addressed by ozone technology; for effluent generated
from the tanning process photocatalytic and nonthermal plasma-based treatment can
provide an effective solution for chromium reduction and removal. All three
technologies can be beneficially utilized in the treatment of tannery effluent; the
ozonation explored widely for treatment of tannery effluent is described in the
following sections.

16.2 Environmental Impacts Associated with Leather
Production and Processing

The environmental impacts associated with leather production and processing are
releases of pollutants to water, air and soil. Usage of electricity for rotation of
drums/vessels is the main source of air pollution; use of fossil fuel for electricity
generation can pollute air with oxide of sulphur, oxides of nitrogen, particulate

Fig. 16.1 Leather production/processing: pre-tanning, tanning and post-tanning operations
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matter and emission of heavy metals such as vanadium, manganese, nickel, etc. [3].
Air pollution resulting from leather processing includes emission of sulphides,
thiols, VOCs and organic solvents, ammonia, powdered dyes, leather dust, etc.,
while polyaromatic hydrocarbons (PAHs) and halogenated organic compounds,
PCDD/furans can be emitted when solid waste from leather production is incin-
erated for waste to energy combustion [3]. Huge quantities of chemicals and water
usage for leather production and processing results in a significant portion con-
verted to by-products and pollution. Nearly 100 different chemicals are used to
convert raw hides/skins in to finished leather [8]. As per an estimate, every year 6.5
million tons of flayed animal skins and wet salted hides are processed, using 3.5
million tons of different chemicals for leather processing worldwide [1].
Furthermore, organic matter from flayed hides/skins are a major source of waste
and by-products. For a bovine hide, about 20–25% weight of raw bovine hide is
transformed into leather, with a further 65% transformed to sole leather, while the
remaining material contributes to waste, partially being recovered as by-products
[3]. When water is utilized in most leather production and processing operations,
generally if 1 ton of raw hide is processed, it results in *250 kg leather with 15–
50 kl of wastewater, 450–730 kg of solid waste and 500 kg of sludge generation
[3]. The wastewater produced has an organic load of about 240 kg of chemical
oxygen demand (COD), and 100 kg of bio-chemical-oxygen-demand (BOD),
150 kg of suspended solids (SS), 170 kg of sodium chloride (NaCl), 80 kg of
sulphates and 5 kg of chromates [3]. Apart from the huge organic load that needs to
be treated, tannery wastewater contains chromate, i.e., chromium (VI), oxidized
from chromium (III) in tanning, which is of most concern because of its recognized
carcinogenic, mutagenic and allergenic potential; for that 3 mg/kg (based on leather
weight) is the current legislative limit [3]. With a worldwide emphasis now placed
on production of chrome-free wet white leather, still 80–90% of tanneries are
producing chrome-tanned wet blue leather, because the alternative treatments
cannot produces the same quality leather as with chrome tanning [3]. The
wastewater from leather production and processing also produces pollutants of
significant concern such as the heavy metals copper, cobalt, barium, antimony,
selenium, lead, zinc, mercury, nickel, cadmium compounds and arsenic, along with
various toxic organic compound-azo dyes, polychlorinated biphenyl (PCB),
formaldehyde resins, pesticide and biocide residues [3].

16.2.1 Liquid Waste from Leather Industries and Associated
Impacts

As per an estimate, 57% of total water is consumed in pre-tanning and tanning
processes while 35% of water is consumed for washing [1]. For one ton of raw hide
processing 30–35 m3 of wastewater gets produced, with a wide range of wastewater
production from 10 to 100 m3 per tons of raw hide depending on the type of hide,
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the production process and the quality of finished products required [9]. In a study
related to the carbon and energy footprint analysis of tannery wastewater treatment
it is reported that from 1 kg of raw material 0.3 to 0.4 kg of finished product is
obtained with 25 to 45 l of water consumed per kg of raw material, being a water
intensity of 0.13 m3/m2 of finished product [10]. Water consumption for leather
production is estimated to be more than 5 � 107 m3 per year for the five largest
leather producing regions—Brazil, China, India, Italy and Russia, with the highest
water footprint of 2.7 � 107 m3 per year for China [10]. The global carbon foot-
print associated with tannery wastewater treatment is estimated to be 1.49 � 103

tCO2, eq. d
−1; the energy intensity for tannery wastewater treatment is estimated to

be 3.9 kWh kg−1 bCOD removed which is significantly higher compared to
1.4 kWh kg−1 bCOD for sewage treatment [10].

Preservation of hides by salt preservation can contribute 40% of Total Dissolved
Solid (TDS) and 55% of chloride in effluent generated from leather production/
processing. Dehairing of skins/hides by the liming process generates 40% and 50%
of BOD and COD respectively, and contributes 60–70% to the total pollution load
of leather processing [1]. The dehairing stage using sodium sulphide and lime
contributes 84% of BOD, 75% of COD and 92% SS in wastewater generated from
tannery industries [2, 11]. Conventional dehairing uses sodium sulphide which can
affect the efficiency of effluent treatment and cause unfavourable environmental
consequences [2]. Overall, wastewater generated from beamhouse operations
contains a significantly high concentration of salts, because for the preservation of
raw hide during this stage 300–400 kg of salts are required per ton of fresh flayed
hide. Furthermore, unabsorbed sulphide and lime from the pelts in the liming
process gets discharged in wastewater along with epidermis, broken hair, and
non-structural proteins and other material which can increase COD and BOD if
wastewater is produced in the soaking and liming stages. Amine additions to
wastewater from beamhouse operations such as liming/deliming, and bating along
with re-tanning operations can result in anaerobic conditions which are toxic for
microorganisms playing an important role in wastewater treatment [3]. In subse-
quent tanning processes hides/skins after beamhouse operations are subjected to
chrome tanning or natural tanning, which is processed with several stages that
utilize huge variety of chemicals such as synthetic or natural tanning agent with
acids, surfactants, salts, sulphonated oils, etc. Chromium tanning is the most used
method; 90% of tanneries worldwide use this method in which chromium sulphate
is applied at a concentration level of 8–10% [1].

In the most commonly used chrome tanning process only 60 to 80% of applied
chromium salts are taken up by the hides/skins, thus the tannery effluent contains
significant amounts of trivalent chromium along with other salts such as sulphide,
sodium chloride and high concentration of organics with COD above 3000 mg/l
[12]. Chromium is the pollutant of most concern; in order to prevent negative
impacts to the environment upon discharge, the chromium concentration should not
be more than 10 mg/l in the treated tannery effluent [12]. Cr(III) can be oxidized to
Cr(VI) which is highly toxic, and the maximum permissible limit of Cr(VI) is
0.05 mg/l of Cr2O7

−2 [12]. Overall, 45–50 m3 wastewater are generated per ton of
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raw hide processing, and 70% of total BOD, COD and total dissolved solids are
resulting from the process [1]. A medium-sized tannery can produce over 300
million m3 wastewater every day, which contain thousands of tons of chemicals
along with solid waste [1]. In India, 4000 tons of chrome are salts used every year
of which 60–70% are used in tanneries. Effluent generated from chrome tanning
contains 1500–3000 mg/l chromium, with an average 30–40 l of effluent generated
per kg of hide tanned, and an average 50 l of wastewater generated per kg of hide
processed by leather finishing operations. Indian tanneries are discharging
9.42 � 106 l of wastewater every year [6]. In India, the river Ganga and its
tributary has significantly affected tanneries situated in the surrounding area, with
high concentrations of heavy metals in sediments of this riverine system. In Tamil
Nadu state of South India, tanneries have contaminated 55,000 ha of land and 5
million people were affected by low quality drinking water due to salination of
rivers, and also by ground water contamination from wastewater discharged from
tanneries, which also leads to loss of agriculture productivity [2].

16.2.2 Solid Waste from Leather Industries and Associated
Impacts

Leather production and processing generates a huge amount of solid waste disposal
which is problematic for leather industries. As per the statistics, 650 kg of solid
waste is produced from processing of 1 ton of wet salted hides [13]. As leather is
made from proteinous hides/skins flayed from dead animals, various nonfibrous
proteins or fibrous proteins other than collagen such as hair, fleshing wastes, etc.,
contribute to solid waste along with trimmings from raw hides/skins, chrome
shavings and trimmings, buffering dust, strips, cuttings from leather along with
chrome sludge, and effluent treatment plant (ETP) sludge generated from primary
and secondary treatments [1]. The quantity of trimmings waste depends on the raw
material; in general, it accounts for 5% weight by weight for hides and 12 to 15%
weight by weight for skins. Every year about 418 � 103 tons of trimming waste
are generated globally [13]. The contribution of beamhouse operations in total solid
waste generation is 80%, whereas tanning operations contribute by 19% and fin-
ishing operations contribute by 1%. As per the scientific literature, 150 kg of fin-
ished leather is produced from one ton of raw hides/skins, whereas the remaining
850 kg contributes to solid waste, comprised of 450 kg of collagen waste and
400 kg of fleshing waste [1]. Apart from other solid waste produced from leather
production and processing, sludge generated from effluent treatment can signifi-
cantly impact the environment if not properly handled. Primary treatment of tannery
effluent results in settled sludge generation which accounts for 5 to 10% of the total
volume of effluent; further sludge quantity increases up to 20% for the case of
biological treatment. The sludge has a solid content 3–5% which increases to 25–
40% after dewatering [3]. As per an estimation, bovine tanneries in Europe are
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generating 4 � 105 tons of sludge and the same amount of other solid waste each
year [3]. From the different types of solid waste generated from leather production
and processing, the chrome shavings are of considerable concern due to the pres-
ence of heavy metal chromium, and the disposal of chrome shavings is quite
challenging. As per an estimate, every year India is generating 0.2 million tons of
chrome shavings whereas worldwide approximately 0.8 million tons of chrome
shaving are generated which mostly get disposed of through landfill or incineration
[14]. The chrome shavings are fibrous in nature, make up 3–5% of total proteinous
waste, contain 30–40% moisture; though chrome shavings contain Cr(III) there is
the possibility of its conversion to the 300 times more toxic Cr(VI) [14]. Landfilling
of chrome shavings can liberate 40–50% methane gas which can be a significant
contribution in global warming, Cr can be leached out from landfill sites and can
contaminate ground water, making the soil unfit for cultivation [14]. Solid waste is
also generated when leather goods, specially footwear, are manufactured; 15–20%
of raw material used for manufacturing of leather goods gets converted to solid
waste [11].

For disposal of waste generated from leather production and in processing
operations; land filling, anaerobic digestion and thermal incineration are the con-
ventional methods, but environmental impacts and inherent issues are associated
with these methods. The presence of chromium in leather production/processing
waste can causes severe ground water contamination in the case of ground
co-disposal, and chronic air pollution with high concentration of trivalent chromium
during thermal incineration [8, 15, 16]. In one study, the method in which tannery
wastes were incinerated at 800 °C in a thermal incinerator of starved air under
various oxygen flow rates to optimize the oxygen flow required to prevent the
conversion of Cr from Cr(III) to Cr(VI) oxidation state is reported. The exploratory
study of the incineration of waste under the external oxygen supply was conducted
under various conditions. Using Portland cement and fine aggregate, the calcined
waste has been effectively solidified/stabilized. The unconfined compressive
strength of the blocks was within the range of 120–180 kg/cm whereas to determine
the degree of leachate and metals, leachability research was conducted on solidified
block through the toxicity characterization of leachate procedure (TCLP) which
indicate 99.1–99.9% metal fixation and 55–66 mg/l was the dissolved organic
concentration in the TCLP leachate [15].

16.3 Environment Friendly Technology for Leather
Processing: Need of Hour

As described in the above sections, the large quantity of water required for pro-
duction and processing of leather is converted to wastewater; a study of the United
Nations Industrial Development Organization (UNIDO) highlights the huge water
demand for leather production and processing as an area of environmental concern
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[17]. For one ton of raw hides/skins, processing results in the generation of 30–
40 m3 of wastewater [4]. Fresh water requirements for leather production and
processing can be reduced by proper treatment and reuse of tannery wastewater, but
reuse of wastewater is not possible without its preliminary analysis, and due to the
complexity of the matrix reuse of tannery wastewater is a real challenge. The
ultimate quality of leather gets affected with changes in the pH or changes in
formulation in cases of reuse and that is why reuse is not possible more than once
[17]. Also, environmental impacts associated with discharge of tannery effluents
comes under sharp criticism and that is why lots of research work has been carried
out to find alternative treatments for leather production/processing wastewater and
to improve conventional treatment processes by photocatalytic and other green
treatments.

16.3.1 Photocatalytic Technology

Advanced oxidation by photocatalysis is one of the promising methods for
wastewater treatment which is widely used for treatment of wastewater generated
from various industrial activities, for degradation of organic pollutants present in
wastewater [18]. Photocatalysis is all about the production of receptive oxygen
species on acquaintance of a photocatalyst which is illuminated by UV or visible
radiation. The produced reactive oxygen species have the capability for degradation
and mineralization of a wide variety of synthetic organic contaminants and pollu-
tants [7, 19]. The application of photocatalysis for treatment of wastewater and
pollutant degradation may provide many advantages such as negligible generation
of secondary pollution, harmless degradation products, with time and reaction
requirements being less, etc., with some of the limitations such as band gap
dependency and interfacial charge transfer [7]. Currently, extensive research work
is under process for the synthesis of catalysts with higher performance and
expansion of light response range of photocatalysts using a variety of approaches
such as deposition of noble metal, ion modification, coupled semiconductor, opti-
mization of energy band configuration of photocatalysts for specific applications
[20]. Heterogenous photocatalysis involving transition metal ions for environmental
applications [21], degradation of various organic pollutants [22], photocatalytic dye
degradation [23], photocatalytic dye degradation by synergetic effect of adsorption
[24], environmental applications of photo-electrocatalytic technologies [25], cou-
pling of photocatalysis and biodegradation, etc., are major research areas. TiO2 and
ZNO are the most studied photocatalysts; apart from that layered double
hydroxides-based photocatalysts [26], metal-doped TiO2, non-metal doped/
co-doped TiO2 and TiO2 nanostructured hybrids [27], MoS2-based photocatalysis
[28], metal oxide-cellulose nanocomposites-based photocatalysis [29], nanocom-
posites based on graphitic carbon nitride (g-C3N4), etc., are explored for environ-
mental applications [30]. The major application of photocatalysis to reduce
environmental impacts associated with leather production and processing is
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treatment of wastewater and reduction and removal of chromium [7, 31].
A reasonable photocatalytic reaction system can be developed for simultaneous
treatment of two or more pollutants based on photocatalytic reactions with a redox
reaction happening at the same time [31]. This approach can be beneficially utilized
for treatment of tannery wastewater as described in the following section [7].

16.3.2 Nonthermal Plasma

Plasma is the fourth state of matter, it is ionized form of gases, though being a
fourth state of matter, it necessarily has high temperature. The types of plasma
which are called nonthermal plasmas or nonequilibrium plasmas are plasmas which
do not have a high temperature. Nonthermal plasma technology is utilized as a dry,
ecofriendly technology for surface modification of textiles and leather without
altering the bulk properties. Nonthermal plasmas are of two types: low pressure
plasma and atmospheric pressure plasma. Nonthermal plasma can be produced
using a variety of gases as well as gas mixtures; it is an ionized gas which consists
of charged particles/ions, energetic electrons, unionized gas molecules, reactive
species such as hydroxyl radical, atomic oxygen, ozone, superoxide anion,
hydrogen peroxide, reactive nitrogen species, gas molecules in ground and excited
states and UV and visible photons. Leather being heat labile material, nonthermal
plasma can be utilized for surface modification and eco-friendly processing of
leather; atmospheric pressure plasmas are particularly suitable for leather process-
ing. With inclusion of nonthermal plasmas the leather manufacturing process can be
improved, less consumption of chemicals, water and energy savings can be
achieved; thus nonthermal plasma has a huge potential in different areas of leather
production and processing. Also, nonthermal plasmas can be utilized for wastew-
ater treatment as described in subsequent section [32].

16.3.3 Ozone/Ozonation

Ozone is a trioxygen inorganic oxygen molecule with a chemical formula of O3, an
allotrope of oxygen with higher electrochemical oxidation potential, more reactivity
and less stability compared to diatomic molecular oxygen. The electrochemical
oxidation potential of ozone compared to other known oxidizing agents is as fol-
lows: fluorine, F2 (3.06 V) > hydroxyl radical (2.80 V) > atomic oxygen O
(2.42 V) > ozone (2.08 V) > hydrogen peroxide (1.78 V) > hypochlorite
(1.49 V) > Cl2 (1.36 V) > chlorine dioxide (1.27 V) > oxygen gas (1.23 V) [4].
Due to its powerful oxidation potential ozone/ozonation can be extensively utilized
for removal of pollutants from industrial effluents. Pollutants present in industrial
effluents can be degraded by direct attack of ozone or by free radicals which can a
degrade wide variety of organic compounds [33]. There are three techniques for
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ozone production: (1) ultraviolet techniques in which oxygen exposed to UV
radiation can produce ozone in concentrations of 0.0003 g/hour at 1/100 W each;
(2) ozone can be produced by perchloric acid electrolysis; and (3) by electrical
discharge—a nonthermal plasma-based technique [4].

The advantages of ozone/ozonation for leather production and processing can be
summarized as follows: when ozone/ozonation is utilized for treatment of tannery
effluent it results in removal of turbidity, colour, bacteria and viruses; also the odour
problem in open air stages of effluent treatment plants can be eliminated even with a
small capacity (5 g/h) ozone generator [4]. Ozone treatment can result in oxidation
of secondary sludge (partial or complete), lysis and partial oxidation of bacterial
biomass and other organics to increase availability of food when it recycled as
activated sludge, and filamentous bacterial growth and other colloidal structures can
be broken down and thus achieve easy dewatering of sludge [4]. For treatment of
tannery wastewater when ozone/ozonation is applied with use of high concentration
ozone generator in combination with biological treatment, it can decrease treatment
time, required discharge standards can be achieved and floor space requirement for
ETP can be reduced with properly designed colum/vessel for ozonation [4]. Ozone/
ozonation treatment can be easily combined with other advanced oxidation treat-
ments. Residual ozone can be easily destroyed by an UV radiation-based ozone
destroyer [34]. Ozonation itself does not generate any sludge, unlike other treat-
ments, and multiple pollution treatment goals can be achieved by a single appli-
cation of ozonation [33].

16.4 Chromium Reduction and Removal
by Photocatalytic and Nonthermal Plasma
Technology

Chromium as basic chromium sulphate is applied for tanning in which processed
hide gets converted to wet blue, which is a stable product not degraded further even
by microbial action. It is a tanning agent which renders the best quality leather with
many additional advantages such as low process cost at high speed, producing a
light colour of tanned leather with good stability, all of which make it a most
used tanning agent [12]; however, it is a pollutant which of major concern from the
environmental point of view [17]. In chrome tanning around 60–80% of the
chromium reacts with hides/skins and the rest lost to tannery process effluent [12].
When one ton of hides is converted to 200 kg of leather containing 3 kg of
chromium, non-tanned solid waste of 250 kg and chromium-containing tanned
solid waste is produced which contains 3 kg of chromium [14], and over the time
50,000 kg of wastewater is produced which contains 5 kg of chromium [8, 35]. In
the chrome tanning process 20% of raw materials converts to leather and overall,
60% is chromium lost in solid and liquid waste with many associated environmental
impacts such as conversion of Cr(III) to carcinogenic Cr(VI) and contamination of
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water resources, occupational diseases, potential threats due to skin penetration of
Cr(VI) by use of leather products, and entry of chromium into the environment at
the end of product life, etc. [35].

Conventionally, chromium is removed from tannery effluent by precipitation
using alkalis such as NaOH, Na2CO3 or Ca(OH)2; other methods for chromium
removal are liquid–liquid extraction carried out by di(2,4,4trimethylpentyl) phos-
phonic acid and partially ammoniated di(2-ethylhexyl) phosphoric acid (D2EHPA),
ion exchange, four stage extraction/re-extraction with mono(2-ethylhexyl) phos-
phoric acid (M2EHPA) or (D2EHPA), removal using high temperature and pres-
sure, adsorption of suitable adsorbent such as kaolinite, flotation and removal by
oleic acid surfactant and activated charcoal [3, 6]. In the most-used alkali precip-
itation method, chromium which is used as chromium sulphate for tanning/
re-tanning is recovered by multiple washing and filtration. First, alkaline washing is
carried out with hydrogen peroxide to oxidize Cr(III) to Cr(VI) to separate it from
other metals, and next to that an acidic pH of solution is obtained after alkaline
washing by H2SO4 and subsequently FeSO4 and sodium bisulphite added to reduce
Cr(VI) to Cr(III). From the reduced chromate solution with addition of NaOH a
precipitation of Cr(OH)3 is obtained and recovered by filtration [3]. Currently,
many emerging techniques such as electrocoagulation, adsorption, biological
treatment, membrane treatment and photocatalysis are explored for chromium
removal from wastewater [7]. Significant environmental impacts associated with the
most used precipitation and filtration method [12] due to usage of chemicals and
usage of solvents in alternative techniques for chromium removal can be addressed
by photocatalytic and nonthermal plasma-based treatment for tannery wastewater.
Of the above-mentioned treatment the photocatalytic process is widely studied and
is a more efficient treatment for chromium removal [36].

16.4.1 Application of Photocatalytic Process for Reduction
and Removal of Chromium

In tanneries effluent chromium is present along with other organic pollutants; this
co-existence of chromium with other pollutants creates difficulty in conventional
treatment where chromium should be removed prior to any other treatment—
otherwise Cr(III) can be converted to toxic Cr(VI). Photocatalysis can be advan-
tageously used for simultaneous removal of chromium and other organic pollutants
where toxic Cr(VI) can be reduced to Cr(III) and organic pollutants can be oxidized
[7, 31, 37]. Various photocatalysts are studied for reduction and removal of chro-
mium. Modified TiO2 mediated photocatalysis is the most studied approach for the
removal of chromium; this includes use of carbon-based advanced materials for
TiO2 modification, semiconductor-oxide-modified TiO2, semiconductor sulfide-
modified TiO2, noble-metal-modified TiO2, and dye-sensitized TiO2 [38–40]. Other
photocatalysts which are explored for Cr(VIII) reduction and removal by visible

16 Photocatalytic and Other Similar Green Technologies … 487



light or solar light are cerium-doped MoS2 nanostructures [41], LiMn2O4/SnO2

catalyst [42], a-Fe2O3 nanocrystals impregnated on g-C3N4-SO3H [43], nonthermal
plasma-vulcanized flower-like ZnS/Zn-Al composites for adsorptive photocatalysis
[44], graphene nanocomposite photocatalysts [45], RGO/BiOI/ZnO composites
[46], phosphorus-doped g-C3N4/SnS nanocomposite [47] CaFe2O4 [48], etc. 3-D
hierarchical Ag/ZnO@CF photocatalyst reported for synergistic removal of Cr(VI)
and phenol by heterogeneous and homogeneous catalysis [49]. Photocatalysis is
reported for Cr(VI) reduction under LED visible light with simultaneous degra-
dation of bisphenol A using S-TiO2/UiO-66-NH2 composite [50], methylene blue
using mesoporous BiVO4 photocatalyst using visible light [51], citric acid over
TiO2 particles under near UV irradiation [52], humic acid over TiO2 particles under
UV irradiation [53], etc. Photocatalytic reduction of Cr(VI) in the presence of
polyethylene glycol (PEG), a water soluble non-ionic co-polymer is reported as an
eco-friendly approach for removal of chromium from industrial wastewater [54].
Enhancement of Cr(VI) removal efficiency by photocatalysis can be improved
via adsorption/photocatalysis synergy using electrospun chitosan/g-C3N4/TiO2

nanofibres [55], or red peanut skin [56]. When Nb2O5 is explored as an alternative
catalyst for reduction and removal of Cr(VI) from tannery wastewater, it proved to
be 20% more efficient than TiO2 and thus can be considered a promising alternative
[57]. Bifunctional MOF/titanate nanotube composites have been studied for both
photocatalysis and simultaneous adsorptive removal of formed Cr(III) [58].

Ti/TiO2 photo anode with sodium sulphate was used to check the feasibility of
UV irradiation-based photobleaching of leather dye acid red 151, anionic surfactant,
and photo-electrocatalytic reduction of Cr(VI). With use of pH 2 and 0.1 mol l−1

sodium sulphate, 100% dye decolourization can be obtained with reduction of 98–
100% of Cr(VI) and abatement of 95% of the original total organic carbon. The
findings of this study indicate that photo-electrocatalytic oxidation can be consid-
ered as an exceptional alternative for treatment of tannery wastewater containing
dyes, surfactants and toxic hexavalent chromium; at lower concentration of pol-
lutants complete removal can be obtained [59]. In a similar study, parthenium weed
activated carbon loaded with zinc oxide nanoparticles (ZnO-NPs-PWAC) was used
for the simultaneous removal of methylene blue and Cr(VI), which was further
studied with real tannery wastewater. In this study, detailed characterization was
carried out to test photocatalytic activity of ZnO-NPs and ZnONPs-PWAC.
ZnONPs alone provided more than 93% efficiency for decolourization of malachite
green, congo red, and methylene blue under sunlight irradiation. PWAC provides
more than 99% removal of Methylene Blue in 130 min where as ZnO-NPs-PWAC
provides the same removal efficiency within 60 min. Similarly, PWAC provides
more than 99% removal of Cr(VI) in 160 min, whereas ZnO-NPs-PWAC provides
the same removal efficiency within 90 min. Combined reactions of photocatalysis
and adsorption provides enhancement in removal efficiency; ZnO-NPs-PWAC also
provided more than 92% removal efficiency for realistic tannery wastewater [60].
Other than TiO2 and ZNO, silver chromate nanocrystals provided a fresh and
feasible opportunity that can dispose of wastewater containing chromium and at the
same time, producing a new visible-light catalyst that can degrade the organic
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pollutant in the wastewater. Ag2CrO4 nanocrystals were prepared by ultrasonic
synthesis, template and hydrothermal. A comparative study of the product was
investigated. Best results were reported with the product synthesized by the ultra-
sonic method (dye degradation within 8 min) than with the other two methods
reported (dye degradation occurred in 42 min) [61]. Synthesis of spherical TiO2

catalytic materials with hollow structure reported for photo-electrocatalytic reduc-
tion of Cr(VI); the result of the study indicates that a photocatalytical removal rate
of Cr(VI) is 0.0126/min whereas the removal rate by photo-electrocatalysis is
0.0362/min which is three time faster than the former one. The spherical TiO2 based
photo-electrocatalysis studied for the actual tannery wastewater samples collected
from three different tanning procedures, and excellent activity was also obtained
with realistic tannery wastewater. This indicates the great potential of
photocatalytic-based technology for Cr(VI) reduction and removal from tannery
effluents [62]. Hydroxylated a-Fe2O3 was utilized for synergetic photocatalytic
reduction of Cr(VI) and degradation of leather preservative 4-Chlorophenol under
visible light. For one hour of visible light irradiation, Cr(VI) reduction was obtained
in a range of 24.8% to 70.2%, while degradation of 4-Chlorophenol increased from
13.5 to 47.8%. The photocatalyst can be reused again and again; good degradation
is obtained even after nine cycles of degradation [63].

16.4.2 Applications of Nonthermal Plasma for Chromium
Reduction and Removal

Applications of nonthermal plasma are also reported for chromium reduction and
removal. In a study, simultaneous Cr(VI) reduction and As(III) oxidation in
aqueous solutions reported using a glow discharge plasma; experiments were car-
ried out to study effects of input energy, pH value and concentrations for redox
transformation of Cr(VI) and As(III). In the glow discharge treatment synergetic
effect observed between Cr(VI) and As(III), the presence of Cr(VI) can significantly
enhance As(III) oxidation. Increase in voltage inputs from 530 to 600 V can
increase conversion of Cr(VI) from 96 to 100% and As (III) from 53 to 77%. In
acidic pH reduction of Cr(VI) (96% reduction) proceeds rapidly compare to As(III);
the optimum pH for As(III) is 7. The conversion is due to H2O2 generated in glow
discharge which reduce Cr(VI) and hydroxyl radicals which can oxidize As(III).
This has opened up a new possibility for treatment of chromium and arsenic
containing wastewater [64]. In a similar study, removal of Cr(VI) and methylene
blue was simultaneously carried out by atmospheric pressure argon plasma jet. In an
acidic medium, the highest amount of hydrogen peroxide is formed which reduces
Cr(VI) to Cr(III), and simultaneous removal of methylene blue and Cr(VI) is more
beneficial than individual pollutants [65]. The same atmospheric pressure argon
plasma jet was studied for simultaneous removal of As(III) and Cr(VI), where both
the pollutants complement redox natura and simultaneous removal is beneficial
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[66]. For Cr(VI) removal CoFe2O4/multiwalled carbon nanotubes (MWNTs)/
sponge electrodes were prepared which enhances the performance of DBD. Cr(VI)
and phenolic pollutants such as phenol, hydroquinone, nitrobenzene and p-nitro-
phenol were simultaneously removed using these plasma discharge systems. In this
study optimum concentration of CoFe2O4 nanowires estimated 0.5 g/l and with that
98.52% degradation of phenol achieved [67]. In a similar study, simultaneous
oxidation of phenol and reduction of Cr(VI) is studied with contact glow discharge
electrolysis [68]. Simultaneous removal of Cr(VI) and an azo dye acid orange 7 has
been studied; due to synergistic effects both pollutants improve degradation of each
other. Under acidic condition 94% reduction of Cr(VI) is achieved; furthermore,
with an increase in the input power from 80 to 120 V, Cr(VI) removal increased
from 54 to 88% and removal of dye acid orange increased from 62 to 89% [69].
Atmospheric pressure argon glow discharge plasma at gas solution interface was
explored for reduction of Cr(VI); here in the experiments a small quantity of ethanol
was added as a hydroxyl radical scavenger. Further in the study, the same exper-
iments were carried out using air glow discharge; 89% of Cr(VI) got removed from
25 ml 80 mg/l K2Cr2O7 solution in presence of 2% v/v ethanol after a 15-min
treatment with the air discharge [70]. In a similar study Cr(VI) reduction in aqueous
solution was achieved in presence of ethanol as hydroxyl radical scavenger by
micro-plasma [71]. In a study, Cr(VI) ion imprinted polypropylene (PP) fibres were
fabricated by plasma mediated grafting which is effective and selective for Cr(VI)
adsorption. The surfaces of PP fibres were activated by nonthermal RF plasma
(argon and air) followed by gaseous phase acrylic acid grafting which is further
amidated with triethylenetetramine and subjected to Cr(VI) template imprinting. It
further explored for Cr(VI) removal in which highest adsorption capacity 167 mg/g
obtained at pH 3. Adsorbed Cr(VI) eluate rapidly and effectively by 0.2% NaOH
solution and adsorption efficiency maintained more than 80% even after ten
regenerations [72].

16.5 Photocatalytic Process for Treatment of the Leather
Industry’s Wastewater and Other Applications

Various studies report application of TiO2, and other nanoparticles used persua-
sively for photocatalytic dye degradation and the removal of organics and heavy
metals from tannery wastewater. In a study, ITO (indium tin oxide coated glass)
supported TiO2 nanoparticles were utilized for photo-oxidation of dye released by
leather industries. In the study, complete degradation and mineralization of dye into
inorganic product is reported, while decolourization ratios of more than 90% were
reported for the time of 480 min [73]. In another study, TiO2 nanoparticles were
prepared on alumina and glass beads; after that photocatalytic activity was studied
for photo-oxidation of acid brown 14 leather dye in aqueous solution illuminated
with solar light. Characterization techniques like HPLC and UV–Vis helps to keep
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track on changes in the concentration of acid brown 14 after photocatalytic
degradation. The effectual results were reported for TiO2 supported on alumina
beads in an acidic condition [74]. Degradation of dermacid red (CAS: 6406-56-0),
dermacid black RVE (CAS: 99576-15-5) and dermacid brown (CAS: 8011-86-7)
leather dyes was carried out by photocatalysis with TiO2 and a comparative study
carried out for degradation of these dyes using ultrasound irradiation, photocatalysis
with TiO2, Fenton/photo Fenton and a combination of those techniques. For pho-
tocatalysis and photo Fenton UV illumination was used, whereas for ultrasound
irradiation at low (20 kHz) and high frequencies (860 kHz) was utilized. Due to the
different natures and structures of the azo dyes, each dye has a different opti-
mization parameter of photocatalytic degradation by different combinations of
advanced oxidation process; combination of these advanced oxidation processes
has synergetic effects for dye decolourization. Maximum degradation of the chro-
mophore group was reported in the first two hours of experiment [75]. Other than
TiO2, silver chromate nanocrystals provided a fresh and feasible opportunity that
can dispose of wastewater containing chromium and at the same time, produce a
new visible-light catalyst that can degrade the organic pollutant in the wastewater.
Ag2CrO4 nanocrystals were prepared by ultrasonic synthesis, template and
hydrothermal methods and utilized for photocatalytic degradation of dye rhodamine
B. In a comparative study of Ag2CrO4 nanocrystals prepared by the different
methods, best results were obtained with the Ag2CrO4 nanocrystals synthesized by
the ultrasonic method (dye degradation within 8 min) than with the other two
methods reported (dye degradation occurred in 42 min) [61]. Apart from dye
degradation, photocatalysis is explored for degradation of organic pollutants for
wastewater. In a study, ZnO photocatalyst was also used to treat tannery wastew-
ater, with 1gm/litre ZNO catalyst in effluent diluted by 1:200 proportion, which is
irradiated by mercury vapour lamp irradiation (1850 lW cm−2, Topcon UVR-2)
for four hours at pH of 8.0. The treatment resulted in a reduction in physiochemical
parameters—chemical oxygen demand (COD) from 15,023 to 350 mg/l, bio-
chemical oxygen demand (BOD) from 4374 to 10 mg/l, total solids from 28,500 to
188 mg/l, total organic carbon from 4865 to 4.93 mg/l and turbidity from 331 to
1.15 NTU. The treatment also resulted in decrease in toxicity as tested by the
lethality assay of microcrustacean Artemia salina L, with LC50 increasing from
14.90 to 56.82% [76]. In another study, ZnO-ZnFe2O4 composite photocatalyst
supported by activated carbon studied for reduction in biochemical oxygen demand
(BOD5) of tannery wastewater under visible light irradiation. It is reported in the
study that by adsorption only 9% of BOD5 was removed while with the photo-
catalytic treatment 90% reduction in BOD5 was obtained in a two-hour treatment
[77]. The removal of residential tributyltin (TBT) from tannery wastewater was
carried out by effective electro-field-assisted-photocatalytic technique using hier-
archical TiO2 microspheres. The rate removal 0.0052 min−1 was obtained with
photocatalysis while 0.0488 min−1 was the rate of reaction by electro-field-
assisted-photocatalytic removal of TBT which is nine times faster compared to
photocatalysis [78]. In a study, immobilization of TiO2 was carried out on
macro-defect free cements to form photoactive polymer-cement composites which
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utilized for tannin degradation. Using MDF containing embedded TiO2 nanopar-
ticles 98% photodegradation of tannins obtained with six-hour irradiation with
254 nm [79]. Polyvinyl thiol (PVASH) assisted Ag NPs are reported for surface
enhanced raman spectroscopy (SERS) detection and photocatalytic degradation of
tannery waste landfill leachate with degradation rate of 0.0025 min−1 and
0.0039 min−1 for visible and UV light irradiation respectively [80].
Heterostructured BiVO4-ZnO mixed oxide catalysts were utilized for sunlight-
driven photocatalytic degradation of post-tanning wastewater. The photocatalyst
has an optical band gap of 3.02 eV, which is suitable for sunlight-driven degra-
dation; higher photocatalytic activity is observed for mixed oxide catalyst; 64%
reduction in COD is achieved with this mixed oxide catalyst under optimal
experimental conditions in the presence of sunlight for a six-hour treatment duration
[81]. Various refractory organic compounds such as nonadec-1-ene,
2-phenylethanol, 2,4-di-tert-butylphenol and other organic compounds present in
tannery effluent were identified and 2-phenylethanol photocatalytically degraded
using standard Degussa P-25 TiO2 (100 mg) under UV light. 2-phenylethanol was
transformed into 2-tert-butyl-4,6-dimethylphenol, 2,6-di-tert-butyl-4-methylphenol
by photocatalytic degradation and after prolong exposure of 30 h 100% degradation
of 2-phenylethanol was achieved [82]. From leather skin waste carbonaceous N-
containing materials are derived which are found to have photocatalytic activity due
to crystalline species of Cr2O3and TiO2 having degradation potential for contam-
inates such as phenol [83]. From collagen biowaste bi-functional iron embedded
carbon nanostructures have been prepared which have photocatalytic activity and
applications for lithium ion batteries [84].

16.6 Nonthermal Plasma and Ozone for Treatment
of the Leather Industry’s Wastewater

Both nonthermal plasma and ozone are advanced oxidation approaches, and as
discussed in previous sections the most common and most efficient method for
ozone generation is based on nonthermal plasma—specifically dialectic barrier
discharge or silent discharge. The utilization of ozone for wastewater treatment is
purely a chemical treatment owed to the higher oxidation potential of ozone [85],
whereas the nonthermal plasma treatment of wastewater is based on advanced
oxidation as well as physical treatment; either by nonthermal plasma discharge
generated at the gas–liquid interface or within liquid [86]. The wastewater treatment
and pollutant degradation by nonthermal plasma is associated with generation of
powerful active species such as hydroxyl radical (⋅OH), super oxide, ozone and
hydrogen peroxide, as well as pollution degradation by dissociation high energetic
electrons, ultrasonic waves and UV radiation [86].
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16.6.1 Nonthermal Plasma Treatment for Degradation
of Leather Preservatives and Other Applications

Nonthermal plasma generated by dielectric barrier discharge (ceramic plate elec-
trodes coupled with pulsed generator Minipuls 6, GBS Elektronic, Rossendrof,
Germany) using different gas combinations such as argon, argon:oxygen (80:20)
and air. These have been utilized for degradation of 2,4-dichlorophenol (2,4-DCP)
(biocide used for leather preservation) [87] in aqueous solution; also the plasma
treatment explored in combination of advanced oxidation such as the Fenton pro-
cess. Plasma discharge created using Ar gas results in complete degradation of
2,4-DCP within 15 min; however, when 20% oxygen is added to Ar degradation of
2,4-DCP is delayed but mineralization improved due to accelerated oxidation of
intermediate products by reactive species [86]. The addition of 10 mg/l ferrous ions
to an aqueous solution of 2,4-DCP induced the Fenton process; better degradation
and mineralization was achieved due to the fact that it resulted in the combination
of two advanced oxidation processes—nonthermal plasma and the Fenton process
[86]. Degradation of leather fungicide p-nitrophenol was carried out using micro-
wave atmospheric plasma in aqueous solution; 100 mg/l of p-nitrophenol got
removed completely with a 12-min treatment, and TOC removal of 57.6% was
obtained. The pH of a solution has no significant impact on degradation; hydroxyl
radical generated by plasma discharge playing a key role in degradation of p-
nitrophenol [88]. Atmospheric pressure air DBD was reported for the sterilization
of wastewater samples collected from leather processing plants. Aliquot of the
wastewater sample was treated with air DBD for 75.5, 81.94, and 85.34 mA with a
discharge current and exposure time of 30, 60 and 90 s. The plasma exposure at
75.5A can greatly change dominant bacterial groups at 30 and 60 s exposure, while
80% reduction in bacterial population is observed at 90 s exposure. The same trend
is observed for plasma treatment at 81.94 A; the plasma treatment at 85.34 mA can
eliminate all bacterial groups at 60 or 90 s exposure. This sterilization effect of the
air DBD is conferred to active species such as NO, N2

+, UV radiation; air DBD can
be environmentally affable and a promising tool for wastewater treatment to
eliminate microorganisms from treated wastewater without use of chlorine [89].

16.6.2 Ozone/Ozonation to Increase Biodegradability
of Tannery Wastewater

Though ozone can be produced in three ways, nonthermal plasma-based silent
discharge is the prevalent, most effective and economic method for ozone gener-
ation, which is greatly explored for treatment of wastewater [4, 90]. The ozone
technique can be applicable for treatment of wastewater generated from beamhouse
operations, and for treatment of tannery wastewater only after removal of chromium
by precipitation using pre-alkalization [12]. Ozone has an electrochemical oxidation
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potential of 2.08 V, higher compared to molecular oxygen (1.23 V) from which it is
produced, and thus it can be a preferred advanced oxidation method to improve
performance of biological treatment of tannery wastewater [4, 36]. With bench
scale experiments, ozone produced by silent discharge was explored as a tertiary
treatment for tannery effluent collected from a CETP and ETP. Atmospheric air at a
flow rate of 1.2 l/m was passed through silent discharge and ozone generated at a
concentration of 0.5 g/m3 purged through 1-l effluent sample for three hours using a
diffuser having pore size of 160 µm. For the CETP effluent sample the ozone
treatment resulted in 85% reduction in COD, the colour changed from dark brown
to colourless and there was complete removal of odour. With the same method for
ETP effluent sample, ozone treatment resulted in 81% reduction in COD, 40%
reduction in BOD and more than 95% reduction in sulfides, with a colour change
from dark green to colourless and complete elimination of odour [4]. In a field level
experiment at tannery ETP a small ozone generator having capacity of 0.5 g/h,
1.5% w/w, 4 l/min utilized for injection of ozone with H2O2 in the ratio of H2O2/O3

of 1:2 in a aeration tank (45 m3) for 24 h. This resulted in a 25% reduction in BOD
value and 20% reduction in COD value due to the production of perozone or
hydroxyl radical having 60% more oxidation efficiency [4]. Strategic application of
ozone as pre-treatment can increase the biodegradability of tannery effluent by
anaerobic treatment due to simplification of complex and high molecular weight
compounds. Pre-ozonation of tannery effluent can increase assimilable organic
carbon in effluent by faction of 1:3 from 36 µg/l for raw effluent to 109 µg/l after
ozonation; deoxygenation coefficient for BOD removal increased from 0.1/day to
0.25/day. Thus, treatment efficiency can be improved, treatment time can be
reduced and with fewer problems of solid handling [4].

In another study, sequencing batch biofilter granular reactor (SBBGR) coupled
with ozonation is explored for the treatment of tannery wastewater, where inte-
gration of ozonation is reported to improve efficiency of the biological treatment. In
the study, wastewater from SBBGR flowed through the ozone reactor (0.25m3) at a
rate of 2 m3/hour and recirculated again for final biological treatment. Due to high
oxidation potential, ozone can degrade recalcitrant material present in tannery
wastewater and thus a high removal rate is obtained for COD, BOD, TSS, TKN;
colour and surfactant can be obtained with very less sludge production (0.1 kg dry
sludge/m3 of effluent treated). Without ozonation 91 ± 1% removal for COD,
99 ± 1% removal for BOD, 87 ± 2% removal for dissolved organic carbon
(DOC), 88 ± 4% removal for TSS, 84 ± 4% removal for TKN, 93 ± 4% removal
for surfactants and 24 ± 3% removal for colour is obtained by SBBGR. Whereas
when ozonation integrated with the SBBGR 97.5 ± 0.5% removal for COD,
99 ± 1% removal for BOD, 93 ± 1% removal for dissolved organic carbon
(DOC), 96 ± 1% removal for TSS, 91 ± 2% removal for TKN, 98 ± 5% removal
for surfactant, 96 ± 2% removal for colour obtained, while 20 ± 2 mg/l ozone was
consumed. The treatment cost after integration of ozonation with SBBGR is esti-
mated at about 1€ per m3 of wastewater which is four time lesser than the estimated
cost without ozonation (about 4–5€ per m3 of wastewater), whereas sludge gen-
eration (about 3 kg dry sludge/m3 produced when the plant operated without
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ozonation) is 30 time less [34]. Ozonation has been applied for simultaneous
removal of COD and colour from tannery effluent which resulted in enhanced
biodegradability of tannery effluent and colour present in the removed material due
to oxidative cleavage of chromophore groups of dyes and colour imparting sub-
stances. Effluent containing direct brown diazo dye and realistic effluent from wet
tanning processes was treated with diffusion of ozone from an ozone generator at
various process variables. For real tannery wastewater at optimum process condi-
tion 92% COD removal efficiency obtained, and BOD/COD ratio increase from
0.18 for without treatment to 0.49 after 30-min ozone treatment. For the both
effluents, efficiency of ozonation depends upon the initial concentration of pollu-
tants and ozone dosage, and pollution degradation follows pseudo first-order
kinetics [33]. Ozonation combined with coagulation flocculation (CF-OZ) is studied
to improve treatment of tannery wastewater and compared with coagulation floc-
culation and adsorption (CF-ADS). With CF-ADS 50.04% removal TOC, 53.13%
removal of COD, 17.05% removal of Na+, 61.13%, colour removal achieved
and compared to that CF-OZ resulted in 46.50% removal TOC, 56.25%, removal of
COD, 11.10% removal of Na+, 85.34% colour removal. Further, ozonation
decreases the COD/TOC ratio from 2.79 for untreated effluent to 2.66 for ozonated
effluent and the BOD/COD ratio increased from 0.24 for untreated to 0.60 for
CF-OZ and 0.47 for CF-ADS. Thus, both treatments facilitate further biological
treatment of tannery effluent, ozonation being more beneficial compared to the other
one [91]. Ozonation pre-treatment of two separated streams of wastewater gener-
ated from tanneries, i.e., beamhouse operation wastewater and tanning yard effluent
were explored. The results of this study indicate that for both streams, ozonation
prior to biological treatment breaks down refractory compounds. In the case of
tanning yard effluent, pre-ozonation before aerobic treatment resulted in 95% COD
removal and 91% DOC removal. For both the effluents, above-mentioned effect is
found in the optimal range of ozone dose of 1 to 3 g per gram of DOC; further
ozone dose is wasted in the destruction of already degradable compounds [92].

Advanced oxidation treatments, ozone and the Fenton process, were explored for
treatment of tannery effluents at a central effluent treatment plant (CETP). The
tannery effluents received at CETP has a BOD/COD ratio about 0.1 to 0.25 and
even after physicochemical treatment the effluent has low biodegradability. The
above-mentioned advanced oxidation treatments provided to effluent from primary
settling tank of the CETP improved the biodegradability of effluents in subsequent
activated sludge processes. Thirty to fifty percent COD removal was achieved by
Fenton treatment and 15–20% COD removal obtained by ozonation at the primary
stage; and after secondary treatment 60–70% COD removal obtained by ozonation
and 50 to 60% COD obtained by the Fenton treatment. Ozonation was further
explored for treatment of tannery effluents at CETP; coagulation and extended
aeration followed ozonation considered as the best treatment which can provide 80–
90% reduction in COD [93]. Ozonation as post-treatment is also found beneficial
for treatment of tannery wastewater. In a study on the effect of ozonation, before,
within and after biological treatment, it was found that application of ozone after
biological treatment is most promising where the highest COD removal can be
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achieved by a low feeding time of five minute at a flow rate of 42.8 mg/l.
Conversion of nonbiodegradables to readily biodegradable is possible due to
ozonation and thus an improvement in biological degradation [94]. Catalytical
ozonation using Mn-Cu/Al2O3 catalyst also explored for tertiary treatment of real
tannery effluent which results in higher COD removal efficiency compared to
ozonation alone. In catalytical ozonation COD removal increases with the quantity
of catalyst from 0.5 to 3.0 g/l and ozone volume from 0.2 to 0.4 g/h. The highest
88.6% COD removal was obtained at 7pH, catalyst load of 2.0 g/l and ozone flow
rate of 0.3 g/hour for treatment time of 60 min [95].

Ozone/ozonation as a chemical treatment/advanced oxidation treatment can be
utilized for treatment of wastewater generated from chromium tanning after the
removal chromium by pre-alkalization. The study was performed as a bench scale
utilizing an ozone generator (COW-025, Afraz Mohit Sahand Ltd.) with a capa-
bility of 25 g/h ozone generation when the generator was fed with pure oxygen.
The ozone generator connected with the ozone contactor (3-l cylinder), with a total
reaction volume of 5 l including volume of the circulation loop. Ozonation as a
chemical treatment/advanced oxidation treatment able to remove COD from 30 to
70% by providing treatment for 120 min with an ozone flowrate of 1 to 8 g/hour.
From statistical analysis, an ozone dose of more than 15 g/h for 120 min predicated
for complete COD removal. Colour removal by ozonation increased from 40 to
64% at a flowrate of 1 g/hour when pH decreased from 9 to 3; 85% colour removal
obtained for ozonation at a flow rate of 8 g/hour at any pH. At optimum conditions
with ozonation 88% COD removal and 93% colour removal was obtained, however
when high concentration of ozone such as 8 g/hour is utilized, Cr(III) in wastewater
can be converted to toxic Cr(VI) and therefore chromium removal by
pre-alkalization is a necessity when ozone is directly applied for treatment of
tannery wastewater [12]. Ozone/ozonation is reported to enhance biological treat-
ment of wastewater generated from tanning processes utilizing plant-based
polyphenols as natural tanning agents. Natural tanning is environmentally
friendly compared to chrome tanning; however, poor biodegradability of tannins
cause problems in biological treatment such as absorption of light and heat by
tannins, reduction of efficiency of biological treatment due to persistent nature
tannins remaining in effluent even after conventional treatment of tannery
wastewater. In a study, a bubble column bench scale reactor attached with a ozone
generator (Model No L6G, Faraday Instruments, India) was utilized for treatment of
wastewater generated from natural tanning of leather. The ozone generator used in
the study can produce ozone at 2 g/h by using oxygen as feed gas and produced
ozone diffused through the wastewater by ceramic diffuser and treatment carried out
for 30 min. Ozone due to its superior oxidation potential can degrade tannins, the
BOD5/COD ratio of untreated wastewater is 0.196 due to poor biodegradability of
tannins which increased to 0.298 after the ozonation. Ozone pre-treatment resulted
in a 20% reduction in COD and 49% removal of total phenols; improvement in
subsequent biological treatment resulted in 60 mg/l BOD5 and 350 mg/l COD in
the treated effluent [96]. Ozonation has been explored for degradation of syntans
used in leather tanning. Syntans are synthetic organic materials used for tanning,
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and like chrome tanning and natural tanning, syntans are not completely absorbed
by hide and unreacted syntans are lost into effluent. Commercially available syntan
which is aromatic sulfonic acid condensation product is degraded by a bench scale
reactor connected with an ozone generator (Faraday Model No. L6G, India) which
can produce 1–6 g/h ozone using oxygen as feed gas. Experiments were conducted
using 100–700 ppm and ozone dose of 1 g/h. Tannin removal efficiency was found
to be 98%, and 91% COD removal for syntan concentration of 100 ppm was
obtained whereas 72% tannin removal and 48% COD reduction obtained for
700 ppm concentration [97]. Phenol sulfonic acid-syntan (PSAS) degraded by
ozonation using a bench scale glass reactor of 3 l capacity connected with a
lab-scale ozone generator (Faraday Instruments, Model No. L6G, India) which can
generate 1–3 g/hour ozone using pure oxygen as feed gas. The optimum conditions
for syntan degradation are found to be 7 pH, 5.2 � 10–3 mmol/l ozone concen-
tration, 500 mg/l concentration of substrate. The ozonation treatment improved
biodegradability of the syntan which was reflected as an increase in the BOD/COD
ratio from 0.03 for untreated to 0.42; the degradation follows pseudo first order
reactions, with increase in ozone dose maximum of 84.2% COD removal and 58%
(dissolved organic carbon) DOC removal achieved at 7 pH [98].

16.6.3 Ozone/Ozonation for Dye Degradation

Ozone treatment, when applied to tannery wastewater treatment, can be advanta-
geously utilized for degradation of dyes, preservatives/biocides applied during
leather production and processing which would be otherwise difficult to degrade in
conventional treatment due to its stable chemical structure and toxicity [85]. The
advantages of ozonation for dye decolourization is no sludge generation, less cost
and effective degradation. Degradation of sandopel brown BRR dye in aqueous
solution carried out by ozone generated using ambient air by ozone generator
(Model No-SA001, India) which can produce 3 g ozone/ hour. The dye
decolourization by ozonation was carried out in a 5-l cylindrical glass reactor filled
with various dye concentrations from 30 to 360 mg/l, pH 4 to 11 and through that
ozone bubbled at a concentration of 1.6 mg/l for different times. Decolourization
was faster at in alkaline pH; at pH 11 95% dye decolourization was achieved in 20
min whereas at pH of 4 the same results were obtained at 35 min. A maximum 97%
dye decolourization obtained, decolourization decreased with an increase in initial
dye concentration; for dye concentration of 30 mg/l, 97% decolourization was
achieved in 30 min; where it took 170 min for dye concentration of 360 mg/l, dye
decolourization by ozone follows first order kinetics [99]. In another study,
ozonation and ozone along with hydrogen peroxide was explored for degradation of
four leather dyes—direct black 168, acid black 241, acid brown 83 and acid brown
191 using a 1-l contact reactor connected to an ozone generator (Marca Iberozono,
model 80). For dye degradation the contact reactor filled with 40 mg/l dye solution
and ozonation was carried out at saturation for 60 min; the effect of pH was
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explored by adjusting pH 2 to 10. A similar experiment was performed for
ozone + H2O2 treatment but adding 6 to 60 mg H2O2 (30% p/v) per 1 l of the dye
solutions. Contact with ozone for a prolonged exposure time of 100 min resulted in
complete decolourization of all the dyes; however, in the case of ozone treatment
coupled with H2O2 greater colour reduction obtained at a shorter period of time in 4
to 5 min but afterwards no further improvement was observed [100]. Leather dye
acid black 52 was degraded by ozonation using a packed bed reactor with different
process variables such as pH, dye concentration, and contact time. One hundred per
cent colour removal and 61% COD reduction was achieved at optimum conditions
of 1.96 pH, 1159 mg/l dye concentration and 10.6 min contact time and 4.8 pH,
1159 mg/l dye concentration and 17 min contact time respectively [101]. In other
similar studies three azo leather dyes, CI acid black 1 (AB1), CI acid yellow 19
(AY19) and CI acid orange 7 (AO7) degraded using a batch reactor of 500 ml
volume connected with an ozone generator (model 1000 Nano Paak Sayyal, Iran).
When experimental variables such as ozone dose, dye concentration, pH, temper-
ature, etc., were studied; greater than 75% colour removal obtained under optimum
conditions within the first five minutes of removal treatment, initial dye concen-
tration and pH of dye solution are the most influential factors for dye degradation
using ozonation [102]. Acid dye navitan bordeaux MB (C.I. acid violet 90),
100 ppm synthetic effluent sample was degraded by ozonation using a bubble
column reactor and an experiment studied the influence of ozone dose, dye con-
centration and pH on the decolourization rate. The results of this study indicate that
at a high ozone dose 90% removal can be achieved in 1–2 min, whereas at a low
ozone dose of 90% removal can be achieved in 4–5 min, complete colour removal
can be achieved in 5 min and 30 mg/l ozone concentration is required for 90%
decolourization when pure oxygen gas is used for ozone generation. 50 mg/l ozone
concentration required for 90% decolourization and complete decolourization
achieved in 7 min when ozone is generated using ambient air [103]. In a study,
ozonation was explored for decolourization of three leather dyes CI direct blue 1, CI
green G and CI fast red B base and compared with electrocoagulation. The
experimental set up was composed of a reactor (1100 l) connected with an ozone
generator (Carbar—03A2-7 W). Molecular ozone is selective in dye degradation; in
certain dye structures attached by ozone, dye degradation was carried out using a
volume of 200 l of 50 mg/l dye solution. After 210 min 50% degradation was
observed for CI direct blue 1 and 55% for CI fast red B base, and 61–89% for CI
green G respectively [104]. Leather dye acid black 210 in aqueous solution
degraded by ozonation and UV/ozonation; influence of pH, dye concentration,
effect of UV radiation were studied, decolourization and mineralization studied by
UV and TOC analysis. At optimum conditions 100% decolourization and 55%
mineralization was achieved within a short time of 15 min [105].
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16.6.4 Ozone/Ozonation for Degradation of Leather
Preservatives

Chloro-substituted phenolic compounds are widely used as biocides/preservatives
in leather production/processing [87], which can cause water pollution problems
due to acute toxicity and poor biodegradability and the persistent nature of com-
pounds [85]. These compounds are reported to have carcinogenic and mutagenic
properties and are identified as priority pollutants by USEPA [85]. Ozonation is
reported to be useful in degradation of 2,4-dichlorophenol (2,4-DCP), a commonly
used biocide for preservation during leather production/processing. A laboratory
scale study has been carried out using an ozone generator with different flowrates in
the range of 100 to 400 mg ozone/hour with/without CuO/ZnO catalyst and
ultrasound with 36 kHz frequency and output power of 150 W. The influence of
different operation parameters such as temperature, catalysis loading rate, concen-
tration of 2,4-dichlorophenol, etc., were studied to optimized degradation of
2,4-dichlorophenol. With ultrasound only, a maximum degradation of 28.85% was
achieved, whereas combined treatment with ultrasound and ozonation gave maxi-
mum degradation of 95.66% when ZnO was used as the catalyst, and 97.03% when
CuO was used as the catalyst for a 120-min treatment time. The degradation
products for these combined ozonation processes are found to be nontoxic to
microorganisms [85]. Another study reports the application of ozonation as pre-
treatment to improve the biodegradation of 2,4-dichlorophenol in wastewater along
with other biodegradable organic matter. Ozonation provided to 2-l samples of
various synthetic wastewaters containing 2,4-dichlorophenol using a ozone gen-
erator (oxygen feed) (WEDECO GSO30) having 6 g/h ozone flowrate, and treat-
ment provided for 2, 5 and 10 min, the pH of wastewater samples adjusted to 9 and
ozonated wastewater was further subjected to biological treatment. Ozone pre-
treatment results in a decreased concentration of 2,4-DCP and an increase in
chloride concentration, which indicates conversion of 2,4-DCP to de-halogenated
intermediates, the degradation of 2,4-DCP by ozonation follows pseudo first order
kinetics, ozonation decrease toxicity of 2,4-DCP and further biodegradation is
required for shorter time for degradation in case of the ozone pretreatment [106].
The further effect of ozonation as pretreatment for biodegradation of 2,4-DCP
containing wastewater was explored using a pilot scale bioreactor where
pre-ozonation results in improved sludge settleability and less sludge production;
whereas in the case of non-ozonated 2,4-DCP containing wastewater sludge set-
tleability was hampered [107]. In a study, ozonation is compared with photo-
catalysis (TiO2 photocatalyst) based advanced oxidation process and nonthermal
plasma-dielectric barrier discharge (DBD) in different gases using a planar falling
film reactor for degradation of 2,4-DCP (100 mg/l, experimental volume 0.5 l). The
outcome of the study indicates that ozone (ozone generator-Fischer, model OZ 502/
10, Germany, 130 ± 5 mg/l ozone, feed gas-oxygen) is highly effective in degra-
dation of 2,4-DCP; however, complete mineralization is not achieved as found by
TOC analysis. When ozonation is coupled with photocatalysis, complete
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mineralization of 2,4-DCP was achieved after 60 min of treatment [86]. Ozonation
as pretreatment can improve the biodegradability of 2,4-DCP; when 100 ppm
solution of 2,4-DCP is treated with ozone dose of 0.12 g/l, the BOD5/COD ratio
increased from zero without treatment to 0.25 (BOD21/COD = 0.48). With
pre-ozonation, 80% of TOC removal can be achieved when the solution gets treated
biologically by mixing with sewage and 70% TOC removal can be achieved when
100% of the pretreated solution was further treated biologically with short hydraulic
retention time between 12 to 48 h [108].

Leather preservative chlorophene was degraded by ozone, UV and UV/
ozone-based advanced oxidation and studied with experimental variables such as
pH, concentration of the pollutants, ozone dose and intensity of UV light. Of these,
O3 and UV/ O3 can effectively degrade chlorophene. Maximum degradation can be
achieved at pH of 8 and degradation increases with increase in ozone dose and
intensity of UV. UV can enhance degradation of chlorophene, the pseudo-first-
order rate constant found lowest, 9.8 � 10−4 min−1 for UV and 2.4 � 10−2 and
6.4 � 10−2 min−1 for ozonation and UV/Ozone treatment. The presence of another
organic matter retarded degradation by 38% [109]. Biocide o-phenylphenol, a
commonly used fungicide to prevent fungal attack of untanned and tanned hide and
an endocrine disrupting compound degraded by ozonation and influence of pH
tested. Degradation of o-phenylphenol by ozonation increases with the increase in
pH, thus ozonation is an effective and quick method degradation of o-phenylphenol
[110]. Leather antifungal agent 2-Mercaptobenzothiazole (MBT) was degraded by
ozonation in pure water and tannery effluent in a fast and efficient manner.
2-Mercaptobenzothiazole (MBT) and its degradation products have a high affinity
towards ozone, thus ozone treatment results in oxidation and partial mineralization;
benzothiazole is an ozonation product which can form in concentrations of 60 mole
per cent of the original concentration [111]. There are a few studies which deal with
the toxicity of tannery effluent treated by ozonation. Ozonation of tannery effluent
results into oxidation and partial mineralization of pollutants, and the destruction
and improvement in biodegradability which can be measured by COD, BOD, TOC
and DOC. The degradation of by-products can be formed which can be studied by
separation and analytical techniques and toxicity of degradation products studied by
biotoxicity testing. In a study, the toxicity of tannery wastewater before after
ozonation was evaluated using Daphnia magna Straus and Vibrio fischeri bioas-
says. The study indicates a minor increase in the toxicity of effluent after ozonation
for bacteria by V. fischeri bioassays, while no toxicity changed after ozonation
against Daphnia magna Straus [112]. In other similar studies a slight decrease in
the toxicity of tannery effluent was observed after ozonation and other treatments
based on advanced oxidation [113]. A study viewed the generation of endocrine
disruptive substances after ozone treatment of tannery wastewater which are
qualitatively identified as nonylphenol ethoxylate (NPEO) degradation products:
short chain NPEOs, nonylphenol carboxylates (NPECs) and nonylphenol (NP) by
LC–MS. The study reports no increase in V. fischeri or D. magna toxicity but an
increase in estrogenic potential after ozone treatment by enzyme-linked receptor
assay (ELRA) [114].
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16.7 Other Applications

16.7.1 Nonthermal Plasma Surface Modification of Leather
for Ecofriendly Processing and Providing Functional
Finish

Atmospheric pressure DBD plasma of air and ammonia gas was studied to provide
surface functionalization and improvement in dyeing with natural dyes [115, 116].
Atmospheric pressure air DBD was utilized for the sterilization of goat hide, and thus
the application of nonthermal plasma can be explored for leather preservation which
can reduce the quantity of synthetic chemical-based antimicrobial agents [117].
Further treatment with air DBD results into better uptake of natural products; an
antimicrobial finish was provided to hide/leather by treating it with bark extract of
Cassia renigera and Cassia fistula [117]. Atmospheric pressure argon plasma was
reported for inactivation of Syndrome coronavirus 2 (SARS-CoV-2) virus in leather
and various other surfaces, thus atmospheric pressure plasma opens up new possi-
bilities for control of COVID-19 as an efficient surface sterilization technique [118].
Antifungal properties that can be imparted to natural leather by surface modification
with low temperature plasma treatment which was carried out with tetra-
fluoromethane (CF4), hexafluoroethane (C2F6) and perfluoropropane (C3F8) [119].

Hydrophobic coating can be carried out on leather by plasma polymeriza-
tion using different HMDSO/ toluene mixture, by the introduced silicon atoms on
the natural leather surface [120]. Whereas superhydrophilicity and deformation
resistance can be provided to natural leather by low pressure O2/H2O plasma
treatment. This improvement in hydrophilicity is due to the incorporation of large
numbers of hydrophilic groups such as hydroxyl, carboxyl, amines, etc. This groups
increases reaction sites for binding of metal ions or dye molecules, etc., thus
improvements in metal pickup, tanning or any other subsequent processing can be
achieved [121]. In a study, the surface modification of pickled goat hides was
carried out using low pressure oxygen plasma which increase in roughness due to
the etching effect and the incorporation of oxygen containing functional groups and
improvement in hydrophilicity. This results in improved uptake of chromium in
chrome tanning and thus less chromium loss in wastewater. A 10-min treatment
with low pressure oxygen plasma results in maximum chrome exhaustion, and
surface chrome content increased from 1.09 to 1.31% [122]. Similar results were
obtained by atmospheric pressure argon corona discharge for surface modification
of crust sheep leather by different time durations from 3 to 9 s, which improved
re-tanning and decreased the pollution load as studied by characterization of
wastewater [123].

Low pressure plasma treatment with He/O2 mixture as plasma forming gas was
studied to control surface wettability, improve dyeability, and wet rubbing property,
whereas a waterproof property to natural leather can be imparted by CF4 plasma
[124]. Atmospheric pressure diffuse ambient air plasma was utilized for surface
modification of dyed natural leather to improve wettability and adhesion of glue
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[125]. Surface modification of chrome tanned leather by atmospheric argon plasma
improves surface wettability and improvement in dyeability of chrome tanned
leather with acid and metal complex dyes [126]. Upholstery leather was provided
flame retardant treatment using borax by atmospheric pressure argon plasma
treatment; the plasma treatment results in the modification of surface and activation
of surface by incorporating functional groups which results in better uptake of
borax to impart the flame retardant property [127]. Dielectric barrier discharge was
utilized to impart water repellency and flame retardant properties to leather and
other materials [128]. Microwave excitation low pressure oxygen plasma is
reported to enhance the adhesion of polyurethane coated leather and polyurethane
foam [129]. Chrome shavings can be effectively disposed of with plasma
pyro-gasification, and heavy metals from chrome shavings can be recovered by
chemical pretreatment to precipitate out heavy metals from chrome shavings [130].

16.7.2 Ozone/Ozonation for Eco-friendly Preservation
of Leather and Other Applications

Ozonation has been utilized as an eco-friendly alternative to conventional salts
preservation [131] which requires 50 to 60% of common salt NaCl per unit weight
of rawhide, which generates wastewater with salts concentration not less than
60,000 to 65,000 ppm. For the study, fresh goat skin was treated with ozone at a
concentration of 2 g/h for 0.5 to 2 h in a specially designed reactor. The samples
treated with ozone are kept in the open atmosphere and sealed bags at room tem-
perature; ozone treatment for 30 min also can eliminate microorganisms present on
raw skin, and samples could be preserved for more than two weeks. Thus, with
ozonation flayed skins can be preserved for short periods, and the use of a high
concentration of salts in conventional salt curing/preservation can be eliminated
[132]. In a similar study, DBD-based ozone generation was utilized for preservation
of goat skin; the generator was fed with oxygen gas to generate ozone at a con-
centration of 2 g/h and experimental goat skin was exposed to ozone for two hours.
In this study, ozonation is also able to preserve the skin similarly with conventional
salt curing [133]. Ozone can be utilized as ecofriendly biocides alternative for toxic
and environmentally harmful chemical biocides which are added to beamhouse
operations to prevent the microbial decomposition of hide. With 15-min ozonation
per hour bacterial growth can be prevented, whereas 5-to-10-min ozonation is
sufficient to keep the bacterial population under control where no damage to hide or
skins is caused by bacteria [134]. Ozonation was also explored for sulphide-free
dehairing of hides and skins; by using ozone complete dehairing can be achieved
with significantly less environmental impacts compared to convention dehairing
using sulphide [135]. With ozone-based dehairing, leather with similar character-
istics obtained to that of conventional lime and sodium sulphide-based dehairing.
The further benefits of ozone-based dehairing are more chromium absorption in
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tanning, more hair recovery and COD reduction in beamhouse effluents; plus reuse
of effluent is possible [136].

Ozonation has been explored as an ecofriendly bleaching treatment for the
decolourization of leather products. Bleaching is a necessary step for the removal of
colour impurities; also for chrome tanned leather which is called wet-blue due to the
blue colour imparted by chromium; conventional bleaching is a wet chemical
process involving chemicals and thus environmental impacts associated with the
process. Decolourization of chrome tanned leather and sheepskin dyed with black
dye was carried out with ozonation using a laboratory-scale ozonator (Lundell
Aquametrics, Inc.) having a 180 mg/h ozone generation capacity connected to the
applicator. Ozone was produced using oxygen gas as feed, and with the ozone
flowrate set to 3 l/min and treatment carried out from 3 to 30 min. An ozonation
time of 30 min was found to be the optimum for decolourization of leather products
[137]. Ozonation has been explored for chamois leather, which is one of the most
popular and economically important leather articles, conventionally made from
lamb or goat skin by the oil tanning technique. With ozonation of oil treated skins,
leather products with similar characteristics to conventional chamois leather can be
produced; ozonation can reduce the oxidation time to 60 min compared to an
oxidation period of 10–12 days required in conventional methods [138].

16.8 Conclusion

The chapter provides an overview of photocatalysis, nonthermal plasma and
ozonation-based technology for a reduction in the environmental impacts associ-
ated with leather production and processing. In this chapter, the leather production
process was described, and the environmental impacts associated with leather
production and processing were displayed. All three technologies are advanced
oxidation processes with different mode of action. Photocatalysis and its variations
as well as nonthermal plasma are considered as physicochemical treatments,
whereas ozonation is considered as a purely chemical treatment, though the ozone
generator is chiefly based on the nonthermal plasma silent discharge as air or
oxygen. All three techniques were explored extensively for treatment and control
of pollution from leather production and processing. As set forth in this chapter,
photocatalysis, nonthermal plasma and ozonation all exhibit great potential for the
control and treatment of pollution generated from leather industries. Thus, this
chapter will certainly be useful to researchers and stockholders working in this
field.
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Chapter 17
Science and Technology Roadmap
for Photocatalytic Membrane
Separation: A Potential Route
for Environmental Remediation
and Fouling Mitigation

Zaira Zaman Chowdhury, Ahmed Elsayid Ali, Khalisanni Khalid,
Rabia Ikram, Mahfujur Rahman, Shahjalal Md. Shibly,
Suresh Sagadevan, Rahman F. Rafique, and Arnab Barua

Abstract The chapter presents an overview regarding the nanoenhanced photo-
catalytic membrane separation process. Photocatalytic membrane can exhibit better
properties, such as permeability, water flux, and enhanced photodegradation ability
with antifouling tendencies. Different types of photocatalyst along with their
composites can be used for membrane fabrication process. Advantages and dis-
advantages of different types of membrane reactor along with their configuration are
illustrated in this chapter. Fabrication process of photocatalytic membrane is also
discussed in the subsequent section. Antifouling mechanism of photocatalytic
membrane is also discussed in the concluding section of the chapter. This chapter
outlines the importance of integration of nanophotocatalysts with the membrane

Z. Z. Chowdhury (&) � A. E. Ali � S. Md. Shibly � S. Sagadevan � A. Barua
Nanotechnology and Catalysis Research Center (NANOCAT), University of Malaya,
50603 Kuala Lumpur, Malaysia

K. Khalid
Malaysian Agricultural Research and Development Institute (MARDI), Persiaran
Mardi-UPM, 43400 Serdang, Selangor, Malaysia

Biocomposite Technology Laboratory, Institute of Tropical Forestry and Forest Products
(INTROP), University Putra Malaysia (UPM), 43400 Serdang, Selangor, Malaysia

R. Ikram
Department of Chemical Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia

M. Rahman
Islamic Business School, Universiti Utara Malaysia, UUM, 06010 Sinto, Kedah, Malaysia

R. F. Rafique
John A. Reif, Jr. Department of Civil and Environmental Engineering, New Jersey Institute of
Technology (NJIT), 323 MLK Blvd., New York, NJ 07102, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
S. Garg and A. Chandra (eds.), Green Photocatalytic Semiconductors,
Green Chemistry and Sustainable Technology,
https://doi.org/10.1007/978-3-030-77371-7_17

513

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77371-7_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77371-7_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77371-7_17&amp;domain=pdf
https://doi.org/10.1007/978-3-030-77371-7_17


matrix to ensure higher photodegradation of pollutant, enhanced water flux with
reduced fouling of the membrane.

Keywords Nanophotocatalyst � Membrane � Fouling � Photodegradation �
Photocatalytic membrane reactors (PMRs) � Water flux

Abbreviation

Ag3PO4 Silver phosphate
Al2O3 Alumina
APS Atmospheric plasma spraying
C3N4 Carbon nitride
CeO2 Cerium oxide
CuO Copper oxide
CVD Chemical vapor deposition
FO Forward osmosis
GO Graphene oxide
GS Gas separation
MD Membrane distillation
MF Microfiltration
NF Nanofiltration
PA Polyacrylonitrile
PEG Polyethylene glycol
PES Polyether sulfone
PMRs Photocatalytic membrane reactors
PS Polysulfone
PVC Polyvinylchloride
PVDF Polyvinylidene fluoride
rGO Reduced graphene oxide
RO Reverse osmosis
SnO2 Tin oxide
TiO2 Titanium oxide
UF Ultrafiltration
VOCs Volatile organic compounds
ZnO Zinc oxide
ZrO2 Zirconium oxide

17.1 Introduction

Rapid industrialization coupled with increasing number of population has initiated
shortage of freshwater resources. Thus, necessary innovative approach should be
undertaken to treat wastewater [1]. Recently, hybrid membrane separation process
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is gaining popularity worldwide due to its high efficiency, pronounced selectivity,
less energy consumption, and easy operational features under room temperature
[2, 3]. Membrane acts as a physical barrier which is porous and allows selective
transportation of desired molecules with rejection of targeted pollutants up to
greater extent. However, the efficiency of a membrane is subjected to numerous
factors, including type of membrane, pore size distribution, hydrophilicity, polarity,
surface roughness as well as chemo-mechanical properties [4, 5]. The membrane
separation process is inhibited by deposition or adhesion of foulant over the surface
of membrane which can form like a gel or cake and clog the pores to reduce the
water transportation rate with time [6, 7]. Membrane separation efficiency is fur-
thermore reduced by concentration polarization effect. The rejected solids or pol-
lutants can accumulate over the surface of the membrane causing concentration
polarization effect. The irreversible adhesion or deposition of suspended particles
on the external surface of the membrane will decrease the overall performance. The
foulant can be removed from the membrane surface using usually complex and
expensive cleaning process. For reusing the membrane, back permeation, forward
and reverse flushing, backwashing, air scouring need to be done. This inhibits the
continuous operation of the membrane separation process leading to undesirable
plant shut down. Even though membrane separation process needs higher estab-
lishment cost or operational expenses rather than the conventional processes (such
as evaporation, use of activated carbon, deep-bed filtration, and coagulation, sed-
imentation, or chemical treatment), yet it is suitable to get high-quality purified
water. Recently, physiochemical modification of traditional membrane is getting
much more attention by the research community to develop fouling-resistant
membrane. The physiochemical properties of the membrane can be improved using
desired nanomaterials which can ensure separation of specific pollutant as well as
can resist fouling tendency of the membrane [8].

The pollutant can be removed from aqueous effluents using other techniques like
adsorption, coagulation by chemical agents, ion exchange on synthetic adsorbent
resins, etc. [9–11]. Nevertheless, these techniques can generate secondary pollutants
which need further treatment and regeneration. Recently nanophotocatalysts are
widely used to make composite membrane for removal of organic compounds from
wastewater. Mainly, photocatalysts can finally mineralize the targeted contaminants
to produce harmless, simple compounds [12–14]. Photocatalysis can be regarded as
a sustainable alternative technology which can ensure the degradation of organic
and inorganic pollutants from aqueous effluents [15–18]. Semiconductor metal/
metal oxide can act as photocatalyst, and it is usually suspended as a powder in
aqueous medium. For industrial-scale application, recovery of these catalysts is
somewhat difficult at the end of the process. It is necessary to prevent their wash out
and leaching in the reactor medium. The photocatalysis process can be combined
with the membrane separation process to overcome these limitations. Thus, pho-
tocatalytic membrane reactors (PMRs) can be used which can ensure catalyst
separation, and the membrane process does not require any additional additives
[19–21]. Presence of photocatalyst with membrane can also resist fouling [22].
Photocatalytic membrane was fabricated using titanium dioxide (TiO2) over the
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polymeric support of the membrane [23]. In the presence of UV or visible light, the
catalyst becomes active and generates hydroxyl radicals [24]. The hydroxyl radicals
can disintegrate the organic foulants into harmless products. Until recently, a lot of
initiatives were undertaken to fabricate photocatalytic membranes having
self-cleaning, hydrophilicity, and antibacterial properties [3, 25–28]. The positive
and negative impact of different types of membrane with photocatalytic membrane
is summarized in Fig. 17.1.

In case of PMRs, some pressure-driven membrane like nanofiltration (NF),
ultrafiltration (UF), and microfiltration (MF) membranes can act as selective barrier
for the pollutant as well as separator for the photocatalyst [5]. To fabricate poly-
meric membrane, mainly polyethersulfone (PES) [29], polyvinylidene fluoride
(PVDF) [30], polyethylene (PE) [31], etc., are used as they can provide high
mechanical strength and resistance toward the chemicals. These types of mem-
branes can be damaged under photocatalytic condition as the polymer chain can
initiate hydroxyl radicals. Although inorganic membranes are expensive than the
polymeric one, they are more promising alternative for PMRs due to their out-
standing chemical and thermal stability. Thus, mixed matrix membrane having
solid zeolite or nanophotocatalyst embedded inside the organic polymeric matrix is
best option to mitigate fouling [32–35]. The unique properties of nanoparticles,
specially large surface-to-volume ratio along with strong degradation efficiency of
the nanoparticles make them suitable to be combined with the polymeric matrix for
environmental remediation and fouling mitigation. Incorporation of nanoparticles
can significantly alter the thermal, mechanical, magnetic, hydrophilicity, and
morphological properties of the membrane to ensure better permeability of the
membrane [36]. This chapter overviews the importance of using nanophotocatalysts

Fig. 17.1 a Photocatalytic separation layer over the non-photocatalytic support.
b Non-photocatalytic separation layer over photoactive support
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for water treatment. The fundamental of photocatalytic membrane, fabrication
techniques, and types of photocatalytic membrane reactors (PMRs) are described in
the subsequent section. The concluding part of the chapter explains about the
foulant degradation mechanism of a hybrid membrane separation process.

17.2 Recent Roadmap for Photocatalytic Membrane
Reactors (PMRs) in Water Treatment

17.2.1 PMRs with Photoactive Layer Over the Membrane
Matrix

Photocatalytic membrane reactors (PMRs) are widely used for elimination of
4-nitrophenol [37], sodium dodecyl benzene sulfonate (SDBS) [38–41], phenols
and chlorophenols [42, 43], organic dyes [44], herbicides [45], and several other
chemicals from aqueous effluents. The set up and configuration of PMRs can be
varied indifferent ways. The membrane can be decorated with a photoactive layer
(Fig. 17.1a) which can act as a separation barrier in water treatment process. The
second configuration contains no-photocatalytic layer deposited onto the porous
surface of the membrane whereby the porous support act as active layer for sepa-
ration (Fig. 17.1b). Based on membrane type, set up, configuration, and user
requirement, the light source can be placed either on feed flow side or on the
permeate side.

PMRs utilizing photocatalytic separation layer over the porous support layer of
membrane are very popular in water treatment. The basic mechanism involves in
this type of PMRs is illustrated by Fig. 17.2. The feed solution containing the
organic pollutants is degraded in the presence of UV light where the light source is
positioned on the feed side. The permeate contains purified water with
non-degraded or some by-products after the photodegradation process. The final
composition of the permeate, water quality depends on the physiochemical prop-
erties of the targeted pollutants and the efficiency of the applied photocatalytic layer
placed over the membrane surface.

This type of PMRs configuration can provide purified water with increased
permeate flux and the fouling can be restricted up to a certain level. In this process,
humic and fulvic acids—which usually forms gel and cake over the surface of the
membrane—are also decomposed [45]. The entrapment of TiO2 nanoparticles
inside the membrane matrix enhances hydrophilicity and reduces the fouling of the
membrane [46].

During photocatalytic reactions in PMRs, all reactants along with aqueous
effluents permeate through the pores of the photoactive layer where degradation of
organic compounds is started initially. Presence of polymeric- or ceramic-based
membrane support with photoactive layer ensures sufficient contact time to improve
the reaction rate resulting higher water flux. The transportation of organic pollutants
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through TiO2 surface takes place by convection as well as diffusion process. Thus,
larger area of the membrane along with photoactive layer will be favorable for the
overall pollutant separation process.

The PMRs containing non-photoactive separation layer (Fig. 17.1b) is less
widely used setup. Usually, in this type of configuration (Fig. 17.3), photocatalytic
degradation process takes place on the permeate side. The pollutants along with
aqueous solution are transported as permeate and the pollutants are degraded to
form CO2, water, and other degraded compounds based on the composition of the
feed solution [47]. The main shortcoming of this process is the permeate compo-
sition where the membrane rejects the permeate along with the contaminants or its
degraded products itself. Thus, the permeate is polluted in this setup (Fig. 17.2).
The permeate is mineralized using the setup as illustrated by Fig. 17.3.

Gaseous phase oxidation of volatile organic compounds was earlier carried out
using PMRs—the configuration of which is demonstrated by Fig. 17.4 [48]. The
tubular photocatalytic membrane reactors were fabricated using a coating of TiO2

layer over the alumina-based microfiltration (MF) membrane. Over the membrane
cell, 4 or 8 UV light sources (4 W, k max and 350 nm) were placed. The rate of air
flow was kept at 50–500 cm3/min, and it was fed inside the PMRs cell. The air was
bubbled inside the methanol or ethanol solutions prior to diffusion inside the PMRs
cell. The temperature of the volatile organic compounds (methanol or ethanol) was
controlled, and the surface temperature of the TiO2 membrane was around
100–120 °C. Rather than photocatalysis, faster decomposing of methanol was

Fig. 17.2 Mechanism of photocatalytic membrane using photoactive separation layer for
degradation of organic pollutants where pollutants are decomposed on the membrane surface
and/or within its pores. The light source needs to be placed on feed side
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Fig. 17.3 Mechanism of photocatalytic membrane using non-photoactive separation layer for
degradation of organic pollutants where pollutants are decomposed on the membrane surface and/
or within its pores. The light source needs to be placed on permeate side

Fig. 17.4 Schematic representation of PMRs using TiO2/a-Al2O3 photocatalytic membrane for
photocatalytic oxidation of methanol and ethanol in gaseous phase. MFM mass flow meter;
T thermocouple; GC gas chromatograph; BL black light (modified and redrawn from Ref. [48])
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observed. Furthermore, the decomposition rate was dependent on the residence time
of the volatile compounds inside the reactor chamber.

Photocatalytic decomposition of sodium dodecylbenzene sulfonate (SDBS) was
carried out using silica/titania nanorods/nanotubes-based composite membranes
(Fig. 17.5) [38–40].

The pollutant solution was placed inside the feed tank, and it was pumped inside
the membrane cell using peristaltic pump (PP1). Recycling of permeate and feed
solution was carried out. The UV light source contained a 300 W mercury lamp (k
max = 365 nm) which was equipped with cooling system. The lamp was mounted
over the membrane cell. Air was bubbled inside the solution to initiate the
decomposing of the organic compound studied here. Within 100 min, 89% of the
targeted contaminants were degraded. Membrane fouling was reduced resulting
higher water flux [38–40]. The pros and cons of using photocatalytic membrane
reactors (PMRs) with photoactive layer are presented by Table 17.1.

17.2.2 PMRs with Suspended Photocatalyst Using
Pressure-Driven Membranes

PMRs containing pressure-driven membrane can be used together with suspended
photocatalyst in the medium. Suspended photocatalyst with microfiltration (MF) or
ultrafiltration (UF) membranes is commonly used for degradation of organic con-
taminants like pharmaceuticals, humic and fulvic acids, trichloroethylene, bisphenol

Fig. 17.5 Schematic representation of a PMRs using photocatalytic membrane for liquid phase
process where VP vacuum pump; Rp1 and Rp2 permeate reservoirs (modified and redrawn from
[38–40])
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A, chlorophenol, 4-nitrophenol, dyes, etc. It is used for treating the real wastewater
generated from dye industry, gray water and surface aqueous stream, and synthetic
waste effluents. Earlier, nanofiltration (NF) coupled with photocatalytic membrane
was used for separation of dyes, 4-nitrophenol, and pharmaceuticals from
wastewater [49]. Previous researchers suggested the use of photocatalytic mem-
branes with reverse osmosis (RO) process for drinking water purification for fouling
prevention [50, 51].

PMRs coupled with suspended photocatalyst can be classified into three major
groups. In this regard, position of light source is a crucial factor. Thus, the light
source can be placed [51]:

(a) Over/inside the feed tank,
(b) Over the membrane module,
(c) Over/inside a supplementary reservoir known as photoreactor positioned

between the membrane module and the feed tank.

PMRs construction and design depends on the process type, mainly classified as
dead end or cross-flow, batch or continuous flow process. The membrane type (MF,
UF, NF) along with module of the membrane (flat sheet, hollow fiber, submerged,
etc.), type, and position of the light source also influences the overall performance.
The membrane module needs to design carefully so that the irradiation should strike
the membrane surface to initiate the degradation. In case of PMRs with suspended
photocatalyst, a photoreactive cell is equipped with the pressure-driven membrane

Table 17.1 Advantages and drawbacks of PMRs using photocatalytic membranes

PMRs system Membrane
system

Advantages Drawbacks

PMRs system
using
photocatalytic
membrane

Pressure-driven/
depressurized
membrane

1. Photocatalyst need not to be
separated, the membrane can be
used as long the photocatalysts
have the activity

1. Degradation rate
is slower

2. No membrane fouling 2. Adjustment of
photocatalyst
loading is
difficult

3. Can exhibit enhanced
hydrophilicity due to the
presence of photocatalysts

3. Risk of damaging
polymeric
membrane due to
UV lamp

4. Contaminants can degrade both
in feed or permeate section

4. Membrane
replacement
required
frequently

5. Degraded compounds form gel
or cake layer over the
membrane surface which can
prevent microbial fouling
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unit. The pressurized membranes are submerged inside the photocatalytic slurry,
and unit is efficient enough to operate under continuous and batch mode concur-
rently. Figures 17.6, 17.7, 17.8, 17.9, and 17.10 demonstrated various types of
setup for PMRs using suspended photocatalyst and membranes.

Figure 17.6 illustrates the schematic setup for PMRs coupled with photocatalyst
and NF membrane. This setup was used to remove dyes and 4-nitrophenol from
water [50, 51]. NF membrane was placed inside the stainless steel cylindrical
reactor, and the feed was pumped inside. Pressure regulating valve was used to
monitor the pressure in feed inlet and retentate pipe lines. The photoreactor was set
up in a annular way and a 125 W Hg lamp equipped axially inside the reactor with
a jacket cooler over it. PMRs was working in batch or continuous mode where
oxygen gas was bubbled through the reactor. In batch process, permeate was
recycled several times and in continuous process, feed was pumped in continu-
ously. The permeate in continuous process was removed repeatedly. In batch
process, the concentration of pollutant decreased more quickly than the continuous
process but the amount of retentate with time is more in continuous process.

Following design considerations should be carefully monitored for PMRs using
NF technique [51]:

(a) Membrane Selection: The membrane should have desirable porosities to retain
the catalyst and reject the pollutants under consideration. Process variables like
pH, molecular weight and size of the pollutant, degradation by-products,
pressure, etc., should be considered. If the NF membrane is selected carefully,
then permeate quality can be improved due to Donnan exclusion theory [52].

(b) Light Source Type and Position: Light source immersed inside the reactors
exhibited better performance than the light positioned externally.

Fig. 17.6 Schematic representation of a PMRs setup using suspended photocatalyst and
immersed UV light for liquid phase operation in batch or continuous process (modified and
redrawn from Ref. [50])
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Fig. 17.7 Simplified layout of PMRs using suspended photocatalyst (modified and redrawn from
Ref. [52])

Fig. 17.8 Simplified process layout for pilot scale PMRs (modified and redrawn from Ref. [52])
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Fig. 17.9 Simple process layout of PMRs using submerged membrane with internal UV lamp
(modified and redrawn from Ref. [53])

Fig. 17.10 Simple process layout of PMRs using submerged membrane with external UV lamp
(modified and redrawn from Ref. [54])
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(c) Concentration of Pollutant and Contact Time: The feed with pollutant can be
diluted to get more photodegradation efficiencies. The residence time should be
carefully observed.

PMRs were coupled with MF membrane to separate trichloroethylene (TCE) from
aqueous solution (Fig. 17.7) [52]. A hollow fiber MF membrane was placed inside
the photocatalytic reactor. The inner chamber of the reactor contained the UV light
source. In the outer chamber, photocatalytic degradation was taking place. Both
permeate and retentate were recycled inside the reactor after definite interval of
time. The process was very efficient to remove TCE from water with 60% degra-
dation rate in 2 h. Ceramic membrane-based MF unit was coupled with photo-
catalyst earlier for the elimination of endocrine disrupting compounds,
pharmaceuticals, and estrogens from river water [52].

Turbulent flow conditions were maintained inside the reactor for homogeneous
mixing. After leaving the UV reactor unit, the solution was passed to the membrane
unit where TiO2 was separated from the stream. The rejected nanoparticles of TiO2

were passed again with the influent solution. Fouling was prevented by back-pulsed
flow of air after every 1 min. 70% of the 29 targeted pollutants were removed.
However, the process parameters of this system needed to be optimized to ensure
less energy consumption [52].

Submerged membrane can be used with PMRs for better efficiency of the pro-
cess and is illustrated by Fig. 17.8 [52, 53]. This system was used to separate fulvic
acids from aqueous solution [53]. The reactor had two separate zones: one con-
taining UV lamp which was regarded as oxidation zone and the other was con-
sidered as membrane separation zone. Both zones were interconnected to prevent
membrane damages by UV light [53].

Bisophenol was also separated using submerged photocatalytic membrane as
demonstrated by Figs. 17.9 and 17.10 [54, 55]. Inside the borosilicate glass reactor,
the hollow fiber membrane was placed. The UV lamps were located outside of the
reactor. Here, the membrane zone was not separated from the light source.

The advantages of depressurized system compared to pressurized PMRs are
summarized below [53–55]:

(a) Flow of oxygen improved the mass transfer rate to enhance the photodegra-
dation rate in this type of system.

(b) The intermittent permeation recovery can ensure high water flux and fouling
resistance.

A solar photoreactor was earlier coupled with PMRs having suspended catalyst to
degrade lincomycin from aqueous effluents in batch and continuous process
(Fig. 17.11) [56]. The rejection rate for smaller molecular weight compounds in this
process is relatively low—which is the major limitations of this process.

Above section provided a brief overview for PMRs working under different
types of membrane system with some typical designs of the reactors. The summary
of the advantages and disadvantages of PMRs using photocatalyst suspension is
provided in Table 17.2.
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17.3 Fundamental of Photocatalytic Membrane
Fabrication

The selected photocatalyst based on user requirement is introduced inside the
polymeric or ceramic membrane to fabricate photocatalytic membrane.
Figure 17.12 illustrates the basic layout of a photocatalytic membrane [57]. Over
the porous membrane, a layer of photocatalyst can evidently show photocatalytic
activity under visible light or UV irradiation [58]. Presence of Photocatalysts will
initiate hydroxyl radicals formation which in turn will act as a strong oxidant and
reluctant. This will lead degradation of pollutants into smaller and least toxic
inorganic species without producing secondary pollutants [59]. Visible light, UV
light, thermal treatment, and ultrasound-assisted treatment can generate reactive
radicals. Immobilization of photocatalyst over the membrane enables it to act as a
separation barrier within reaction products and aqueous effluents [60]. Thus, cou-
pling of photocatalyst with the membrane can decrease the membrane fouling [61].

Photocatalysts can be immobilized over the membrane surface to form com-
posite membrane for better performance, the summary of which is tabulated in
Table 17.3.

Fig. 17.11 a Batch system of PMRs, b continuous system of PMRs (A) switch valve;
(B) thermocouple; (C) non-reacting tank; (D) pump; (E) regulation valve; (F) manometer;
(G) membrane vessel; (H) line under pressure; (I) rotameter; (J) feed tank. PFP plug flow
photoreactor (modified and redrawn from Ref. [56])
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Table 17.2 Major advantages and drawbacks of PMRs using suspended photocatalyst

PMRs system Membrane
system

Advantages Drawbacks

PMRs system
using
suspended
photocatalytic
slurry

Pressure-driven/
depressurized
membrane

1. Photocatalyst can be
separated effectively

1. In pressurized system
of using MF and UF,
membrane fouling
rate can be enhanced

2. Without membrane
replacement, the exhausted
catalyst can be exchanged

2. Presence of
by-products might
degrade the quality of
the permeate
depending on the
composition of the
feed solution

3. Adjustment of catalyst
loading is easier

4. High degradation rate

5. Enhanced permeate flux
due to application of
submerged depressurized
system

6. The light source can be
positioned carefully to
prevent polymeric
membrane damage by free
radicals and UV irradiation
process

Fig. 17.12 Basic layout of photocatalytic membrane
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17.3.1 Photocatalytic Membrane Fabrication Techniques

Photocatalytic membrane can be classified based on constituent material of the
membrane. Mainly it can be two types: inorganic membrane and hybrid organic/
inorganic membrane [58]. The matrix of inorganic membrane can be ceramic,
carbon, metal oxide, etc. The hybrid membrane contains polymers like polysulfone
(PSF), polyethersulfone (PES), and polycarbonate with some inorganic materials
incorporated with it.

Photocatalytic membrane can be synthesized using liquid phase deposition
(LPD) method, sol–gel method, anodization, and concurrent application of elec-
trospinning and electrospraying (SEE) technique. The low temperature deposition
process (LPD) involves hydrolysis process followed by deposition of metal-fluoro
complex directly over the surface without any thermal treatment [67]. The solution
of 0.1 M ammonium hexafluorotitanate ((NH4)2TiF6) and 0.3 M boric acid
(H3BO3) was made using deionized water at temperature of 50 °C [68]. Oxygen
plasma was used to heat silicon wafer. The heated wafer was immersed inside the
solution at 50 °C. After certain time TiO2 forms a layer over the Si support to yield
Si/TiO2 membrane. Titanium tetrafluoride (TiF4) was mixed with ammonia and the
mixture was hydrolyzed to produce thin film. It was grafted over Al2O3. Thus,
photocatalytic Al2O3/TiO2-based membrane was produced [69]. LPD method can
generate membrane having high surface area, better selectivity as well as variable
composition of the developed film.

There are two phases in sol–gel method—solution preparation and gelation of
the synthesized solution. The colloidal suspension is known as solution and when
the particles are interconnected after aging, then it is called gelation [70]. The
process is inexpensive, chemically homogeneous and usually low calcination
temperature is needed to produce the films [71]. Hydrolysis of TiO2 was carried out
to form sol, and later on, it was coated onto the porous support using dip-coating.
At the end of the process, it was calcined to form anatase TiO2 membrane [71].

Co-precipitation sol–gel method was used to produce TiO2/Al2O3 composite
[72]. The mixture was heated at 80–85 °C and nitric acid was refluxed with it to
stabilize the mixture after certain time. To bind TiO2 with Al2O3 matrix, a mixture
of hydroxypropyl cellulose (HPC) and polyvinyl alcohol (PVC) was added with the
above solution. Thus, the Al2O3 support was dip-coated by above mixture to
produce photocatalytic membrane.

In the anodizing process, metal oxide base part ‘aluminum (Al), titanium (Ti),
and zinc (Zn)’ which needs to be coated act as anode in the electrolytic cell. The
photocatalytic reduction of CO2 was improved using cadmium sulfide
(CdS) photocatalyst over the surface of porous alumina (PAA) which was acting as
anode inside the cell [73]. At first, the PAA surface was pretreated where annealing
was carried out for 3 h at 400 °C under nitrogen atmosphere. Then, sulfuric acid
(H2SO4) and phosphoric acid (H3PO4) acids were used for electropolishing. First
step of anodizing was carried out followed by chemical etching process to take out
the oxide layer. Second time anodizing was carried out and PAA membrane was
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produced. PAA membrane was sonicated to remove air bubbles. Then, cadmium
nitrate (CdNO3) solution was adsorbed over the surface of the PAA membrane.
Sodium sulfide (Na2S) was added to ensure precipitation of CdS particles inside the
pores of the membrane.

Electrohydrodynamic atomization method involves electrospinning and elec-
trospraying process concurrently. Solution of Nylon-6 was electrospinned and
sprayed to form nanofibers [74] under electric field. Electrospinning involves
evaporation of the polymer solution at preliminary stage. At secondary stage,
solidification of polymer droplets takes place to yield nanofiber under electric field.
The dispersed liquid can form charged particles during electrospraying process
[75]. TiO2 nanoparticles can be doped inside the electrospun nanofiber-based
non-woven mesh to form three layers membrane [76]. Electrospun nylon-6 nano-
fibers were used to develop the base layer. The middle layer was fabricated by
synchronized electrospinning and electrospraying process (SEE) both for doping
anatase phase TiO2 inside the Nylon-6 nanofiber matrix. The top layer of the
membrane was also prepared by nylon-6 nanofiber. The layered structure of the
membrane containing photocatalyst provides additional strength and unique phys-
iochemical characteristics (Table 17.4).

Recently, photocatalytic membrane was fabricated by using a coating of
rare-earth oxide-cerium (IV) oxide (CeO2) over the stainless steel mesh having pore
diameter around *50 lm.

Table 17.4 Photocatalytic membrane fabrication methods, constituent photocatalyst, and their
composites with performance analysis

References Constituent
photocatalytic
nanomaterials
and their
composites

Fabrication
technique

Pore
diameter

Performance analysis

[72] TiO2 doped
onto alumina
(Al2O3) support

Sol–gel 1–3 lm 95% degradation of
malachite green dye
under UV light within
3 h

[68] TiO2 supported
onto nickel

Anodizing 1 lm After 6 h of nucleation
by TiO2, hardness and
Young’s modulus
increased, showed
better antibacterial
activity

[73] CdS-coated
PAA

LPD 45–55 lm Photocatalytic
degradation of CO2 to
methanol

[76] Nylon 6
nanofiber
containing
entrapped TiO2

particles

Electrospinning
and
electrospraying

0.3–10 lm Photocatalytic
oxidation of 98%
methylene blue dye
within 2 h
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At first, CeO2 nanoparticles were dispersed in tetrahydrofuran and sonicated.
Then it was sprayed (Fig. 17.13). The membrane was annealed for 4 h at 200 °C.
CeO2 nanoparticles having diameter of 50 nm were deposited over the membrane
and the membrane exhibited significant photocatalytic as well as oily emulsion
separation efficiency. As fabricated membrane showed both super-hydrophobic and
super-lyophilic characteristics and could separate 99% oils from water, methylene
blue dye was photocatalytically degraded using the membrane that was efficient
enough to degrade 99.96% of the dye solution [77].

17.4 Functionalized Photocatalytic Composite Membrane
and Its Modification Strategies

17.4.1 Photocatalyst/Polymer Membranes

Polymeric membranes [polyethylene terephthalate (PET), polysulfone (PSf),
polyamide, polyvinylidene fluoride (PVDF), polyethersulfone (PES), polyvinyli-
dene fluoride (PVDF), sulfonated polyethersulfone (SPES), polyethylene tereph-
thalate (PET), polyurethane (PU), polyester, polyacrylonitrile (PAN), and
polytetrafluoroethylene (PTFE)] were successfully incorporated with different types
of catalyst to produce photocatalytic composite membranes for water treatment [78,
79]. The photocatalytic nanoparticles can be doped over the surface of the

Fig. 17.13 Photocatalytic membrane fabrication using CeO2 nanoparticles (modified and redrawn
from Ref. [77])
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membrane or can be mixed with the polymeric solution before casting the mem-
brane. The fabrication techniques used for photocatalytic membrane are shown in
Fig. 17.14.

17.4.1.1 Surface Functionalized Photocatalytic Membrane

Dip-Coating by Photocatalyst

Surface-located TiO2-based polymeric membranes can be fabricated by dip-coating
or self-assembly [80], chemical grafting over the surface of the membrane, pho-
toinduced polymerization [81] and ultrafiltration for deposition of a TiO2 layer
physically over the polymeric matrix [82]. The sol–gel process was used to produce
TiO2 slurry where polymeric membrane was dipped. Thus, TiO2 nanoparticles were
attached to the membrane surface by hydrogen bonding and complexation reactions
with carbonyl or sulfone functional groups present on the membrane. The inter-
action between nanoparticles and –COOH functional groups also took place [83].
As fabricated membrane demonstrated photocatalytic as well as antimicrobial
tendencies and was used to prevent biofouling of the membrane [83]. Earlier
reverse osmosis (RO) membranes were coated using titanium dioxide (TiO2)
nanoparticles. The TFC polyamide membrane with TiO2 nanoparticles showed its
photocatalytic competence for the destruction of Escherichia coli (E. coli)—a

Fig. 17.14 Different types of photocatalytic membrane fabrication techniques

17 Science and Technology Roadmap for Photocatalytic … 533



bacterium cell in presence of UV light [84]. Commercially available polyether-
sulfone microfiltration (MF) membranes were coated with TiO2-synthesized by sol–
gel method [85] where TiO2 anchored with the membrane surface by bonding with
the sulfonic acid (SO3− H+) groups of the membrane surfaces during sulfonation.
As fabricated membranes were used in membrane bioreactor (MBR) to observe its
antifouling properties [85], membrane fouling was significantly reduced due to
presence of photocatalysts. The phenomenon can be further attributed due to the
hydrophilicity of the membranes [85]. The major limitations of this process are the
leaching of nanoparticles with time which can cause ecotoxicological hazards for
living organisms.

Photoinduced Polymerization and Chemical Grafting

In this process, the photocatalyst will be immobilized onto the surface of membrane
surface in the presence of photoinitiator. Earlier amino propyl tri-ethoxy silane
(APTES) was used as initiator to functionalize TiO2 particles in the presence PES
polymeric solution before casting to membrane. It was precipitated to form hollow
fiber membranes having enhanced porosity, glass transition temperature, stiffness
and hydrophilicity. The water flux and antifouling property also improved than the
undoped sample. The composite photocatalytic membrane had less tensile strength
and elongation at break [86].

TiO2 was added to a suitable acrylic acid monomer was mixed with TiO2

nanoparticles and sonicated for 20 min to ensure homogeneous dispersion. As a
cross-linker ethylene glycol in the presence of photoinitiator-potassium-per-sulfate
(1 wt%) was added with the above suspension. The PVDF membrane was dipped
inside the above solution for 2 min and the mixture was placed over the glass plate.
Finally, the membrane was irradiated using UV light for 15 min. TiO2 nanoparti-
cles were covalently attached with the membrane surface resulting enhanced
antifouling properties. In the presence of hydrophilic functional groups, the
membrane along with TiO2 nanoparticles decreased the hydrophobic sorption
between the whey protein and the surface of the photocatalytic membrane [87].

Physical Process

In this technique, the photocatalyst will be deposited onto the surface of the mem-
brane physically. The slurry of photocatalyst will be filtered through pressure-driven
membrane for physical attachment of photocatalyst with the membrane surface. The
filtration time and pressure will be optimized to control the thickness of photocat-
alyst layer onto the surface of the membrane [88]. A dead-end filtration apparatus
was used to modify cellulose acetate membrane by TiO2 nanohorns physically [82],
as fabricated photocatalytic membrane had porous, hierarchical texture, which
increased the water flux and mitigate the fouling of the membrane [82].
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17.4.1.2 Photocatalyst-Entrapped Polymeric Membranes

Phase Inversion

Phase inversion membrane can have different morphological structure, like flat
sheets or hollow fibrous forms which is ideal for using under optimum hydrody-
namic conditions (Fig. 17.15). It is most commonly used popular method.

Where nanoparticles can successfully be entrapped inside the membrane matrix.
In this technique, the photocatalyst is mixed with the polymer solution homoge-
neously. After casting, the membrane is placed inside the coagulation bath for
gelation [89], as fabricated TiO2-based composite membrane exhibited enhanced
permeability, porosity, wettability, and antifouling properties. However, photocat-
alytic membranes based on PES and PSF contain sulfone groups which under UV
radiation deteriorates. PTFE and PVDF membranes are least affected by UV
radiation [90]. Due to embedding the nanoparticles in membrane matrix by this
method, the available surface area for water transportation is reduced, which is the
major limitations of this process.

Fig. 17.15 Membrane fabrication using phase inversion technique (modified and redrawn from
Ref. [89])
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Stretching in Biaxial Condition

The physical method of biaxial stretching involves stretching membranes to modify
their pore diameter. The process will permanently and significantly deform the
porous texture but will improve overall performance of the membrane [91]. Earlier
research used biaxial stretching of polytetrafluoroethylene (PTFE) membrane
containing 2 wt% of anatase TiO2 [92]. The photocatalysts were homogeneously
distributed inside the membrane matrix resulting degradation of organic pollutants
in ultra-pure water [93].

Application of In Situ Synthesized Photocatalysts

Application of in situ synthesized photocatalysts for membrane fabrication is
comparatively modern, innovative approach. In this process, compatibility, loading
of nanomaterial, water flux as well as selectivity can be optimized [93]. Earlier
sulfonated poly(ether ether ketone) (SPEEK) nanocomposite membrane was fab-
ricated using in situ mixed sol–gel process. In this method, titanium butoxide/
2,4-pentanedione was mixed with DMAc and was added with the polymeric
membrane solution. The solvents were evaporated at 120 °C. As synthesized
membrane demonstrated better flexibility with transparent appearance, it also
exhibited improved mechanical and thermal characteristics with better hydrolytic
stability [94]. In situ polymerization of titanium isopropoxide was carried out using
polyvinyl acetate (PVAc). PVAc was cross-linked with titanium alkoxide due to
transesterification reaction. The strong chemical interaction prevents phase sepa-
ration and was inhibited due to strong chemical bonding which in turn improves the
dispersion of TiO2 nanoparticles inside PVAc matrix. Presence of unreacted iso-
propyl groups and less crystalline TiO2 particles inside the membrane matrix is the
major limitations of this process [95].

17.4.2 Photocatalyst/Ceramic Membranes

Ceramic-based composite membranes are presently getting substantial importance
due to their unique characteristics like—high thermal and mechanical stability, high
water flux, higher life cycle, and greater resistance toward the corrosive chemicals.
Based on the diameter of the pores, it can be classified as reverse osmosis (RO),
ultrafiltration (UF), microfiltration (MF), gas separation (GS), pervaporation (PV),
and ceramic membrane reactors (CMR). Ceramic membranes usually consist of
different types of metal oxides or their composites including ZrO2, TiO2, SiO2, and
Al2O3 [96]. Ceramic membranes are fabricated using dip-coating method.
A suitable photocatalyst or their composites is deposited over the surface of the
ceramic layer (SiO2, Al2O3, ZrO2, Al2O3/SiO2/ZrO2, SiN/SiC, Al2O3/SiC).
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Earlier TiO2 photocatalyst was synthesized using hydrothermal process, dried
and calcined at higher temperature before coating the ceramic membrane [96]. TiO2

nanotubes were grafted inside the channels of the Al2O3-based ceramic membranes
[97]. Photocatalyst/ceramic membranes were also fabricated using chemical vapor
deposition (CVD) and atmospheric plasma spraying (APS) methods [98, 99].

17.4.3 Performance Evaluation: Photocatalytic,
Organic-Polymeric Membrane, and Inorganic
Photocatalytic Ceramic Membranes

Ceramic membranes are more thermally stable. It is more resistant toward the harsh
chemicals compared to polymeric membrane. Due to extreme chemical condition,
UV light, and temperature, polymeric membrane might have degradation.
Membrane fouling is more pronounced in polymeric membrane. The surface of
ceramic membranes is hydrophilic; thus, it is less likely to have fouling.

The uniform porous texture of ceramic membrane ensures higher water flux. The
composition and physiochemical properties of the ceramic membranes can be easily
analyzed compared to polymeric membrane. Ceramic membrane requires lower
pressure to operate and can produce same volume of water under relatively less
pressure compared to polymeric membrane. However, modification of ceramic
membrane using nanophotocatalyst is somehow difficult as it needs suitable active
sites to be attached with the photocatalysts [80]. Thus developing photocatalytic
ceramic membranes are still restricted up to a certain extent.

17.5 Impact of Photocatalyst for Fouling Prevention

17.5.1 Influence of Photocatalyst Stacking/Entrapping
on Membrane Fouling

Photocatalytic membrane separation process is considered as promising alternative
for water treatment as in this method no additional sludge is produced [100, 101]. The
active –OH radicals and O2− species prevented the fouling of the membrane. The
organic foulants deposited over the membrane surface were destroyed due to the
photoinduced catalytic process. ZnO-PEG nanoparticles-based composite membrane
was also efficient for mitigation of fouling and it was observed from unchanged
texture SEM images of membrane surface compared to the bare one. This revealed
that substantial photocatalytic degradation process had taken place to destroy the
foulants over the membrane without any pore clogging or structural changes of the
membrane surface [102]. The antifouling mechanism of photocatalyst-coated (TiO2-
coated) polymeric PVDF membrane can be illustrated by Fig. 17.16 [102].
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17.5.2 Influence of Hydrophilicity on Membrane Fouling

Hydrophobic features of membrane surface can lead to the fouling phenomena up to
a greater scale [103]. Hydrophobic membranes tend to adsorb organic foulants
causing poor performance of the membrane [104]. Photocatalyst with oxygen
containing groups can increase the hydrophilicity to reduce the fouling. Lot of
research reports demonstrated that surface functionalized, modified membranes
would degrade the foulant after optimum contact time under UV or visible light
irradiation process [105, 106]. The increase in the hydrophilicity of membranes is
proved by a decrease in the membrane contact angle. The summary of different
types of modified membrane and their properties are enlisted in Table 17.5.

17.5.3 Influence of Antibacterial Activity and Biofouling
of Membrane

In membrane bioreactors, biofouling takes place frequently [115]. Biofouling
occurs due to accumulation of microorganisms, virus, and bacteria over the surface

Fig. 17.16 Antifouling mechanism of TiO2-doped PVDF membrane (modified and redrawn from
Ref. [102])
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of the membrane as depicted by Fig. 17.17 [115]. The extracellular polymeric
substance (EPS) is produced by bacteria and causes biofouling. Currently,
antibacterial membranes are fabricated which can ensure killing of bacteria and
prevents their attachment with the membrane surface.

The photocatalytic membrane can exhibit bactericidal ability under irradiation
using UV or visible light. The –OH radical can attack the cell membrane of the
bacteria and biochemical reaction of lipid peroxidation takes place. TiO2-coated
hybrid polyamide membrane decreased the number of E. coli cell number due to
presence of UV light [37]. It was concluded by previous researchers that the
crystallinity index of nanocomposite can significantly enhance the antibacterial
activity of the nanocomposite membrane. The outer skin layer of the membrane is
more exposed to the UV radiation; thus, it can show more antibacterial activity.
Interfacial polymerization of grafting method can be used to produce photocatalytic
membrane. Highly viscous doping solution with photocatalyst synthesized by ex
situ method can favorable decorate the nanoparticles over the skin layer [116]. On
the contrary, viscous polymeric solution will inhibit the diffusion of photocatalyst
inside the membrane matrix [117]. Photocatalytic membrane separation process can
be integrated with biodegradation for efficient degradation of volatile organic
compounds (VOCs) in a membrane bioreactor [118, 119]. The anti-biofouling
properties of different types of membranes are listed in Table 17.6.

Fig. 17.17 Mechanism of biofouling (modified and redrawn from Ref. [115])
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17.6 Conclusion

Application of nanocatalyst for water treatment is becoming popular day by day.
There is an emerging need to develop innovative process to purify the aqueous
effluents suitable for safe consumption. Rapid industrialization in this era has
generated lot of micro- and macro-pollutants which can cause serious threat for
living organism. Present water treatment technologies can be modified using
nanomaterials in a controlled way. Nanotechnology can help in water purification
and can resolve the challenges associated with it [123–125].

Nanoadsorbent and nanocatalytic membrane separation process is very efficient,
but these methods need to be applied carefully to prevent leaching in aqueous
stream. Furthermore, the process is relatively expensive. Thus, until now it is not
used for large-scale application. There is no digital monitoring system to ensure the
trace amount of leached nanoparticles present inside the aqueous stream [126, 127].
Hybrid system using nanophotocatalyst with membrane separation process is
comparatively new approach for treating wastewater. The synergistic effect of two
processes makes the photocatalytic membrane reactor more efficient. Application of
photocatalyst with membrane will disintegrate the organic compounds to harmless
products. Furthermore membrane separation techniques will allow the separation
and reuse of the catalyst up to a greater extent.

PMRs can directly use the photocatalytic membranes, or it can use suspended
photocatalytic particles. For first type, membrane fouling can be prevented due to
presence of photocatalyst. The photocatalytic degradation can take place either in
feed side or permeate side. However, the photodegradation efficiency for these
types of PMRs is lower. The nonporous support is loaded with suspended photo-
catalyst in another type of PMRs. PMRs having suspended catalyst show faster
reactions for gaseous phase separation process. The presence of UV light or
hydroxyl radicals can damage the membrane surface. Thus, the challenge of using
polymeric membrane having photocatalyst needs to be carefully resolved. The
fabricated membrane needs to be UV resistant, fouling resistant and has good
separation efficiencies.

Suspended photocatalyst containing PMRs can ensure efficient separation of the
used catalyst from the solution. Several membrane techniques, namely MF, UF,
NF, PV, MD, and dialysis, can be coupled with photocatalysts to treat water. The
phenomenon of fouling can be minimized using submerged membranes. To some
extent, quality of permeate using pressure-driven membrane is lower as it cannot
separate lower molecular weight compounds. To resolve this problem, PMRs can
be utilized using membrane distillation (MD) process. Nevertheless, MD process is
rather more complicated. Thus, PMRs applying pressure-driven membranes are
more promising candidate for large-scale commercialization.

This chapter extensively focused on the importance of using photocatalytic
membrane technology for water treatment. The mechanism of photocatalysis along
with the advantages of using photocatalytic membrane has been illustrated.
Presence of photocatalyst can mitigate the fouling problems and increase the overall
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performance of the membrane. Incorporation of photocatalyst with membrane can
ensure hydrophilicity and enhance the antibacterial properties of the membrane.
The contact angle of the composite membrane containing photocatalyst will be
decreased. A thin hydrophilic layer will be formed using hydrogenase bond over the
surface of the composite membrane which in turn will prevent the addition of
foulants on the membrane surface. Due to presence of UV or visible light, the
photocatalyst will generate reactive species which will destroy the bacterial cells.
Still, further research is necessary in order to enhance the performance of the hybrid
membrane separation processes to have greater permeate quality and flux.

Additionally, it is very essential to consider the real systems that is the purifi-
cation of natural and real waste effluents containing multiple contaminants.
Maximum experiments until now were concentrating to use model solution having
single contaminants. All the same, the main complication for using hybrid photo-
catalytic membrane or PMRs is the type of light source. It is necessary to develop
PMRs system, which can use inexpensive sunlight as a source of light for pho-
todegradation of pollutants. Thus, band tuning is necessary for the photocatalyst to
be active under solar radiation. This can be done by doping the photocatalyst using
nonmetals or metals, nanocarbon, etc., which can shift the sorption edge toward the
visible region. The leaching of entrapped nanoparticles in the permeate needs to be
prevented during the filtration process. Careful measure should be undertaken to
avoid discharge of hazardous nanocatalyst in the aqueous stream.
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Chapter 18
Photocatalysis Degradation of Dye
Using P-Type Nanoparticles

A. Jegatha Christy, Preeti Singh, J. Anita Lett, and Suresh Sagadevan

Abstract People’s demand for resources has risen dramatically, triggering energy
shortages and environmental degradation, along with the growth of industry and the
improvement of people’s living standards. As a low-cost, environmentally friendly,
and sustainable technology, photocatalytic technology has shown great potential in
recent years and it has become a hot research subject. However, current photo-
catalytic technology is not able to meet industrial requirements. In the industrial-
ization of photocatalyst technology, the greatest challenge is the development of an
ideal photocatalyst that should have four characteristics, including high photocat-
alytic efficiency, a large specific surface area, full sunlight utilization, and recy-
clability. Therefore, the present chapter deals with the synthesis, characterization,
and photocatalytic activity of nickel oxide (NiO) nanoparticles (NPs), where the
solution combustion method makes use of nickel nitrate as an oxidizer and oxalic
acid as fuel for the synthesis. From the X-ray diffraction (XRD) analysis, the NiO
NPs are found to have formed in a cubic structure with an average crystallite size of
34 nm. The successful formation of the NiO particles was confirmed by the FTIR
and UV-Vis spectroscopic analysis. The morphological analysis indicated the
rod-like structure and EDX for the elemental composition. Further testing of the
photocatalytic activity through the degradation of methyl orange (MO) dye con-
firmed an effective and potential catalytic nature of the synthesized NiO NPs.
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Keywords Photocatalysis � NiO nanoparticles � Oxalic acid fuel � Solution
combustion method � Methyl orange � Cubic structure

18.1 Introduction

Water is an essential requirement of the ecosystem for a living and nonliving being
for a healthy life. For living creatures, the accessibility of clean water is significant
forever continuing exercises like drinking, cooking, cleaning, horticulture, and so
on. Nature consists of its mechanism for recycling of water for providing an ade-
quate quantity of freshwater which directly affects life sustainability and standard of
the living beings. Current human being activities such as large deforestation,
decreased agricultural lands, extensive use of chemical pesticides, industrial dis-
charge of chemicals, etc. have disrupted the equilibrium between the usage and
natural purification processes leading to a shortage of potable and filtered water.
Most of the natural resources of drinking water are found to be contaminated with
various poisonous materials and pathogenic microorganisms [1]. Water pollutants
exist in various unsafe squander like pharmaceutical squanders, pesticides, herbi-
cides, textiles, gums, and phenolic compounds. Eradicate pollutant from water has
become a universal problem worldwide. In the current scenario, it becomes very
essential to decrease this spectrum of a pollutant from water to maintain a
high-quality eco-friendly nature has come up with the destruction of various forms
of pollutions in the atmosphere due to environmental contamination which occurs
in form of untreated hazardous dumped materials/organic matter which gets dis-
charged into the water which disturbs the ecological safety affecting the quality of
life [2].

Nanomaterials are the most rapidly used and lucrative approach to eradicate
wastes from water. The application of nanotechnology provides cost-effective
remediation techniques imposing a major challenge for the researchers for devel-
oping an adequate water remediation method for protecting the environment [3–8].
Synthesis of nanomaterial significantly concern in the remediation of heavy metals
such as Hg, Pb, Cd, etc. from groundwater also undegradable organic compounds
such as benzene, chlorinated solvents, toluene, etc. Precise control size and syn-
thesis of nanomaterials at the molecular level are required to increase the affinity,
capability, and selectivity for the removal of particulate pollutants. Thus, nan-
otechnology has a significant role in minimizing the exposure of harmful wastes to
the water and provides safe water. Advanced oxidation processes (AOPs) termed
“Photocatalysis” are a cost-effective approach to the treatment of organic effluent
from contaminated water. AOPs can be classified into two forms Non-
photochemical and Photochemical AOPs (homogeneous and heterogeneous pho-
tocatalytic processes). The photocatalyst is may be termed as a photoinduced
reaction that is accelerated by the presence of a catalyst. These types of reactions
are activated by absorption of a photon with sufficient energy which equals or
higher than the bandgap energy (Eg) of the catalyst. Absorption of photons
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produces electron-hole pairs on the catalyst surface which in turn can reduce or
oxidize the organic materials present in aqueous solutions. The main advantage of
applying such a technique is its potential to convert the organic pollutants into
nontoxic species (CO2, H2O) and no need to further separation processes.
Researchers explore that AOPs dependent on Photocatalytic is an advanced strategy
benefitting our atmospheric conditions by complete oxidation of natural organic
molecules into non-harmful mixes CO2 and H2O. In addition to these AOPs, also
generates hydroxyl free radicals (∙OH). These ∙OH radicals are non-selective in
nature act as strong oxidizing agents that readily react with contaminants to destroy
and remove them from the water. Also, it completely degrades non-biodegradable
organic compounds and makes water to be reusable [9]. Thus, photocatalytic
phenomenon practices over the classical techniques, for example, quick oxidation,
no development of polycyclic compounds, complete oxidation of contaminants, and
high productivity. Hence, Photocatalytic degradation emerged as one of the fore-
most rich procedures for the treatment of toxic organic effluents by utilizing
nanomaterial such as TiO2, ZnO, ZnS, etc. which act as a catalyst [10]. In the past
two decades, Nano metal oxides such as TiO2, ZnO, NiO, Ag2CrO4, SnO2, Cu2O,
and In2O3 has attracted public concern due to their high photocatalytic efficiency
and stability, low cost and low toxicity, high physical and chemical stability,
especially, strong ability to fully decomposing organic pollutant into harmless
species (e.g., CO2, H2O, etc.). Most of the semiconducting oxides utilized for water
decontamination are n-type among this nanostructure TiO2 is the most seriously
considered. Ongoing investigations on the photocatalytic movement of numerous
p-type semiconducting progress metal oxides, for example, NiO, Cu2O, FeO, and
so on. The focus of this chapter is on the P-type NiO NPs are being tested for
photocatalytic behavior using the degradation of methyl orange (MO) dye as a
model drug under illumination conditions. NiO is a p-type semiconductor with a
wide bandgap � (3.2 eV–4 eV) between valence and conduction band, making it
specifically suitable as a photocatalyst and chemically stable with high
electro-optical efficiency [11]. The studies on the use of nanostructure NiO as a
photocatalyst for the degradation of organic dyes such as MB, RhB, Methyl
Orange, Acid red has already been reported earlier [12].

In this chapter, we report the reaction mechanism involved in the degradation
of MO dye using NiO which is a P-type nanomaterial, and its synthesis by solution
combustion method and their physiochemical properties.

18.2 Materials and Methods

18.2.1 Materials

Nickel nitrate, oxalic acid, methyl orange (MO) dye of analytical grade were
purchased from Sigma-Aldrich and are used without any further purifications.
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18.2.2 Synthesis of NiO NPs

Solution combustion synthesis is a fast, easy, and less expensive method for the
direct production of highly pure, homogeneous powders of metal oxide NPs [13–
15]. Our interest in the production of NiO NPs’ is that the method is surfactant-free
and involves the combustion for the formation of any sized particles to study their
thermal conductivity. This method uses metal nitrate as an oxidizing agent and an
organic fuel as a reduction agent for the oxidation/reduction reactions. The pre-
liminary supply of energy in the form of heat initiates the reaction and additionally
generates the heat that helps to decompose the metal nitrate and salts. Thus the NiO
NPs formed from nickel nitrate as an oxidizing agent and oxalic acid as the fuel
were thoroughly characterized by various instrumental methods for the crystallinity
and crystal structure, bonding, optical nature, morphology, elemental composition,
etc. For the formation of NiO NPs, the stoichiometric ratio of nickel nitrate (as
oxidizer) and oxalic acid (as fuel) were maintained to be unity, i.e., the stoichio-
metric amount of nickel(II) nitrate was first dissolved in deionized water, followed
by the addition of fuel. The solution mixture was subjected to heating in a furnace
maintained at 400 °C for 15 min and we see the release of enormous fumes from
the combustion reaction. On cooling the reaction mixture to room temperature, we
see the formation of NiO NPs in a black color powder; Reaction (18.1) is expected
for the formation of NiO NPs from nickel nitrate precursor that makes use of oxalic
acid fuel.

Ni NO3ð Þ2ðcÞ þ 0:05C2H2O4ðcÞ þO2 ! NiOðcÞ þN2ðgÞ þ 0:1wð Þ2CO2ðgÞ þ 0:05wH2OðgÞ

ð18:1Þ

Here, the molar ratio of oxalic acid to nickel nitrate w = 0.05 corresponds to the
total oxygen content of nickel nitrate that is used to completely oxidize oxalic acid.
As a result, NiO NPs as the powdered product form and with the release of CO2,
N2, and H2O gasses are directly generated from the fuel-oxidizer reaction, where no
additional supply of oxygen from outside is required.

18.2.3 Instrumental Analysis

The powder X-ray diffraction (XRD) patterns were recorded on the PANalytical
X-ray diffractometer that works on 50 kV and 100 mA facility and use Cu Ka
radiation (k = 0.1542 nm), where the samples analyzed in the diffraction angle, 2h
of 20–80°. For the optical measurements, the UV-Vis spectroscopic analysis was
performed on Shimadzu 1700 UV-Visible spectrophotometer, and similarly, to
understand the nature of bonding, Shimadzu IRaffinity-1 Fourier Transform
Infrared spectrometer was used. The size, composition, and atomic structure of NiO
NPs were analyzed on a High-resolution transmission electron microscopy
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(HRTEM; 200 keV JEOLJEM2100), Field emission scanning electron microscope
(FESEM) (Carl Zeiss sigma) connected to the energy dispersive X-ray (EDX)
detector were employed (respectively).

18.2.4 Photocatalytic Activity

To test the photocatalytic degradation efficiency of synthesized NiO NPs, the
degradation studies were carried out in a 500 mL glass immersion photocatalytic
reactor that uses an 8 W Xenon lamp as the light source and was placed axially in
the vessel for the visible light irradiation. The lamp was inserted in a quartz tube to
protect it from getting in contact with the aqueous solution. To maintain the dark
conditions, the reactor setup was installed in a box and the reactor vessel was
covered with aluminum foil to protect from the intrusion of ambient light. Also, to
control the power supply of visible light, a timer circuit was used, and thus the on
and off functions of the lamp works on its own after each irradiation. For the
photocatalytic testing, MO dye at an initial concentration of 0.1 mM was reacted
with 0.0125 mM of NiO NPs and with MO solution fully diluted and added. Now,
the prepared dye solution was irradiated under visible light and the samples were
collected at the specified intervals of time and recorded the changes in the
absorption spectrum of MO dye. Since the MO dye exhibits the highest absorption
spectrum in the visible region of 467 nm and so any changes to this absorbance
value indicate the photocatalytic degradation of MO dye by the NiO NPs.

18.3 Results and Discussion

18.3.1 Physicochemical Characteristics

Figure 18.1 shows the powder XRD pattern of NiO NPs and from the figure, the
peaks are observed at the 2h of 37.3°, 43.4°, 62.9°, 75.4°, and 79.5° which can be
linked to the diffraction planes of (111), (200), (220), (311), and (222), respectively
(JCPDS: 78-0429). From the analysis of results, the diffraction peaks correspond to
the formation of NiO NPs in cubic structure and the unit cell volume measured to
be 72.82 (A°)3. Also, the NiO NPs average crystallite size was calculated using the
Debye Scherrer equation (18.2),

D ¼ Kk=b cos h ð18:2Þ

where D corresponds to the crystallite size (nm), k is the wavelength of X-ray
source (0.15406 A°), b is the full width at half the maximum diffraction peak
(FWHM) in radians, K the Scherrer constant having a value of 0.9–1 [16].
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The analysis provided a constant value of lattice where the standard data is very
close to 4.177 A° and the average crystallite size of 34 nm.

Numerous experiments have shown that a special logarithmic series expansion
of the Bragg reflection peak profiles. The Fourier coefficients can well describe the
strain expansion caused due to the occurrence of dislocations.

W-H equation can be expressed as; bhkl cos h ¼ ðkk=DÞþ ð4e tan hÞ ð18:3Þ

Rearrangling this; generates Eq: 18:4ð Þ; bhkl cos h ¼ ðkk=DÞþ ð4e sin hÞ ð18:4Þ

The plot is drawn between b cos h and 4 sin h, where the slope line provides the
grain size (D) to the strain (e), and intercept (k/D). The term b cos h was plotted for
the orientation peaks of synthesized NiO NPs with respect to 4 sin h, i.e.,
Figure 18.2 shows the results of the W-H analysis plot for the prepared NiO NPs
and from the slope of line, the gran strain observed to have a positive value of

Fig. 18.1 Powder XRD pattern of the synthesized NiO NPs

Fig. 18.2 W-H plot analysis of the synthesized NiO NPs
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0.001. The observed value of lattice strain is very low and is due to the small size of
crystallite and so has a negligible effect toward the peak expansion.

Figure 18.3 shows the FTIR analysis of NiO NPs in the wavenumber range of
500–4000 cm−1 and from the figure, the observation of broadbands in the range of
400–550 cm−1 can be assigned to the Ni–O stretching vibrations. Also, the
observation of a characteristic band at 3442 cm−1 can be linked to the O–H
stretching vibration and the band at 1614 cm−1 attributed to the H–O–H bending
vibrations from the surface water/moisture that got adsorbed during the preparation
of FTIR samples. The sharp band observed around 1365 cm−1 can be linked to the
O–C=O symmetric and asymmetric stretching vibrations [17]. Thus, from the
overall analysis of bands, it can be indicated for the successful formation of NiO
NPs by the solution combustion method.

Figure 18.4 shows the UV-Vis absorption spectrum of NiO NPs and from the
graph, the absorption maxima are observed around 245 nm. In the comparison of
NiO NPs absorption maxima with that of the bulk NiO’s absorption edge, a blue
shift in the wavelength was observed [18]. The reflection of NiO NPs in a blue shift
or lower wavelength side is due to the Burstein–Moss effect, which indicates for the
quantum confinement effect resulted from the decreased size of particles [19].

Figure 18.5 shows the FESEM image of NiO NPs and from the figure, the
particles appeared to have formed in the cubic shape which is joined to form a
rod-like structure. The formation of such a rod-like structure can be linked to the

Fig. 18.3 FTIR spectrum of NiO NPs
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selective adsorption of fuel introduced during the synthesis. This has controlled the
growth rate occurring in the atmosphere, vapor concentration, and oxygen atmo-
spheric pressure resulting in low vapor supersaturation to attain the NiO NP’s such
a shape [20]. Also, the image shows the formation of several small particles and is
due to the non-uniform distribution of heat and mass flow during the synthesis and
thereby confirming the vital role played by the oxalic acid fuel towards the tailoring
of surface morphology. Further, the EDX spectrum showed in Fig. 18.5 confirms
the formation of NiO compounds by the observation of peaks for the O and Ni
elements (at 1, 7, and 8 keV). However, the originated Cu signal is from the
carbon-coated Cu grid used for the preparation of FESEM samples.

Fig. 18.4 Optical absorption spectra of NiO NPs

Fig. 18.5 FESEM image and EDX spectrum of NiO NPs
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Figure 18.6(a–c) shows the HRTEM images of the NiO NPs at different mag-
nifications and from the figure, the particles exhibit cubic structure with a width of
about 100–200 nm. The lattice spacing of 0.147 nm was observed corresponding to
the (220) planar cubic structure of NiO NPs and also, the interplanar distance
between the (220) planes corresponds to the atomic fringe spacing. Also, the NiO
NPs are providing information about the smooth surface of the particles and can be
attributed to the enthalpy and flame temperature released during the combustion
process, which in turn strongly influenced by the nature of the fuel and the oxidizer
[21]. Based on the HRTEM results, it can be indicated that oxalic acid used in the
form of fuel has a major role in deciding the formed NiO NP’s shape, size, surface
roughness, and crystallinity. Hence in the present study, oxalic acid played its role
very well and helped to oxidize the nickel nitrate salt and formed the NiO NPs with
a clear, smooth, and well-defined structure.

18.3.2 Photocatalytic Activity

Photocatalytic reactions are the chemical reaction that occurs due to close coop-
eration in-between light and photocatalyst. This technology has many benefits,
including environmental safety, complete degradation of toxic substances without
any harmful emissions thus, supporting the sustainability of the environment.
Synthesized NiO NPs were subjected to determine their photocatalytic efficiency
under the influence of visible light to degrade MO dye. Figure 18.7 shows the
degrading curve of MO dye in the presence of NiO NPs recorded with the help of
UV-V is spectroscopy over a 0–40 min time range. The decrease in the peak
intensity of MO dye at 467 nm (Fig. 18.7) with an increase of time period shows
the enhanced degrading efficiency or photocatalytic activity of NiO NPs under the
impact of time. The reduction kinetic equation can be written as [22]:

Fig. 18.6 HRTEM images NiO NPs at three different magnifications of 200, 100, and 5 nm
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dCt

dt
¼ ln

Ct

C0
¼ �kappCt ð5Þ

where C0 and Ct are the initial and final (at time t) MO dye concentrations, and kapp
is the apparent rate constant and can be calculated by using the peak intensity value
(467 nm) with respect to time. The calculated apparent rate constant, kapp is found
to be *0.0239/min which is significantly high and the observed enhanced catalytic
activity of NiO NPs can be related to its surface morphology.

Photocatalytic actions are induced by light causing the redox reaction of semi-
conductor material following the perspective of semiconductor photochemistry.
A Forbidden energy bandgap exists in semiconductor distance between the
low-energy valence band (VB) and a high-energy conduction band (CB). NiO
nanoparticles have a strong tendency to get ionized easily due to their smooth
surface as compared to rough surface nanoparticles. Figure 18.8 shows the sche-
matic representation of the NiO catalyzed degradation mechanism of (any) dye.
NiO catalyst forms most active species such as ∙O2

− and H+ under visible light for
degradation of dye. This catalyst action is instigated by the transmission of elec-
trons from VB (valence band) to the CB (conduction band) before the recombi-
nation with the hole. Also, this transfer of electrons (VB to CB) is intensely
controlled by the surface properties of the catalyst used and dye molecules affecting
their adsorption and interfacial wave function mixing [23, 24]. Also, the oxygen
vacancies play an essential role in the degradation process, i.e., effectively utilizing
the energy of the excited electron from the surface adsorbed oxygen or water (H2O)
molecule generating the highly active ∙O2

− and ∙OH radicals species, respectively.

Fig. 18.7 UV-Vis absorbance spectrum of MO dye degradation catalyzed by the NiO NPs over
different time intervals of light irradiation
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18.4 Conclusion

In conclusion, the present study deals with the photocatalytic activity testing of NiO
NPs formed by making use of the solution combustion synthesis where oxalic acid
fuel was used. The synthesized NiO NPs were characterized for the optical,
structural, functional, and morphological properties. The XRD results confirmed the
cubic structure of the formed NiO NPs and the average crystallite size of 34 nm was
found. The UV-Vis absorption spectrum of NiO NPs showed a blue shift and is due
to the quantum confinement effect and the FTIR spectrum confirmed the successful
formation of the NiO material. The FESEM and HRTEM analysis confirmed the
cubic and rod-like morphology of NiO NPs. Further tests of photocatalytic activity
evaluated using MO dye degradation confirmed the catalytic efficiency of NiO NPs
and the observed activity was explained based on the surface roughness associated
with the particles.
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Chapter 19
Nanoenhanced Photocatalytic Approach
for Separation of Oily Emulsion
from Aqueous Effluents: Recent Trends,
Future Perspective and Challenges

Zaira Zaman Chowdhury, Ahmed Elsayid Ali, Arnab Barua,
Rabia Ikram, Nisha Kumari Devaraj, Khalisanni Khalid,
Mahfujur Rahman, Shahjalal Md. Shibly, Yasmin Abdul Wahab,
Rahman F. Rafique, and Badrul Hisham Mohamad Jan

Abstract Supply of clean, freshwater for safe consumption has become a greatest
challenge. Water resources are contaminated by anthropogenic as well as
man-made activities day by day. Thus, it is required to utilize advanced wastewater
treatment to ensure higher environmental protection and reuse the discharged water
effectively. Oily wastewater is extremely toxic for aquatic organism as well as
human being. Treating oil-contaminated water can be difficult because some of the
microscopic compounds are hard to eliminate. The currently used methods are
suitable for removing floating and suspended oily droplets from water. However,
these conventional methods are not efficient for eliminating small, finely dispersed,
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colloidal oily particles. Application of membrane filtration is also restricted up to a
certain extent due to fouling. In-depth research has been carried out to reduce
membrane fouling. This chapter overviews the conventional techniques for elimi-
nation of oils from aqueous effluents. The chapter focuses the limitations of the
conventional processes. The subsequent section of the chapter also illustrates the
importance of using photocatalytic membrane. The concluding part of the chapter
illustrates the future aspects of membrane technology and promising solutions
associated with membrane modification methods using photocatalytic and/or
hydrophilic nanomaterials and nanocomposite to enhance the permeate quality and
water flux.

Keywords Nanomembrane � Oil separation � Permeate � Water flux �
Photocatalyst � Hydrophilic nanocomposite

19.1 Introduction

Different industries namely petroleum, lubricant, oil refining and storage industries,
transportation, food and metal industries are discharging large amount of oily
pollutant in aquatic environment [1, 2]. This can adversely affect the quality of
surface and groundwater. It can affect the quality of soil and can cause serious
eco-toxicological hazards for environment [3, 4]. Thus, there is a crucial need for
more advanced, efficient, and inexpensive water treatment and recycling techniques
to separate oils from water. In order to develop these advanced techniques, it is
necessary to consider different types of inorganic and organic contaminants that are
dissolved into water with oily emulsions. These contaminants may involve dis-
solved minerals, industrial chemicals, gases, and polyaromatic hydrocarbons, dis-
solved organic materials mixed with oily wastewater [5, 6].

Presently, skimming [7, 8], flotation [9, 10], coagulation and flocculation [11,
12], electrocoagulation [7, 13, 14], centrifugation [4, 15], and biological methods
[16] are used to eliminate oil from water. These conventional techniques are effi-
cient for removing floating oil with a diameter greater than 150 µm or dispersed oil
with a diameter greater than 20 µm. However, to remove minute dispersed, dis-
solved, and emulsified oily particles, it is necessary to adopt novel approaches such
as membrane filtration process. Membrane separation can be combined with con-
ventional treatment to remove oil from aqueous effluents effectively. Based on pore
size, membranes can be classified into microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), forward osmosis (FO) and reverse osmosis (RO), as shown in
Fig. 19.1. For oil separation, mainly MD and UF are used widely.

The oily droplets will be rejected by the hydrophilic surface of the membrane
and ensure water transportation to enhance the flux. The major limitations for
membrane filtration process are fouling and flux reduction [18]. Membrane cleaning
to eliminate the foulants is relatively an expensive process. Moreover, the mem-
brane cleaning process can generate toxic chemicals and can reduce the lifespan of
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the membrane [19]. The aforementioned limitations can be resolved by increasing
membrane hydrophilicity which in turn will reduce the fouling of membrane.
Therefore, an ultra-hydrophilic membrane with nanoparticles is developed to sep-
arate oil particles from wastewater while preventing the attachment of oil droplets
onto the surface of the membrane and stabilize the filtration process effectively [20,
21]. This revolutionizing approach can significantly reduce the fouling of mem-
brane. Photocatalytic nanomaterials can be used to fabricate self-cleaning and
highly hydrophilic membranes. Basically, the photocatalytic nanomaterials can
decompose the organic compounds that are attached to the surface as foulants,
when they are activated by natural or artificial light [22, 23].

It can convert the organic pollutants into less or nontoxic materials in presence of
UV or visible light [23]. Solar light active super hydrophilic photocatalytic mem-
branes can solve the issues related to fouling and can ensure self-cleaning of the
membrane surface. Figure 19.2 illustrates the advantages and disadvantages of
different types of traditional membrane filtration process, so far used for separation
of oil from water.

The chapter provides brief overview on the conventional oil removal techniques.
Additionally, this chapter also discusses the advantages and disadvantages of
membrane filtration process for the elimination of oil from contaminated water.
Mainly, the chapter focuses on the fouling issue and its connection with the flux
reduction. The concluding part of the chapter describes about the future aspects of
membrane technology and promising modification methods via photocatalytic and/
or hydrophilic nanomaterials and nanocomposite for effective purification of oily
contaminants from aqueous stream.

Fig. 19.1 Different types of membrane filtration process based on pore size distribution. Modified
and redrawn from Ref. [17]
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19.2 Significance of Eliminating Oily Emulsion
from Aqueous Effluents

The complex mixture of oily emulsion contains droplets of oil, salts and surfactants.
It also contains lot of straight chain, saturated and branched hydrocarbons, aromatic
compounds, cyclic hydrocarbons, olifins, heavy metals and other sulfur and
nitrogen containing compounds [6, 24, 25]. The extent of contamination of aqueous
effluents by oil is dependent on the type, source, concentration, molecular weight
and volume of the oil. Presence oil in water can adversely affect the fauna and flora
of the aquatic environment [26]. The harmful impact of oily wastewater is caused
by poisoning, coating and asphyxiation. It can cause sublethal damage and can
reduce bacterial count, growth of plants, inhibit germination and root growth and
can kill earthworms [27]. This affects the crop production and quality of ground-
water [3, 4]. Oil contamination can affect human health and can cause damage of
DNA chain. It is recognized as carcinogenic, genotoxic, and mutagenic agent which
can cause autoimmune system disorder, allergies, breathing problems, natural
abortion, or even cancer [24, 28, 29]. The mass population is exposed to crude oil
contamination day by day. Thus, the amount of degenerative diseases was increased

Fig. 19.2 Advantages and disadvantages of different types of membrane filtration process used for
separation of oil from water
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whereby decreased life expectancy rate was observed [24, 30–32]. The scenario
highlights the importance of developing effective technique to treat oily wastewater.

Based on physical properties of the oil, it can be classified as:

(a) Free Floating Oil: The droplet size of free floating oil is around 150 lm and it
can easily float over the surface water

(b) Dispersed oil: The droplet size of dispersed oil is around is 20–150 lm and
they are electrically charged and form finer droplets. The constituents of dis-
persed oil are polyaromatic hydrocarbons and some selected alkylphenols and
these types of oils are sparingly soluble in water [27].

(c) Oily Emulsion: Oily emulsion has droplet size around 20 lm and they are very
stable compared to other forms [27].

(d) Dissolved oil: The transparent, water soluble oil is classified as dissolved oil
and the droplet size is around 5 lm [27].

Thus, the treatment of oily wastewater needs advanced method or combination
of techniques [31, 32]. Following section discusses about the treatment methods, so
far used for purification of oily wastewater including pros and cons of different
methods.

19.3 conventional Techniques Used for Oil Removal
from Aqueous Effluents

Conventionally oil is removed from water using skimming, flotation, coagulation
and flocculation, electrocoagulation, centrifugation, biological degradation, and
destabilization using chemicals. Some of these techniques are explicitly used to
reduce the chemical oxygen demand (COD) and biological oxygen demand
(BOD) in oil-contaminated water. Biological degradation process uses anaerobic
and aerobic bacteria to decompose the oily pollutants from water. These conven-
tional techniques are not efficient enough to treat complex wastewater having
multipollutants mixed with oils. The non-biodegradable organic pollutants present
in oily wastewater need advanced water treatment techniques [4, 18]. On the other
hand, the conventional methods have several advantages, such as the low opera-
tional cost and the relatively high efficiency in the case of biodegradation of floating
and dispersed oil and biodegradable organic compounds. For effective removal, one
or more conventional techniques can be combined together as a pretreatment step to
deal with complex oil mixture separation from water [33]. Figure 19.3 demonstrates
the pros and cons of using conventional methods for treating oily wastewater.
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19.3.1 Skimming

Skimming is a simple gravity separation technique that utilizes the density differ-
ence between water and oils. In this technique, oil rises at the top of the water and
solid particles sink at the bottom [34]. In fact, skimming is the most adopted
method to remove oil from water in different areas. American Petroleum Institute
(API) uses a specifically designed separator tank which can efficiently separate oil
droplets bigger than 150 µm [35]. Moreover, some separators contain parallel and/
or corrugated plates, designed specially to remove droplets bigger than 50 µm [36].
The skimming technique is efficient for eliminating large oil droplets. However, this
technique produces a large volume of toxic sludge at the end of the process. It is not
efficient for removing smaller, dissolved/dispersed oily particles from contaminated
water. Therefore, it is suggested to combine the skimming techniques with other
methods to enhance the oil removal efficiency.

Fig. 19.3 Advantages and disadvantages of conventional oil removal process
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19.3.2 Flotation

Flotation is another method that utilizes the density difference to separate oil from
water. However, the main working principle of flotation involves introducing air
bubbles inside the water to adhere oil droplets with water and raise them to the
surface. This occurs because of the density difference between the air bubbles and
water. The conventional flotation methods are classified into three following types:

(a) Air Flotation (IAF) Process: In this process, a mechanical agitator is used to
create air bubbles [9]. The high speed mechanical agitator can be combined
with air injection system to enhance the bubble formation.

(b) Electro-Flotation (EF) Process: In this techniques, micro-bubbles are produced
using direct current (DC) applied between two electrodes [29]. This will
electrolyze the water to produce micro-bubbles.

(c) Dissolved Air Flotation (DAF) Process: In this technique, consecutively high
pressure and low pressure are applied to generate bubbles inside the aqueous
stream [29].

The flotation method requires shorter retention time and higher loading rate. It
has higher efficiency compared to the conventional coagulation method. The
flotation method does not produce toxic sludge and has a fast separation rate [9].
However, this method is not efficient enough to separate emulsified, sub-micro and
nanoscale oily particles. The method requires extremely small bubbles, dormant
hydrodynamic conditions, or the addition of emulsion breaking compounds before
the flotation process. This will initiate discharging of extra chemicals and increase
the complexity of the process. The process will be time-consuming and not
cost-effective [8]. Hybrid systems are introduced to solve the challenges associated
with the flotation methods. In hybrid system, coagulation and/or flocculation can be
used together with IAF or DAF for effective separation of oils from water [37].

19.3.3 Centrifugation

Centrifugation is one of the oldest methods used to purify oil-contaminated water.
The technique uses centrifugal forces to increase the flow rate and treatment effi-
ciency. The centrifugation method has several advantages, such as the shorter
retention time and utilization of small equipment [8, 12]. The basic principle of the
centrifugation method is dependent on utilization of both buoyancy and drag forces.
Briefly, the generated buoyancy force moves droplets toward the upward separator
due to the density difference between the oil and water. Simultaneously, drag force
(opposes buoyancy) uses terminal velocity to separate oil droplets according to size.
The terminal velocity is generated when the drag force and buoyancy are equal [8].

It has been stated that centrifugation has excellent efficiency in purifying mineral
and semi-synthetic oil from water [12]. The removal efficiency was above 90%
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[12]. Nevertheless, the purified water can still contain up to 1500 mg/L of oil
particles. Thus, it is necessary to increase the performance of the centrifugation
method. Enhancing the separation efficiency of centrifugation can be achieved via
enhancing the buoyancy force and/or increasing diameter of the oil droplet [8].
Therefore, other treatment methods, such as coagulation/flocculation and flotation
are combined together to control the droplet diameter and increase the buoyancy
force.

Hydrocyclones are also used to create centrifugal force. The structure of
hydrocyclones contains simple cylindrical and conical parts and does not have any
moving parts. Fluid is injected tangentially via an inlet in the upper side of the
hydrocyclones. This creates a strong swirling motion and hence high centrifugal
forces. During the movement of the fluid in a spiral way, dense particles are forced
toward the inner wall and migrate toward the bottom of the device. Simultaneously,
tiny or low-density particles move toward the upper part. Regardless of the simple
structure and low cost of hydrocyclones, the process has very low removing effi-
ciency for oil droplets with a diameter smaller than 15 µm [38]. Therefore, to
enhance the separation performance, special hydrocyclones are designed in which
bubbles are generated to collide with oil droplets [38].

19.3.4 Destabilization Using Chemicals

Chemical destabilization is one of the most commonly used water treatment
methods that have been used for many years. The method involves the use of
chemicals such as coagulants and flocculants to neutralize the surface of the par-
ticles and agglomerate them to form bulky particles known as sediments.
Consequently, the larger particles can be easily removed via other techniques such
as skimming or flotation. Generally, the chemical destabilization technique is
preferred in many areas due to its simplicity, flexibility, and low-energy con-
sumption [11, 39]. Some of the commonly used coagulants to remove oil from
water are ferric chloride (FeCl3), aluminum sulfate (Al2(SO4)3), and polyaluminum
chloride (PAC) [15, 40, 41]. These coagulants have low purification efficiency, and
hence there is a need to develop more effective, low-cost coagulants. The
researchers used a system where poly-zinc silicate and anionic polyacrylamide was
mixed with oil-contaminated water prior to coagulation/flocculation method [42].
The system was very efficient to remove 99% of the oil [43]. It was stated that
application of zinc silicate and anionic polyacrylamide will enhance the perfor-
mance of coagulation/flocculation compared to conventional coagulants [43]. The
presence of zinc in the system will neutralize the charges of colloidal particles in
oily wastewater. Hence, it can reduce the turbidity, suspended solid contents and
COD of oil-contaminated wastewater.

Electrocoagulation is introduced to reduce the amount of toxic chemicals dis-
charged by the conventional coagulation method. In fact, the electrocoagulation
method requires a minimal amount of reagent to operate, and it produces a small
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volume of sludge [13]. The basic principle of the method is based on in situ
generations of coagulants via dissolving iron or aluminum ions electrically. These
generated ions attract small particles and negatively charged droplets.
Consequently, the droplets are separated by reducing the surface charges [42]. In
this process, hydrogen gas is generated at the cathode while metal ions are gen-
erated at the anode. The generated hydrogen is used to float the flocculated light
particles over the top of the water. Using aluminum in electrocoagulation will
effectively remove oil from water and lower the energy consumption [14].

19.3.5 Biological Treatment

Biological treatment is considered as one of the best methods for water treatment.
The method utilizes microbes to decompose organic contaminants and hydrocar-
bons in water. Examples of some microbes are genera Nocardia Corynebacterium,
Mycobacterium and Rhodococcus [43]. The working principle of the microbes
follows three processes, acetogenesis, fermentation, hydrolysis, and methanogen-
esis in aerobic or anaerobic conditions. During the process, the contaminants are
partly and slowly converted into less harmful and stable substances [4, 44].
Although the biological treatment is a simple and cheap method, it is inefficient for
removing oily pollutants. This is because oil pollutants are highly toxic materials
and contain deficient nutrients and several organic substances such as aromatics,
resins, asphaltenes, and saturated hydrocarbons. Consequently, the biological
microbes cannot degrade all the contaminates efficiently. For instance, polycyclic
aromatic hydrocarbons (PAHs) with high molecular weight are extremely difficult
to decompose [16, 45].

Typically, biological treatment methods are not classified under conventional
methods in different studies. Because several new technologies are conducted and
published every year to develop biological treatment, especially in oily wastewater
treatment. Some of the recently adopted technologies are up-flow anaerobic sludge
blanket [16], membrane bioreactor [46], and biological aerated filter reactor [47].
Nevertheless, these technologies are new and cannot be used to fulfill the need for
treating a large volume of oil-contaminated water for industrial scale.

19.4 Membrane Separation and Modification Process

Polymeric membranes are usually hydrophobic. The solids accumulate over the
surface of the membrane which reduces the water flux [27, 48]. Different types of
membrane modification were carried out to enhance the hydrophilicity of the
membrane surface. Figure 19.4 illustrated different types of membrane modification
process [49–51].
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19.4.1 Membrane Surface Modification

Membrane surface can be modified via physical or chemical methods. There are
several factors that are affecting the modification of the membrane surface. The
major factor is the interaction between the modifiers and the membrane. Membrane
modification can be carried out using coating the membrane with appropriate
modifiers to enhance its overall performance. The coating materials need to be
adsorbed over the surface of the membrane by electrostatic forces, van der Waals
forces and hydrogen bonding. In general, the strength of these secondary forces
which is responsible for adsorption is related to the characteristics of the polymer
surface, and surface modifier.

Grafting and plasma treatment methods are widely used to modify the surface of
the membrane as these two methods can modify the surface without affecting the
bulk properties of the membrane [1, 28, 52]. Physical immobilization is a widely
used technique to modify the membrane surface (Fig. 19.5a). This technique can be
achieved by dipping the membrane into the colloidal solution of the modifier
materials [52]. This form secondary interactions which strengthen the bonding
between membrane and the modifier [52]. The surface coating process can be used
to enhance the surface roughness besides the hydrophilicity of the membrane.
Polyamide-based RO membrane was coated with polydopamine which reduces
membrane roughness and fouling resistance during oily wastewater treatment [53].

Fig. 19.4 Classification of membrane modification process
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Despite its significant advantages, physical adsorption and desorption have some
limitations such as leaching over time [27, 28].

Surface grafting is another modification technique used to improve the perfor-
mance of membrane filtration. The basic principle of surface grafting revolves
around the immobilization of functional groups onto the membrane surface via
covalent bonds (Fig. 19.5b, c). In comparison with physical immobilization, surface
grafting enhances the stability of the membrane. PAN membrane was grafted with
perfluoroalkyl groups and the flux reduction was decreased by 13% [54]. Ceramic
supported polymeric UF membranes were grafted with zirconia [55, 56]. The oil
rejection rate was between 45 and 65%. The system was free from irreversible
fouling.

19.4.2 Blending Modification

Blending is the most preferred modification technique for enhancing membrane
performance. In fact, blending modifications has some special characteristics over
other techniques due to its low cost, simplicity, and versatility. Moreover, the
blending method helps in controlling the desired properties of the produced
membrane. Primarily, the blending technique is conducted during the phase
inversion process where the polymers are transformed from liquid to solid phase.
The modification materials are added to the polymer casting solution during the
membrane fabrication process [20, 21].

Polyethylene glycol was blended with PSF membrane to enhance the filtration
process [57]. Results revealed that the presence of polyethylene glycol had
increased the membrane porosity significantly and the flux was also increased.
Another research group blended the PSF membrane with other three types of
polymeric materials including, PEI, PVP, and PES. The blended membranes are
used to treat oil-contaminated water. The modified systems showed significant
increase in flux, hydrophilicity and oil retention ratio. This is related to the obvious

Fig. 19.5 Distribution of modifiers in membrane using different types of modification process
a Surface coating. b Surface grafting. c Blending
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reduction in gel layer formation on the modified surface. PSF/PVP had exhibited
the best removal performance among the different types of blended membranes.

PES membrane was blended with CA to remove oil contaminants from water.
The researchers compared the performance of both pure PES and PES/CA blended
membrane. The results showed that the pure PES has a stable flux of 27 L/m2 after
60 min, meanwhile, the PES blended with CA has achieved a stable flux of 27 L/
m2 after 150 min. The increase in the flux is related to improved membrane
hydrophilicity. Similar to other modification methods, blending has some draw-
backs such as the limitation on the amount of particles remained on the membrane
surface. This is because most of the particles are retained inside the bulk material
which causes reduced efficiency of the membrane [58].

Many studies investigated the possible methods to enhance the performance and
antifouling properties of the membrane in treating oily wastewater. Ceramic
membranes are used lessly than the polymeric membranes. Ceramic membranes are
difficult to modify to target certain contaminants from wastewater. Table 19.1
summarizes the list of polymeric membrane which has been used successfully used
to eliminate oil from water.

Table 19.2 summarizes the list of inorganic membranes which have been used
effectively for treating oily wastewater. Nanoenhanced membrane filtration process
involves the application of certain nanomaterials for the membrane fabrication

Table 19.1 Removal of oil using polymeric membrane

Polymeric
membrane

Modifiers Initial
concentration

Rejection
% of oil
(%)

Residual
oil (mg/
L)

Flux
(L/
m2h)

Ref.

PS Nil 1000 >99.9 <20 – [59]

Nil 300 87 30 – [60]

PVP &
PEG1

– >90 <10 – [61]

7 100 65 at
31°

[62]

PES Pluronic
F127

– – – 83 [63]

– PVP – 98.2–99.5 – – [64]

– PVP 78 99.7 2 84.1 [65]

– Cellulose
acetate/
PEG

– 88 – 27 [47]

Polyacrylonitrile PDA/
HPEI2

– −98.5 – 1600 [66]

Polyamide – 10–40 >96 – 624 [67]

PVDF Nil 10,000 Permeate
is oil 77

2300 – [68]
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process. It is assumed that nanomaterials will revolutionize the water treatment
technologies, especially for purification of oil-contaminated water.

19.4.3 Nanoenhanced Membrane Modification

In the last years, nanomaterials have been employed intensively in water treatment,
due to their unique physiochemical properties. Nanomaterials are also involved in
the modification processes for a membrane to improve the filtration of oily con-
taminants [81–83]. Modification of membrane can change the porous texture of the
membrane. Moreover, nanomaterials are used to ensure a uniform coating and
control the fouling problem associated with the membrane via increasing the
hydrophilicity as well as water flux and rejection rate of the contaminants.
Incorporation of nanomaterials can enhance the stability, porosity and charge
density of the membrane [84]. The type and amount of nanomaterials used for
membrane modification need to be optimized carefully. Furthermore, the modifi-
cation methods also can control the amount of added nanomaterials [84–86]. It was
revealed that a small amount of nanomaterials can enhance the membrane
hydrophilicity, but it can reduce the pore size. On the other hand, high content of
nanomaterials can reduce the pore size dramatically and increase the agglomeration
which results in blocked pores and lower treatment efficiency [55, 87–89].
Nanomaterials grafted or coated over the surface do not alter the membrane

Table 19.2 Removal of oil using inorganic membrane

Inorganic
membrane

Initial
concentration of
oil (mg/L)

Rejection
(%) of oil

Residual
oil (mg/L)

Flux (L/m2h) Ref.

a-Al2O3 250 98–99 3–5 30–40 [69]

a-Al2O3 2000 96–98 40–80 163 [70–
72]

a-Al2O3 75 95 4 – [73]

c- Al2O3 on
a-Al2O3

support

Refinery waste – – 113 [74]

ZrO3 6000 99.8 9–11 120–170 [75]

ZrO2-TiO2 10,000–24,000 79–91 – – [76]

TiO2 32–5400 99.5 – – [77]

TiO2 333 98 8.3 85 at 20 °C,
210 at 70 °C

[78]

TiO2 on mullite
support

200 92–97 6–16 – [79]

a-Al2O3 and
mullite

250–3000 84–94 – 58–105 [80]
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structure significantly. But blending with nanomaterials can increase the porous
texture of the membrane [81, 84, 85, 90]. Oil separation was carried out using
zirconium oxide coated Al2O3—ceramic membrane [91]. The study revealed that
the thickness of the fouling layer was reduced due to the presence of ZrO3 nano-
layer. Moreover, the nano-coating has increased the oil repulsion which results in a
simple washing process for oil droplets and improved the flux recovery. The
hydrophilicity of membrane is also improved with the addition of nanoparticles.

SiO2 nanoparticles were used to functionalize PSF membrane which improve the
water flux during treating oil-contaminated water. In their system, the water flux has
increased from 1.08 to 17.32 L/m2h [92]. The antifouling properties increased with
the amount of added SiO2, which made the modified membrane easier to wash. To
increase the oil removal performance of the membrane, the researchers blended
CuO2 nanoparticles with PES membrane, and they found that the permeability, pore
diameter and antifouling properties increase with the increase in the amount of
added nanoparticles [93]. Earlier, oleic acid solution was used to modify the surface
of the blended PSF/ZnO membrane [94]. Their results indicated a significant
increase in the hydrophilicity, flux rate, and permeability. However, increasing the
amount of the nanoparticles above the optimum limit result in a sever agglomer-
ation and reduce the membrane performance. Alumina nanoparticles were blended
with PVDF membrane and the water flux was improved to 100% [95] (Table 19.3).

Table 19.3 Oil Removal results using nanoenhanced organic/inorganic hybrid membranes

Membrane
structure

Modifiers Feed oil
concentration
(mg/L)

Oil
rejection
(%)

Residual
oil (mg/L)

Water flux
(L/m2h)

Ref.

PES MnO2 1000 −100 – Good
recovery

[96]

PVDF Al2O3 15.5 98 <1 160 [97]

TiO2 – 98.8 – 82.5 [96]

TiO2 and
PVP1

250 94 15 72 [98,
99]

Silane/TiO2 – 99 – −350 to
600

[100]

TiO2/Al2O3 200 – <50 70–160 [53,
101]

SiO2 – – – 2500 [102]

Fluorinated
SiO2

Cooking
wastewater

– – 18–20 [103]

Cellulose
acetate (CA)

Clay 200 93 14 – [104]

PVP1 is polyvinylpyrrolidone
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19.5 Fouling Challenges for Eliminating Oils from Water
Using Membrane Separation Process

Membrane fouling is the accumulation of solid contaminants on the surface and
pores of the membrane during the filtration process. It is caused by inorganic solids,
organic colloids and macromolecules, microorganisms, and soluble inorganic
compounds [28, 52]. It is classified into organic fouling, inorganic fouling, scaling,
and biofouling. Fouling is caused by the accumulation of oil droplets while scaling
is caused via precipitation of salts, hydroxides over the surface during oil separation
[45]. The concentration and physiochemical properties of the feed water can reduce
or increase the fouling. Moreover, the membrane characteristics such as the
hydrophilicity, the roughness of the surface, and charge properties also can alter the
rate of fouling [22, 23]. The ambient conditions of the process can influence the
formation of the fouling layer. This includes temperature, flow velocity, applied
transmembrane pressure, and recovery rate [54, 56]. The mechanism of fouling is
affected by the electrostatic and van der Waals forces between the contamination
particles and the membrane surface.

Temperature, ionic strength, oil droplet size, pH value, and concentration of the
oil can affect the interaction between the foulants and the membrane surface. In case
of removing oily contaminants, oil droplets can easily form a hydrophobic layer on
the surface of the membrane to reduce the water flux. This results in reducing the
life span of the membrane and complicate the cleaning process. Economically, the
flux reduction will result in higher energy consumption and increase the total
treatment cost. Thus, enormous studies were conducted to eliminate the challenges
using nanoenhanced photocatalytic membrane for removal of oils from water.

19.6 Significant Application of Photocatalytic Membrane,
Degradation Mechanism and Performance
Evaluation

The membrane separation process to filter oil from water has many limitations, such
as the high operational cost, complexity, and the need for periodical cleaning
processes. Usually, membranes are cleaned using chemicals that are discharged into
the environment and cause secondary water pollution. The cleaning chemicals
reduce the lifespan of the membrane and increases the total cost of the filtration
process [19]. Therefore, researchers are adopting a new approach where hydrophilic
photocatalytic nanomaterials are used to develop and enhance the self-cleaning and
antifouling properties of the membranes. Photocatalytic membranes have great
potential to decompose the fouling contaminates into nontoxic substances. Hence, it
is an eco-friendly approach because it does not require any discharging of chem-
icals into the environment and it can use solar light irradiation after band gap
modification to degrade the organic contaminants [22, 23].
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Photocatalysts are synthesized from semiconductor metal/metal oxide that can
be activated via photons interactions. In order to activate the photocatalyst, photons
need to have sufficient energy to create holes (h+) and electrons (e-) [105]. The
basic principle relies on the activation of electrons to jump from the valance band
(VB) to the conduction band (CB). Due to presence of solar or UV light, electrons
gain energy and transfer from VB to CB. Simultaneously, when electrons move to
CB, positive charge holes are generated in the VB. Thus, the process creates
electron/hole pairs. These photogenerated pairs are used to oxidize organic con-
taminants and reduce the electron acceptor like surface adsorbed molecular oxygen.
Usually, the electron/hole pairs are recombined to produce heat within a very short
period of time −10 to 100 ns [106]. The photocatalytic degradation will decompose
the organic contaminants into nontoxic materials such as water, carbon dioxide, and
inorganic ions like nitrate and sulfate. Photocatalysis mechanism of a semicon-
ductor is illustrated by Fig. 19.6 [106].

In order to complete the photocatalytic reactions, the produced oxidative radicals
(•OH/OH

−, and O2/O2•
−) must have a redox potential within the bandgap of the

given photocatalyst (Eo
•OH/OH- = 2.8 eV, Eo

•O2/O2- = −0.16 eV). Nanomaterials
with lower bandgap require less energy to transfer the electrons from VB to CB
[107]. Therefore, it is necessary to choose a nanomaterial with good photocatalytic
properties. It is preferred to use a material with modified bandgap using composite
semiconductor-based photocatalyst having slower electron/hole pairs recombina-
tion rate (Fig. 19.7) [106].

Recently, photocatalytic nanocomposites are integrated with membrane separa-
tion process. Nanocomposites or hybrid photocatalysts are a combination of two or

Fig. 19.6 Photocatalysis mechanism of a semiconductor photocatalyst
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more semiconductor materials. The use of nanocomposites has enhanced the
photocatalytic activity of the modified membrane-based treatment system. When
photons interact with the composite, charge separation, only takes place inside the
material with a lower bandgap. Consequently, the electrons from the material with
lower bandgap transfers to the CB of the materials having higher bandgap. This
reduces the number of electron acceptors, and oxidation occurs on the surface of the
first nanomaterial [108]. Hybrid photocatalysts can be activated under wide range of
wavelengths. Additionally, the system can separate the electron/hole pairs effec-
tively. Integration of hybrid photocatalyst with the membrane can enhance the
filtration process significantly [109].

As mentioned in the previous sections, photocatalytic wastewater treatments are
considered as advanced oxidation processes (AOPs). In this regard, the use of
photocatalysts in membrane reactors (photocatalytic membrane reactors) can be
achieved in two different methods. The first method relies on the immobilization of
photocatalysts onto the membrane surface (Fig. 19.8a), while the second method
uses the suspension of photocatalysts [110] (Fig. 19.8b, c).

Both types of Photocatalytic membrane reactors are used for degradation of
organic contaminants from water. However, the suspended photocatalysts have
exhibited a greater active surface area and hence has high degradation efficiency
compared to immobilized catalystic membrane reactor system. Nevertheless, the
suspended photocatalysts reactor has several limitations, such as fouling and flux

Fig. 19.7 Photocatalysis mechanism of a composite semiconductor photocatalyst
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reduction [106]. On the other hand, immobilized photocatalysts can show superior
performance due to their high hydrophilicity. One of the main factors in selecting
proper photocatalytic materials for membrane fabrication is its’ stability. It is
important to use a material with excellent stability when exposed to UV irradiation
under harsh environment. Therefore, more studies focus on developing a
UV-resistant photocatalytic polymeric and ceramic membrane [111].

Recently photothermal materials are used with membrane to enhance its’ per-
formance. Photothermal materials have two significant advantages. They can use
light to adsorb photons, and they also can generate heat to enhance the decom-
position rates. Compared to photocatalysts, photothermal materials can use a wider
range of the solar spectrum, where photocatalysts are limited to their
bandgap. Generally, the photothermal materials used in water treatment have higher
solar absorption capability [112, 113]. CO3O4 and CuO are more frequently used
photothermal catalyst to degrade the organic compounds [114]. Nanocarbons are
frequently used as photothermal catalyst [115]. Photocatalyst or photothermal
catalysts-based nanocarbon (Graphene, Graphene oxide, reduced Graphene oxide,
carbon nanotubes) composites have different unique features such as the large
surface area, high optical absorption rate, the ability to convert light to heat, great
thermal and mechanical stability, and low density [115].

Different types of polymeric membranes (CA, PVDF, PTFE, PP, PES, PAN, PS,
and PC) were modified using nanomaterials [116]. The results revealed that PAN,
PTFE, PVDF-based composite membranes were stable under UV light for more than
30 days. The addition of nanomaterials improved the degradation performance of the
membrane. The researchers found that the PVDF and PTFE membranes have higher
stability under UV irradiation. The immobilization of photocatalyst over the mem-
brane surface is dependent on several factors such as the type of membrane and
reactor, filtration conditions, and the characteristics of the applied photocatalysts.

Fig. 19.8 Photocatalytic membrane reactor a The catalyst in immobilized in/on the membrane;
b and c the catalyst in suspension form; in (b) light source over catalyst (c) light source is over
membrane
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Several studies focus on membrane stability under UV light initiated oxidative
conditions [117–119]. They examine the stability using different types of analyzing
techniques, such as measuring the flux and rejection rate and observing the mor-
phological features of the membrane using SEM, FTIR, or XRD analysis. ZnO
blended PVDF membranes were used for water treatment [117–119]. The mem-
brane exhibited great stability under UV light for several repeated cycles (15
cycles). Surface modified photocatalytic membranes were stirred with water and the
turbidity was measured. Turbidity tests were carried out to confirm the stability of
immobilized TiO2 nanoparticles [118]. Blending modification causes leaching of
nanoparticles during fabrication stage of the membrane. Thus, membrane modified
by blending shows least leaching during the operation of the photocatalytic
membrane. Compared to grafting and coating, blending modification is better as it
is more stable during the cleaning process also [119].

The stability of photocatalytic membrane should be observed for longer period
under UV light, oxidative environment, and in presence and adherence of oily
droplets over the membrane surface. Until recently, different types of nanophoto-
catalysts including titanium dioxide (TiO2), zinc oxide (ZnO), copper oxide
(CuO2), tin oxide (SnO2), zinc sulfide (ZnS), tungsten trioxide (WO3), and cad-
mium sulfide (CdS) were used for water treatment. Among these materials, TiO2 is
the most commonly used nanoparticles applied for membrane modification. This is
due to its’ low cost, high chemical stability, abundancy, and photocatalytic prop-
erties [106].

19.6.1 TiO2-Based Photocatalytic Membrane

The special photocatalytic and hydrophilic properties of TiO2 make it a good
candidate for modifying membrane surface. Different researches examined the
stability of the modified membrane under UV irradiation. Previously performance
of ten types of polymeric membranes was compared. The results revealed that TiO2

improve the UV resistance for PAN, PTFE, and PVDF membranes. Moreover, the
authors analyzed the morphologies of TiO2 coated membranes and studied the
change in flux rate. Similarly, the stability of some commercial PSF + PP,
fluoride + PP, and PAN-based membranes modified with TiO2 was investigated
under UV light. Blending TiO2 with the PES membrane enhances the porous
structure of the membrane and the membrane was fouling resistant [120].

Earlier TiO2 was coated and blended with three different types of membranes
polymeric (PAN, PSF, PVDF) membranes [121]. The researchers used the mem-
brane in a bioreactor system to filter activated sludge. They found that presence of
photocatalyst can enhance the antifouling properties to give better filtration per-
formance. Moreover, the result revealed that TiO2 deposition has better antifouling
effects compared to blending TiO2 with the membrane.

Earlier the performance of TiO2 coated membrane was also investigated for
separation of whey protein [19]. As fabricated membrane showed better
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photocatalytic and hydrophilic properties with enhanced flux. However, flux
declination will take place if the loading of photocatalyst is not carefully monitored.
TiO2 modified membrane is used widely to treat different types of wastewater such
as industrial waste, disinfection, dairy, textile, and agricultural wastewater.
However, TiO2 modified nanomembranes are introduced recently for purification of
oil-contaminated wastewater.

The performance of TiO2 coated ceramic membrane was observed for treating
oily wastewater [122]. The hydrophilicity of the membrane enhanced the water flux
to 150%. A further study used TiO2 coated dynamic ceramic membrane to treat
engine oil [123]. The physiochemical structure of the membrane inhibited pore
blocking and thereby showed better antifouling properties. Three different types of
glass fiber were coated with TiO2 and were used for oil filtration [79]. Simple
cleaning processes was used to clean the surface of the modified glass fiber, and it
could be washed several times. The modified filtration membrane was highly
hydrophilic and could reject oil efficiently. TiO2 coated stainless-steel meshes was
fabricated using a spray coating process [124]. The filtration process was driven by
gravity. Thus, it was less energy-consuming process. They found that the oil
removal is affected directly by the superhydrophilic and superoleophobic properties
of the membrane.

TiO2 was grafted onto PVDF membrane to fabricate hydrophilic membrane
[122]. The contact angle of the membrane decreased from 123° to 32°. The
modified membrane showed great antifouling properties. Certainly, the system
required simple washing procedures to prevent flux declination. The stability of the
membrane was examined under saline and acidic condition, but not under alkaline
environment. Earlier TiO2 coated PVDF membrane was used to treat oily water.
Nevertheless, the membrane showed almost 100% water flux after washing the
photocatalytic membrane with distilled water. The presence of salts affected the
stability of the photocatalytic membrane. As the concentration of the salt was
increasing, the photocatalytic coating was destabilizing which limits the application
of the photocatalytic membrane. Same research group also prepared TiO2-deposited
PAN membrane to filter oily water. PVDF mixed matrix membrane was blended
with 1D PANI/TiO2 nanofibers for separation of oil from water [122]. The increase
in the nanomaterials reduced the water contact angle. Meanwhile, the flux increased
from 80 to 132 L/m2L. The antifouling tendency of the membrane was increased
with 99% oil rejection efficiencies. TiO2-based photoreactor was used to oxidize the
petroleum refinery wastewater [53]. The solution was later on filtered using PVDF
membrane blended with a multiwalled carbon nanotube (MWCNTs) to separate
oxidized particles and photocatalyst from water. The photoreactor decomposed over
80% of the contaminated water under UV light after six hours. The results of this
research showed that photocatalytic membrane reactors have great potential in
degrading oil containing hydrocarbon pollutants from wastewater.

TiO2 nanoparticles are used for membrane modification due to their special
characteristics such as the abundancy, low cost, eco-friendly and photocatalytic
properties. Recently, many researchers have stated that TiO2 also can be toxic for
the environment if it is leached out from membrane surface. TiO2, can be well

584 Z. Z. Chowdhury et al.



activated under UV light to degrade the oil from water On the other hand, TiO2

nanomaterials exhibit poor degradation efficiencies for crude hydrocarbon con-
taining oil under solar irradiation [125]. Application of UV light source with
membrane requires more operational cost. Therefore, attention has been drawn
toward developing visible light active photocatalytic materials to be used for
membrane modification [19] This can be achieved by doping TiO2 with other
nanocluster metal/metal oxides prior to blending with the membrane. The bright
future of oil removal from the aqueous effluents is dependent on the development of
solar light active superhydrophilic photocatalytic membrane. These types of
membranes will have great antifouling properties, easier cleaning process, and will
not require energy as it will use solar light irradiation.

19.6.2 Novel Metal/Metal Oxide-Based Composite
Photocatalytic Membrane

In recent years, several studies have focused on the development of highly efficient
photocatalysts for pollutants degradation. Generally, there are two approaches for
developing photocatalysts; the first is to reduce the recombination rate of electrons
and holes, and the second approach is to increase the visible light activity [106].
The first approach can be undertaken via preparation of composites materials,
which will have high photon utilization efficiency. The second approach is to
modify the photocatalyst to reduce its band gap value. In that case, it will be
sensitive under solar light irradiation [106].

Halloysite nanotube (HNT) and/or CNTs are used as composites materials to
improve the photocatalytic efficiency of TiO2. Presence of HNTs and CNTs can
block the recombination of electron and holes produced under UV light [1].
Incorporation of tungsten trioxide (WO2) with TiO2 can reduce the recombination
rate of electrons/hole pairs and can improve the photocatalytic and visible light
activity of TiO2 [126, 127].

Recent studies stated the possibility of improving the photocatalytic properties
and lifespan of TiO2 by doping it with zeolite, silica (SiO2), clay, and metals like
copper (Cu), gold (Au), silver (Ag), platinum (Pt), and palladium (Pd) [108, 127–
130]. Doping of TiO2 with other metal oxide nanoparticles can also enhance the
decomposition of organic contaminants under UV light. Some of the popular and
widely used metal oxides are ZnO, SiO2, CdS, and zirconium dioxide (ZrO2) [185].
Recently bismuth vanadate (BiO2) was used to synthesize Ti-free semiconductor
photocatalyst which was efficiently used for water treatment [131].

As mentioned in the previous sections, carbon-based materials are used widely
to improve the general performance of membrane filtration. Reduced graphene
oxide (rGO) is recently used to enhance the light absorption and contaminates
adsorption of the photothermal reactor. rGO has many advantages, such as the high
photothermal activities and the ability to maintain and redirect photogenerated
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electrons. Moreover, rGO is also used with TiO2 for composite fabrication. This can
improve membrane stability, photocatalytic activity, optical properties, and
hydrophilicity [132, 133]. The stability of TiO2-based membrane is one of the main
concerns during the modification process [134]. Despite the outstanding perfor-
mance of the above-mentioned studies, there are still several disadvantages related
to these modified membranes. It is essential to study the stability of the photocat-
alytic nanocomposites inside the membrane matrix. Furthermore, it is important to
observe the durability of the membrane under UV irradiation.

19.7 Comparative Performance Evaluation for Using
Different Types of Membrane

The performance shown by different types of polymric, inorganic and hybrid
organic/inorganic membranes is discussed in previous section. The advantages and
disadvantages of ceramic-based membranes are summarized in Fig. 19.9.

The performance of a ceramic-based (Al2O3/ZrO2) membrane was compared
with a polymeric membrane (poly(vinyl chloride) or PVC) for treating oily
wastewater [135]. Fabrication of polymeric membrane involves less cost. However,

Fig. 19.9 Advantages and disadvantages of ceramic membranes
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superior performance was exhibited by ceramic membrane as it showed higher oil
removal efficiencies with fouling resistant properties [136].

Another study used four types of ceramic membrane (Al2O3, ZrO2, TiO2 and
SiC) and compared their performance with polymeric PES/PVP-based microfil-
tration (MF) membrane [137]Fouling was reversible and showed the order PES/
PVP * Al2O3 * ZrO2 > TiO2 > SiC. Irreversible fouling tendencies were shown
by following membranes in the order of: PES/PVP > ZrO2> Al2O3 > TiO2 > SiC.
Fouling is a major limitations in membrane separation process. It was highlighted
that very stable membrane structure is needed to resist fouling and withstand the
cleaning procedure of the membrane [138]. The phenomenon of fouling would
greatly reduce the percentage of oil removal [139].

Earlier fouling mechanism was discussed by researchers and it was concluded
that fouling in MF membrane proceeds by four stages—initially standard blocking,
secondly whole structure blocking, intermediary blocking, and lastly cake layer
deposition (Fig. 19.10). The declining trend of the flux can be predicted using the
cake filtration model [140]. Enhancement of pressure from 0.5 to 4 bar can sig-
nificantly decrease the porous texture of the cake layer and it was decreased from
25.7 to 15.0% [140].

Polyamide thin film UF membrane was used for treating fuel oil and it was found
that fouling mechanism followed cake filtration model. Multiple components are
presents in oily feed and the colloidal features of the oil make the fouling process
more complicated [141]. Four different process of fouling took place simultane-
ously and block the pores completely during the fuel oil treatment. The mechanism
of fouling was well explained earlier using Polysulfone (PS) and cellulose-based
UF membranes [137]. At the early stage, cake formation took place, later the
growth of cake layer was increasing and the layer was compressible. In that case,
high pressure was needed. Application of high pressure can enhance fouling rate
[137]. For higher pressure, the flux was around 15 L/m2h. If the operating pressure

Fig. 19.10 Stages of
Membrane Fouling a standard
blocking, b complete
blocking, c intermediate
blocking and d cake layer
formation
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was kept at slightly lower level, then the fouling rate was relatively lower and in
acceptable limit.

Application of pickering emulsion can decrease fouling during oil separation
using UF membrane (Fig. 19.11) [142]. Magnetic nanoparticles having diameter
less than 600 nm were mixed with poly wastewater to obtain pickering solution.
Presence of nanoparticles over the oil droplets inhibited the contact of oily mole-
cules with membrane surface. This will prevent fouling. The smaller pore size of
UF will allow the transportation of water while rejecting the oils to pass through it.

19.8 Future Perspective and Challenges for Using
Photocatalytic Membrane

Application of TiO2 to some extent was not successful enough and the drawbacks
are listed in Table 19.2. However, application of binary nanocomposites or some
novel photocatalytic composites active under visible light can considerably increase
the water flux, alleviate the fouling, and improve the rate of rejection and degra-
dation ratios with time.

For using different types of photocatalytic membranes for treating oily
wastewater, following crucial factors should be considered:

(a) Due to the interaction between the membrane surface and the nanocomposite,
the properties of the fabricated membrane can be completely different in terms
of their hydrophilic properties, distribution of pores and contact angle, etc.

Fig. 19.11 Separation of oil using pickering solution to mitigate fouling. Redrawn from Ref.
[142]
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(b) Before incorporating any types of photocatalyst with the membrane, the
interaction mechanism between the membrane and the photocatalyst needs to
be carefully analyzed. It was reported also that nanocomposites itself also can
aid in fouling and affect membrane performance adversely.

(c) The size of oil droplets, ionic strength, concentration, properties of the oil can
significantly affect the water flux, type of fouling and elimination rate of the pollutant.

(d) The final photocatalytic degradation and filtration efficiencies are dependent on
process condition-like temperature, pH, contact time, transmembrane pressure,
periodical cleaning and replacement of the membrane.

(e) The doping of photocatalyst with the membrane matrix needs to be optimized
or else it can endanger the performance of the membrane by decreasing the
hydrophilicity, widening pore size, reducing water flux and rejection rate,
enhancing the depthness of the fouling layer, etc.

(f) Until now, in most of the studies; the performance of the photocatalytic
membrane was characterized by using methylene blue dye, owing to its fairly
fast degradation rate and it can be measured using a simple analytical tool-a
spectrophotometer. In most of the studies, the dye degradation using photo-
catalytic membrane was around 90% [143, 144].

(g) Synergistic impact of photocatalysis and membrane separation process has
some technical challenges associated with light type (UV or visible), distance
between light and membrane surface, position of light source, wavelength,
contact time for efficient degradation of organic pollutant, etc., which needs to
be resolved before practical filtration operation [143, 144].

(h) Hydrophilicity and oleophobicity of the properties of the membrane need to be
studied carefully for fouling mitigation

(ii) Rejection of oil droplets by the membrane with high permeate quality,
(ii) Selectivity in separation to separate oil from water and
(iii) Prevents the accumulation or adhesion of the oily droplets over surface

of the membrane to reduce the pore clogging and enhance the trans-
portation of water [145]. The foulants particles from the dynamic
membrane containing hydrophilic layer can be removed by back wash-
ing with water as illustrated by Fig. 19.12.

In most of the research, photocatalysis was carried out prior to membrane fil-
tration or filtration by membrane followed by secondary stage of photocatalytic
degradation and cleaning process [152]. In-depth research is needed which can
combine photocatalytic degradation and self-cleaning of the membrane surface
instantaneously.

(a) The stability of the membrane in case of treating oily wastewater under UV,
visible light, state of oxidative environment, pressure drop and adherence of the
oily particles needs to be considered in situ without making general conclusion
about the applied constituent materials of the membrane and the nanomaterials
itself.
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(b) The application of photocatalyst depends on the type of membrane matrix, type
and design of the reactor, process conditions, etc.

(c) Earlier studies reported better antifouling and/or self-cleaning characteristics
with desirable permeate quality and rate, enhanced photocatalytic activity
(under UV and visible light), and superior stabilities under laboratory scale
setup.

Nevertheless, even after several encouraging achievements; still lot of challenges
required to be overcome for the large scale application of photocatalytic membrane
for oil separation. Future studies need to emphasize these points and carefully
considered to resolve those obstacles:

(a) Nanomaterial leakage of photocatalyst from the membrane surface after
long-term operation needs to be investigated.

(b) For durability studies of the photocatalytic membrane, standardized protocols
are necessary to make comparative evaluation of the process. Long-term sta-
bility tests need to be carried out under practical conditions.

Fig. 19.12 a Dynamic membrane having hydrophilic layer. b Hydrophilic membrane trapping the
oil accumulation and rejecting oily molecules. c Back washing using water to remove foulants
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(c) For successful implication of the method, cost analysis for membrane fabri-
cation as well as operational expenses needs to be summarized for large scale
application.

(d) Lastly, operational challenges associated with membrane cleaning needs to
consider. Cleaning membrane surface with solar light can be a promising
solution in that case.

19.9 Conclusion

Presence of oily emulsion in water can endanger aquatic organism and well as
human beings. Careless discharge of oily wastewater can damage environment.
Thus effective, advanced technique is needed to eliminate the oily emulsion from
aqueous effluent. To comply with the stringent discharge limits, the conventional
methods (skimming, centrifugation, chemical destabilization, flotation, and bio-
logical treatment) are not efficient enough, as those methods failed to eliminate
submicron and nano-micron, colloidal, emulsified droplets of oils.

Compared to conventional methods, membrane filtration process is considered
as a promising alternative to treat oily wastewater. Several types of membrane,
mainly UF, NF, MF and RO has been utilized to remove oils from aqueous
effluents. The constituent materials of the membrane were also varied from poly-
meric to inorganic-ceramic membrane to meet the required specifications. However,
the phenomenon of fouling with reduced water flux is still a major limitation of
membrane separation process.

In order to improve the membrane performance, surface modification or incor-
poration of photocatalytic nanoparticles in controlled about is necessary.

Integration of photocatalyst will enhance membrane hydrophilicity. This will
enhance the water flux and degradation rate of pollutant. Photocatalytic membranes
are fouling resistant and have self-cleaning aptitude which made them superior than
the other conventional membranes. The synergistic effect of photodegradation and
antifouling will reduce periodical replacement and cleaning of membrane resulting
less expenses for membrane plants.

Until recently TiO2 has been widely used as photocatalytic membrane for oil
separation. However, it can operate under UV light effectively. This made the
system somehow complicated up to certain extent. Prolonged contact time under
UV irradiation can destroy polymeric network of the membrane. In this context, if
visible/solar light active photocatalyst can be incorporated with membrane, then the
process can be excellent and economically feasible. Visible light active photocat-
alytic membrane can have following advantages:

(a) Improvement of membrane performance due to antifouling properties
(b) Less Expensive and easy mode of operation, frequent replacement of mem-

brane leading to undesirable plant shut down can be reduced making the pro-
cess cost-effective
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(c) Automatic self-cleaning of membrane is possible after certain interval of time
(d) Ecofriendly, cleaning without addition of chemical is possible
(e) Enhanced degradation with high water flux

The design and development of photocatalytic membrane for large scale appli-
cation are also dependent on the stability of the membrane in presence of harsh
physical or chemical-oxidative environment. Optimized incorporation of catalytic
materials inside the membrane matrix is highly desirable to make the membrane
leaching free. Otherwise, leaching of nanophotocatalyst can cause secondary pol-
lution of aqueous stream which can pose serious threat for living organisms over
time.

In-depth research is ongoing to overcome these challenges and ensure eco-
friendly approach for separation of oils from water using membrane technology.
Polymeric photocatalytic membranes have several advantages such as less fabri-
cation cost, easier processability, and relatively less energy consumption. Have
disadvantages of short lifetime making the overall process complicated.
Ceramic-based inorganic membrane doped with photocatalyst can exhibit
antifouling properties and higher oil removal efficiencies. However, the fabrication
cost for ceramic-based photocatalytic membrane is higher. The major obstacle of
ceramic-based photocatalytic membrane needs to be resolved. Thus, it is necessary
that more research works should be carried out to analyze the fouling mechanism
and provide innovative solution for designing cost-effective, antifouling membranes
for commercial scale application in near future.
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Chapter 20
Photocatalytic CO2 Reduction

András Sápi, Rajkumar Thangavel, Mohit Yadav, János Kiss,
Ákos Kukovecz, and Zoltán Kónya

Abstract CO2 emission is a problem and the world needs technologies using
CO2 as a fuel to produce important chemicals such as methanol or
C>2+ chemicals. Due to the high energy demand of the stable carbon dioxide
molecule, thermocatalytic methods are using high-temperature or pressure for
tangible yield and selectivity. One option to concentrate the energy input is to use
alternative methods such as photochemistry, electrochemistry, etc. In this chapter,
we will focus on the usage of heterogeneous photocatalytic methods for producing
valuable products from CO2 under UV and visible light irradiation. We focus on
the main parts as electron structure of CO2 and photoexcitation of such molecule;
UV light and visible light assisted CO2 photoactivation in the gas phase over
TiO2 based and other catalysts; Liquid phase CO2 activation and the designing and
upscaling techniques for CO2 converting photoreactors.

Keywords Carbon dioxide � Thermocatalytic methods � Visible light � UV light �
Methanol � C>2+ chemicals

20.1 Introduction

Recently, the advancement in scientific developments have been increasingly rising
to provide human society with ample conveniences and concurrently, instigating
the reckless usage of the finite energy resources. By the year 2040, the growth in
global energy demand is expected to increase by 27–28% [1]. At present, most of
the energy needs are met by the burning of fossil fuels such as natural gas, oil, coal
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and if this process continues the remaining fossil fuel reserves could be exhausted
in the future [2, 3]. In addition, the excessive burning of fossil fuels leading to a rise
in greenhouse gas (CO2), which is the primary source of global warming and also a
threat to the environment. At this rate the amount of CO2 level in the atmosphere is
predicted to increase from 400 to 750 ppm and the global temperature could pos-
sibly increase by 10–15 °F [4, 5]. Also, CO2 being a thermodynamically stable
compound resist absorbing the additional energy for its reduction. The incessant
burning of non-renewable fossil fuels and the fast-diminishing rate of the current
resources are escalating the need for development of an alternate sustainable energy
solutions, which can directly combat and process the ever-increasing emissions of
CO2.

Until now, various techniques such as biological fixation, photoelectrochemical
reduction, catalytic conversion, thermochemical and electrochemical conversion,
carbon capturing and storage (CCS), etc., have been utilized for the CO2 reduction
[6, 7]. However, these techniques have suffered certain limitations, for instance, the
biological fixation of CO2 by microalgae leads to the formation and regeneration of
enzymes [8]. Likewise, the electrochemical reduction of CO2 requires high power
electrical energy, therefore; the efficiency is lowered and there is instability of the
electrode [9]. In addition, the CCS is one of the broadly researched technique with
substantial efficacy, however; there is high environmental risk involved in the
leakage from geological storages, and the high cost of transportation and com-
pression also limits its practical applicability [10]. Similarly, the catalytic and
thermal conversion is an efficient technique which utilizes transition metals as
catalysts for the reduction of CO2 into CO and CH4. Nonetheless, due to the
exothermic reaction with high-temperature and pressure, the economic viability of
the process is low [11].

In recent times, photocatalytic reduction of CO2 has been emerged as one of the
most promising techniques owing to its economical and eco-friendly characteristics.
This technique operates on the solar energy and water, which are abundantly
available, and also, there is negligible emission of carbon [12, 13]. This technique is
similar to an artificial photosynthesis process, which converts H2O and CO2 into
useful solar fuels such as formic acid (HCOOH), formaldehyde (HCHO), methanol
(CH3OH), CO and CH4 under solar light irradiations. Until now, various photo-
catalysts for instance graphitic carbon nitride (g-C3N4) [14], lead selenide (PbSe)
[15], bismuth sulfide (Bi2S3) [16], cadmium sulfide (CdS) [17], zinc sulfide
(ZnS) [18], zirconium oxide (ZrO2) [19], gallium oxide (Ga2O3) [20], gallium
phosphide (GaP) [21], tungsten oxide (WO3) [22], zinc oxide (ZnO) [23], and
titanium dioxide (TiO2) [24] have been exploited for photocatalytic reduction of
CO2. Among the aforementioned photocatalysts, TiO2 has been considered
expansively owing to its exceptional characteristics such as non-toxicity, avail-
ability, and high chemical stability. Nonetheless, the photocatalytic execution of
TiO2 is efficient under UV light irradiations but it suffers from the fast-recombining
tendency of the photoinduced charges [25–27]. In this regard, certain methodolo-
gies have been executed to boost its photocatalytic activity such as modulation and
surface modifications in the morphology, development of heterojunction with other
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semiconductors for effectual charge transference, and effective parting of the
photoinduced charges [28], surface plasmons and doping with nonmetals and
metals, etc., to improve the activation of CO2 [29–31].

This chapter provides current perspectives on the state of the art of photocat-
alytic hydrogenation of CO2 over TiO2-based and other photocatalysts, with a focus
on reactor setups and material engineering. A comparative examination of existing
systems, photoconversion rates, and the use of innovative designs to boost selec-
tivity as well as new prospects for future growth, vital for photocatalytic reduction
of CO2 has been addressed. The effect of various operating and morphological
parameters on the efficacy and selectivity of CO2 photoreduction has been
reviewed. Moreover, the outlooks in the advancement of the TiO2-mediated pho-
tocatalysis for CO2 photoreduction has been presented.

20.2 Structural Studies of CO2 Adsorbates and Activation
of CO2

Before investigating the activation and transformations of CO2 to valuable com-
pounds, it is very desirable to summarize the bonding and structural characteristics
of CO2. CO2 includes two equivalent C=O bond lengths that provide a linear
geometry with bond angle of 180°. At the ground level, the electronic arrangement
of O and C atoms are 1s22s22p4 and 1s22s22p2, respectively. The O and C atoms
require 6 and 4 e− to complete their octet. The CO2 molecule shares 16 e− in the
molecular orbitals i.e. 8 e− occupying 4 r orbitals, and the remaining 8 are posi-
tioned in 2 p orbitals [32, 33]. The ground state molecule is expected to be linear
with molecular orbitals as presented in Fig. 20.1.

From the diagram, it is clearly seen that the carbon dioxide molecule is very hard
to bring in excited level. In the first excited level, the electron is generated to the
2pu

* molecular orbital. The first important task in the CO2 heterogenic catalysis,
including the photoinduced process, is the activation of the linear CO2 molecule by
an electron donation to the lowest unoccupied (LUMO) molecular orbital from the
substrate (catalysts) upon adsorption. In the formed anionic CO2 (CO2

−) molecule
contains 17 electrons in the valence orbitals. This negatively charged anionic CO2

exhibits a bent structure. The undistorted linear neutral and anionic CO2 modes are
displayed in Fig. 20.2.

Most of transition metal surfaces the CO2 adsorbs molecularly and the physi-
sorbed state does not convert to chemisorb state. Using a branch of surface science
techniques (UPS, XPS, IR, XPS, NEXAFS, and HREELS) it was established that
CO2 adsorb reversible, it desorbs molecularly without any distortion of its
molecular structure. The adsorption of CO2 on a certain face of Ni, Fe, Cu
chemisorption occurs and bent, negatively charged CO2 is formed [34, 35]. Possible
coordination sites of CO2

d− is represented in Fig. 20.3. However, it should be
emphasized that electropositive adatom (especially alkali metals) may promote the
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activation of carbon dioxide and initiate the dissociation (C–O bond breaking).
Alkali modification causes fundamental changes in the adsorption mode; elec-
tronegative alkali promotor induces electron transfer to the antibonding orbital of
CO2.

Fig. 20.1 Molecular orbital of linear CO2. Reproduced from Ref. [32]

Fig. 20.2 Schematic illustration of coordination modes of neutral and anionic CO2
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Negatively charged CO2 was detected on Rh(111) [36–38], on Pd(100) [39], on
Pt(111) [40, 41] and on Ru(001) [42]. It was generally concluded, that the activated
bent, negatively charged CO2 transformed to oxalate and carbonate during heat
treatment. The electronegative additives, like adsorbed oxygen results in a
chemisorption of CO2. Nice example for this adsorption is the Ni(111) surface,
where the activated CO2 and carbonates were identified by ARUPS and HREEL
during coadsorption [43]. On RuO2(001) surface physisorbed CO2, chemisorbed
CO2

d−, carbonate and dimerized form CO2* CO2
d− were detected by HREEL [44].

Non-thermal, photo-assisted activation at adsorbate/metal interface may occur in
many cases via substrate excitation with photon energy above 193 nm even at very
low temperatures (90 K) [45–47]. In photochemistry, the incident photons in a
certain way trigger the surface chemistry at the adsorbate/metal interfaces. The
incident photons are absorbed by the metal surface to photogenerates the e−_h+

pairs which are delocalized and transported at the interface to trigger the chemical
reactions at the surface. The mechanism of excitation is the central point in pho-
toinduced chemical reactions at metal surfaces. White et al. divided the possible
processes into three classes: (1) direct optical excitation of molecule (adsorbate/
substrate complex) [48, 49], (2) optical excitation of substrate to produce photo-
electrons above the vacuum level [50], and (3) optical excitation of the substrate to
produce “hot” electrons below the vacuum level [51]. In the case of CO2 the
photochemistry attempts have not resulted in positive results on clean metal sur-
faces while the CO2 has not unfilled orbital below the vacuum level and the first
unfilled unoccupied 2pu

* level is far above the vacuum level. However, the pho-
toinduced activation of CO2 was successful when the noble (transition) metal
surfaces were modified with potassium [52, 53]. The potassium adatom decreased

Fig. 20.3 Schematic presentation of the bending and stretching vibrations in bent CO2
−

coordination. Reproduced from Ref. [33]
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the work function of metals dramatically (by *3.5 eV) [36, 37, 54–56]. In this
way, the unfilled orbital of CO2 upon adsorption moves just above the vacuum level
and the ejected photoelectron could attach to the CO2 molecules forming negatively
charged molecules. An attempt was made to photolysis the adsorbed CO2 in the
presence of coadsorbed hydrogen or halogens. In contrast with the electropositive
potassium adatoms, illumination of the coadsorbed system did not produce acti-
vated carbon dioxide. It is in harmony with the high work function of H- and
halogen (Cl, I)-covered metals.

In surface photochemistry, one of the most important factors is the lifetime of
generated excited molecules by light irradiation. In the case of metals this lifetime is
rather low therefore the cross-section of photoinduced process also low, in the case
of CO2 the photochemistry cross-section is around 10–18–10–20 cm2. The quench-
ing from the excited state to ground state occurs rapidly. In view of the sophisti-
cated necessities that are required to be fulfilled by a photocatalyst (ample
light-absorbing ability, suitable charge transference, instant charge migration sta-
bility and kinetics, etc.), it is evident that the semiconductors exhibit better char-
acteristics, which are important in photocatalysis. The semiconductors have
sufficient band gap energy (Eg = Ec − Ev) which allows excited e− to migrate from
the VBM to the CBM, thereby; creating an exciton upon light absorption � the Eg

of the semiconductor [57–59].
If the charge separation is large enough, charge transport can occur to the

adsorbed molecule, including CO2, and the formed CO2
d− has enough lifetime to

generate further reaction paths. The electron transport from light irradiated semi-
conductor to CO2 molecule is represented in Fig. 20.4. A direct IR spectroscopic
evidence was found for the formation of chemisorbed CO2 on pure TiO2. An
enhancement of intensity bands due to CO2

− at 1640 and 1219 cm−1 was detected
during illumination by the full arc of an Hg lamp [60].

Fig. 20.4 Representation of
CO2

− formation on
semiconductor due to light
irradiation
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20.3 UV Photo Activated Reactions of CO2 on TiO2 Type
Catalysts

In the literature, the bulk optical characteristics of TiO2 rutile and anatase phases are
well-reported [61–63]. The photocatalytic execution of TiO2 owing to its advan-
tageous characteristics, such as economic viability, ready availability, chemical
stability, high oxidation potential occurred as an expansive topic of research in
comparison to other semiconductors. It is relatively cheap and readily available
Similar to a typical semiconductor, TiO2 gets activated under UV radiations to
produced photoinduced charges, which results in high optical absorptivity due to
strong redox entities on the surface as observed by photoacoustic and photocon-
ductivity characteristics [64, 65]. The probability is large at the lowest photon
energy to generate the charges, which can be appeared as the coupling of the
highest DOS around the VBM and CBM. [66]. Both the TiO2’s polymorphs coexist
at this point which occurs at � 4.0 eV. It is very-well held that the Eg values of
TiO2 in rutile and anatase phases are direct and indirect, respectively. The recent
observations are in agreement with the past evaluations that the Eg values for these
transitions are 3.0 and 3.2 eV, respectively. [67]. This value offers hope that the
TiO2 can be widely used as photocatalyst in many reactions.

The suitable thermodynamic properties (including bandgaps) do not ensure
satisfactory photocatalytic efficacy. The heterogeneous photocatalysis is usually
governed on certain steps, which begins with the absorption of the incident light,
then the charge excitation and parting is triggered followed by the charge migration,
transference, recombination, and lastly utilization of the charges for the photocat-
alytic execution [68]. Moreover, the resulting photocatalytic efficacy is largely
affected by the cumulative consequences of the aforementioned steps. Considering
the sophisticated necessities, the active development of TiO2 has intrigued our
understanding with a novel category of TiO2-based entities [69–79]. Owing to their
large specific surface area, huge ion-exchange capacity, the TiO2-based entities
guarantee large dispersion of metal on/in their geometry and thereby; making them
appropriate for catalytic applications.

The photochemical activity of TiO2-like and other semiconductors is appreciably
boosted by the deposition metal nps as dopants [59, 80, 81]. The photocatalytic fate
of a semiconductor is scrutinized by the rate at which the photoinduced charges
recombine. The presence of crystal defects, impurities, and the nature of the
semiconductor can have a negative or positive influence on the recombining ten-
dency of the e−_h+ pairs [82]. In addition, using noble metals as dopants in the
semiconductor’s matrix can substantially quench the recombining ability of the
charges as they adequately sink the e− [80–86]. The e− sinking mechanism in
n-type semiconductors for instance TiO2 is analyzed by the Schottky barrier that
restricts the e− from moving backwards towards the semiconductors from the metal
[87]. TiO2-based entities have been listed in many reports for the CO2 reduction
[25, 27, 59, 88–95]. Three most important reactions should be discussed separately,
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which are outstanding in carbon dioxide transformations: (i) CO2 + H2O,
(ii) CO2 + CH4, and (iii) CO2 + H2.

20.3.1 Photocatalytic CO2 + H2O Reaction on Titania
and Titania Derivates Catalysts

We summarize the CO2’s photoreduction with H2O on TiO2-like catalysts under
UV light. The thermal driven chemistry is almost impossible from thermodynamic
point of view. Not only the carbon dioxide photolysis but also the water splitting is
an extremely important step in surface photochemistry. While the photosynthesis in
biology is well-known and well-studied process, it is hardly reproducible in labo-
ratory circumstances. Thanks to Fujishima and Honda, who have succeeded to
photochemically decompose water on n-type TiO2 by the light energy without any
applied electric field in 1969 [96]. This finding offered the hope to study the
photoinduced water splitting and the CO2 + water reaction. From the end of the last
century, a relatively large number of attempts and studies were published about this
reaction obtained on pure and modified TiO2 [19, 58, 97–108].

The photoinduced reaction between CO2 and water resulted in CO and hydro-
carbons using TiO2-based catalysts have been widely studied [89, 93, 100, 102–
109] implying that the reaction is primarily triggered by the production of two vital
radicals, i.e.,.CO2

− and.OH. A varied series of products with the CO2’s photore-
duction such as CO, CH4, CH3OH, H2, C2H4, C2H5OH, CH2O and HCOOCH3

were detected on most of tested TiO2-like catalysts [109]. The conversion and
reaction products are depended on the modification of the titania. Until now, there is
no general agreement on the reaction mechanism, however; numerous reports have
implied the possibility of two reaction pathways, which rely on the CO2 hydro-
genation and dehydrogenation rates [93]. If the CO and CH4 are produced, the
deoxygenation is quicker in comparison to the addition of the H2. The CO2 pho-
tocatalytic reduction with water produces mainly CO on Fe/TiO2 catalysts [105]. In
this case, the deoxygenation is a favored path:

TiO2 þ hm ! hþ þ e� ð20:1Þ

< Oxidization>

H2Oþ hþ ! OH� þHþ ð20:2Þ

�OH� þH2Oþ hþ ! O2 þ 3Hþ ð20:3Þ

<Reduction>
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CO2 þ e� ! CO�
2 ð20:4Þ

CO�
2 þ 2Hþ þ 2e� ! COþH2O ð20:5Þ

Transiently formate may also form and it decomposes to CO product:

CO�
2 þHþ þ e� ! HCOO� ð20:6Þ

HCOO� þHþ ! COþH2O ð20:7Þ

The low-dimensional nano-TiO2 photocatalysts produced CH4, the yield on Pt/
TiO2 nanotubes were more remarkable [109]. It was assumed that photoexcited
CO2 is reduced to active carbon via formation of CO, and the active surface carbon
is hydrogenated to alkyl radicals, which give methane. On decorated TiO2 nano-
fibers with Pd or Pt particles formation of CH3OH, HCOOH, and HCOOCH3

(methylformate) photoproducts were observed. Sensitizing Pd/TiO2 or Pt/TiO2 with
semiconductor CdSe quantum dots, gives two possibilities i.e. improved yield and
positive influence on the reaction’s selectivity [102]. Cu adatoms on TiO2 resulted
in a higher CH3OH selectivity in photo-assisted reaction [107, 108]. Based on the
experimentally detected products complex reaction steps were suggested supporting
with DFT calculations [94, 102]:

HCOOþH ! HCOOH ð20:8Þ

HCOOHþH ! H2COOH ð20:9Þ

H2COOH ! CH2OþOH� ð20:10Þ

CH2OþOH� þH ! CH2OþH2OðgÞ ð20:11Þ

CH2OþH ! CH3O ð20:12Þ

CH3OþH ! CH3OHðgÞ ð20:13Þ

HCOOHþCH3OH ! H2OþHCOOCH3 ð20:14Þ

The proposed reaction pathways in 20.8–20.14 steps have been formerly wit-
nessed in similar reports over varied surface range [110]. Figure 20.5 displays the
reaction pathway on an TiO2 (anatase) based on fast hydrogenation mechanism.

The measured reaction energy for reduction of CO2 is depicted in Fig. 20.5(b).
The absorption of CO2 at a Ti5f spot on the anatase TiO2(101) reveals a stable
arrangement with ΔEads * −017 eV, as reported previously [111]. The triggering
force for CO2 photoreduction with TiO2 is observed to be the difference observed at
the surface under irradiation between VBM of TiO2 to the corresponding redox
potential at the surface (−3.2 eV) [112].
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20.3.2 TiO2 and TiO2-based Catalysts for Photocatalytic
Reduction of CO2 with CH4

In the past few decades, the atmospheric concentration of the greenhouse gases, i.e.,
CH4 and CO2 have shown a monotonic increase, which along with other gaseous
contaminants such as chlorofluorocarbons are contributing immensely to the global
warming [113–116]. The valuable formation of syngas as a result of dry refor-
mation reaction between CH4 and CO2 could be a possible solution to the problem.
However, the process is not cost-effective to fulfill the energy demand, also, at the
required temperature the catalysts are simply deactivated [117]. Photocatalysis
shows an efficacious way remove the thermodynamic limitations of this
endothermic process. The endless supply of solar energy can be stored in the form
of the product’s chemical bonds, which can be used for photoexcitation [94, 118].

There have been certain studies involving the usage of TiO2-based entities for
photocatalytic CO2 reforming of CH4. For instance, Shi et al. evaluated the pho-
tocatalytic execution of Cu/CdS–TiO2/SiO2 at 473 K under UV exposure [119]. At
lower temperatures CO and ethane, while higher temperatures acetone was the
dominant product. This innovative approach opened a new door for the application
of varied TiO2-based entities for CO2 reforming with CH4 at optimized tempera-
tures. In another study, TiO2 coated on stainless steel mesh adequately led to the
photoreduction of CO2 with CH4 to generate HCOOH and CH3COOH [120]. To
obtain uniform distribution of particles and reduce the agglomeration of the cata-
lyst, calcination can be employed, also; all TiO2 samples that undergo calcination
displayed a red shift in the light absorption in comparison to the TiO2 (pure),
primarily owing to the narrowing of Eg [121]. About 48.7 and 37.9% conversion of
CH4 and CO2 were witnessed under optimized conditions. In addition to that,
methyl formate and methyl acetate were observed to be the final products [122]. On
pure TiO2 the photocatalytic synthesis of formate and acetate derivatives from CO2

and CH4 may take place with the following reaction steps:

Fig. 20.5 a Geometrically optimized structures of the diverse range of intermediates along CO2

reduction performed on the anatase TiO2(101) surface. b ΔER during CO2 reduction, as described
in 4–13 steps. In this case, the limiting step is the hydrogenation of HCOOH. Reproduced from
Ref. [19]
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TiO2 þ hm ! hþ þ e� ð20:15Þ

CH4 þ hþ ! CH�
3 þHþ ð20:16Þ

CO2 þ e� ! CO��
2 ð20:17Þ

CH�
3 þCH�

3 ! C2H6 ð20:18Þ

CH4 þCO��
2 ! CH3COO� þH� ð20:19Þ

CH3COO� þ Hþ ! CH3COOH ð20:20Þ

CO��
2 þ H� ! HCOO� ð20:21Þ

CH3COOHþCH�
3 ! HCOOCH3 þH� ð20:22Þ

Tahir et al. immobilized TiO2 nps on a montmorillonite (MMT) clay particles as
novel support system as MMT has the tendency to reduce the length of the charge
transfer and assists TiO2 in enhancing the adsorption of CH4 and CO2 within the
interlayers and on the surface [123, 124]. The photocatalytic execution of
as-fabricated support was witnessed to be 2.52 folds greater in comparison to the
bare TiO2. Along with CO, C2H5OH and CH3OH were also obtained as byproducts
with high selectivity of 0.19% and 19%, respectively.

The one-dimensional, layered titanates opened a new direction not only the in
thermal chemistry, but in the photochemistry field. This TiO2-like nanostructured
system could increase the e−_h+ parting and facilitate the incorporation of nitrogen
and lanthanum in the structure [94, 124, 125] and due cation exchange capacity
ensure high metal dispersion creating new active sites for photo activations [69, 72–
78]. Under UV light exposure, the formation of photoinduced charges was occurred
on rhodium or gold promoted TNT, subsequently; the e− and h+ migrated to the
energetically favorable locations. In addition, e− possessed higher possibility to be
appeared on the metal nps owing to the Fermi level equilibration (Eq. 20.24), which
was witnessed between the oxide and metal [83].

TNT e�; hþð Þ � TNT e�ð Þ þ TNT hþð Þ ð20:23Þ

TNT e�ð Þ � M e�ð Þ ð20:24Þ

The hole (h+) activates methane according to step (20.16) As it is
well-demonstrated, that the hydrothermally prepared nanostructures (TNT) contain
structural and surface water, which can be also photoexcited, and hydroxyl radical
is produced. Higher activity was witnessed in the photocatalytic CH4 conversion
with the substantial addition H2O to the system, which played a prime activity in
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the oxidation reaction [115]. The.OH radicals are powerful oxidants that rapidly
oxidized CH4 in a radical-assisted reaction and the.CH3 radicals were adsorbed on
the surface of the metal surface.

OH� þ CH4 ! H2O þ CH�
3ðMÞ ð20:25Þ

The formed methyl radical can decompose or dimerize rely on the characteristics
of the metal. The excited CO2 radical may react with activated hydrogen according
to steps (20.21) producing different products.

The TiO2 along with titanate nanorods has been coupled with metal nps i.e. Au
to take advantage of the LSPR phenomenon in photocatalytic activity [70, 81, 83].
It has been shown that the titanate nanotubes coupled with Au nps exhibited
substantially improved photocatalytic efficacy in comparison to the Au/TiO2

(anatase). However, the pristine titanate nanotubes did not show much activity
solely. The plasmon absorption’s intensity at 2.31 eV was witnessed to be greater
with Au/TNT as compared to Au/TiO2 [86, 116]. Meanwhile, the migration of e− to
the reactants from the metal was more advantageous. It was also witnessed that the
LSPR-led photo effects substantially affected by the characteristics of TiO2 for
instance, crystallinity, surface area, shape, and size. It can be inferred that the TNT
has a positive influence to disperse the metal nps in this context. In addition, the
TNT can stabilize metal nps (Au and Rh) in the smaller range (*<3 nm) [72, 77,
86, 116]. The metal clusters in smaller molecular form for instance in Au25 can be
attached firmly to the TNT’s defect sites, which could directly participate in the
photo-driven reactions. In some cases, the CO2 in the dissolved carbonate form can
work as h+ sinks, subsequently boosting the parting of the e−_h+ pairs [126]. In
addition, HCO3

− trapped by the h+ can produce.OH radicals also (20.15) that can
boost the activity. The Fig. 20.6 represents the proposed complex photochemical
processes in CO2–CH4–H2O system on nanostructured titanate modified with Rh
and Au nps.

Fig. 20.6 Schematic representation of photochemical process in CO2-CH4-H2O system on
nanostructured titanate modified with Rh and Au nps. Reproduced from Ref. [116]
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20.3.3 Photochemical Reduction of CO2 with Hydrogen
on TiO2 Based Catalysts

Photocatalytic transformation of CO2 with H2 to beneficial resultants is a fasci-
nating technique for obtaining the two-fold advantages of producing the solar fuels/
chemicals and normalizing profuse atmospheric CO2 heights. TiO2 and TiO2-based
entities, precisely 1D (nanowires, nanotubes, etc.) and 2D (nanosheets, nanolayers)
structures demonstrate good candidate for photocatalyst materials [19, 113, 127]. Fe
and Pd decoration of TiO2 enhanced the photochemical activity of TiO2 [105, 106].
CO2 photoreduction over various Rh/TiO2 samples were studied [128]. The activity
was witnessed to be lowered upon the reduction of Rh to be in a completely
metallic state in Rh/TiO2 and the resultant product varied from CO to CH4. Cu
deposition due to improved parting of the photoinduced charges had a positive
effect on the formation of CO and CH4 [129]. The combination of photo and
thermal energy boosted the triggering force for photocatalysis, which led to the
efficacious photo-thermo catalytic reduction of CO2 with the as-optimized photo-
catalyst i.e. Ru/TiO2 [130]. TiO2 nanorods loaded Ag nps improved the photore-
duction CO2 to CH4 under UV–visible light exposure [131]. Also, the formation of
heterojunction Ag-NPs/TiO2 NWs core–shell composite led to the efficacious
photoinduced hydrogenation of CO2 to CO under visible light exposure [132]. The
photocatalytic evolution rates of CO were substantially boosted with the addition of
Ag nps acting as a shell on TiO2 NWs.

In another study, reverse water gas shift (RWGS) reaction has been used in a
monolith photoreactor to reduce the CO2 over TiO2-modified with In and Au [133],
and CO was witnessed as the key species with every photocatalyst, and along with
CO some other products such as C3H6, C2H6, C2H4, and CH4 were also identified.
The quantum efficiency of CO with the Au-In/TiO2 catalyst was observed to be
0.79%, which was 1.5, 5.64, and 105 times higher in comparison to Au/TiO2,
In-doped TiO2 and un-doped TiO2 catalyst, respectively. The generated induced h+

and e− resulted in breaking of O–C–O bond, development of C–O, C–H, and O–H
bonds. According to thermodynamic scheme, CO2 molecules requires 20, 18, 14,
12, 8, and 2 e− to be transformed into C3H8, C3H6, C2H6, C2H4, CH4, and CO,
respectively (Fig. 20.7):

CO2 þ e� ! O � CO� ð20:26Þ

H2 þ 2hþ ! Hþ þ Hþ ð20:27Þ

CO2 þ 2Hþ þ 2e� ! CO þ H2O ð20:28Þ

CO2 þ 8Hþ þ 8e� ! CH4 þ 2H2O ð20:29Þ
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2CO2 þ 12Hþ þ 12e� ! C2H4 þ 4H2O ð20:30Þ

2CO2 þ 14Hþ þ 14e� ! C2H6 þ 4H2O ð20:31Þ

3CO2 þ 18Hþ þ 18e� ! C3H6 þ 6H2O ð20:32Þ

3CO2 þ 20Hþ þ 20e� ! C3H8 þ 6H2O ð20:33Þ

The lower Fermi level of Au in comparison to TiO2 allowed the transfer of
photogenerated e− from the excited states of TiO2 to Au nps under UV light
exposure, which resulted in the excess of e− to get accumulated in the Fermi level
of the metal that boosted the TiO2’s reductive potential. The positive and negative
charged plasmas were parted because of the localized SPR of Au nps, and the
lifetime of the charges prolonged as a result of redox mechanism enhancement
[134].

Fig. 20.7 a The related redox potential of CO2 and energy band alignment of Au, TiO2 (anatase)
under 254 nm UV light exposure, b reaction representation for hydrogenation of CO2 with
oxidation–reduction mechanism and c adsorption–desorption mechanism in a monolith photore-
actor. Reproduced from Ref. [133]
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The gold decorated titania and titanates are an excellent examples for when the
thermal and photoinduced chemistry can lead to very different products using the
same reactant feed [90, 135]. It was observed that the size of Au nps on the surface
had crucial effect on the resultant performance of the used catalysts that were
activated thermally for the hydrogenation of CO2 [135, 136]. During thermal cat-
alytic reactions of CO2 + H2, mostly CO and water are the products, while in the
photochemical process it is CH4 to come to the forefront [90, 135]. As was pointed
out that the nanostructured 1D titanates, titanate nanotubes (TNT) exhibit excellent
properties, which are very useful in catalytic point of view due to its large surface
area, and cation exchange properties [69–78]. The characterization techniques such
as HRTEM, XPS, UV–visible spectroscopy revealed that the TNT samples com-
prised of Au clusters and Au ions i.e. Au+ in much smaller sizes (*d < 3 nm) most
possibly in Au25 form. The results implied that Au nps in the smaller size lost their
electronic characteristics which can be witnessed in the bulk form. In addition, the
plasmonic excitation properties were also found to be relatively larger in the Au
nanocrystals. The exchanged gold ions and partially positive charged
molecular-like Au25 can represent excess energy levels in TNT’s band structure that
helps in trapping of the photoinduced charges, thereby; prolonging the lifetime of
the e−_h+ pairs. On the contrary, the presence of Au+ ions as surface active sites
boosted the reduction of CO2 by synchronizing the e− rich areas of the byproducts
similarly to the O2 vacancies.

The principle change in accordance with the thermally induced reaction was
observed to attain CH4 as the main product in all the cases. The Ch4 formation is
limited to the UV irradiation intervals. Based on the reaction products (CH4 and
water) and the intermediates which formed in the adsorption (CO2*

−, CO3
2−,

HCO3
−) and in the surface reaction (HCOO), it is proposed that the reduction of

CO2 via photocatalytic means occurs via surface formate [135]. The production of
surface formates from carboxylate radical anions according to Eq. (20.34)

CO��
2 Ti4þð Þ þHþ

TNTð Þ þ e� ! HCOO�
Ti4þð Þ ð20:34Þ

The Au+ weakens the C=O bond and coordinates the formate. The forming
surface species are not relatively stable and can lead to further reduction (Fig. 20.8).
Decisively, the formation of CH4 occurs via short period of time methoxy inter-
mediate. The intermediates obtained after the photo-hydrogenation after formate
possess a short lifetime period as they were not identified via IR spectroscopy. The
proposed photocatalytic transformation of formats on the Au/TNT displayed in
Fig. 20.8.
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20.4 Visible Light Driven Photoreduction of CO2

The transformation of CO2 via photocatalytic means to chemical feedstocks and
fuels have been a fascinating approach to reduce CO2 emissions and meet the
energy demands [137–140]. Semiconductor-based photocatalysis is a capable
methodology to obtain chemical energy to solar energy. Various photocatalysts
such as TiO2 [141–143], ZnO [144] and SrTiO3 [145] have been utilized.
Moreover, the efficacy of the photocatalytic process is still quite low, due to the
rapid electron-hole recombination rate, wide band gap which is unsuited for the
lower efficacy of redox reactions and absorption of visible light. The photocatalytic
process involves firstly, light absorption and the production of e−_h+ pairs by the
photocatalyst, secondly, the parting and migration of photoinduced charges to the
surface of the photocatalyst, and finally, CO2 can be reduced into carbonaceous
fuels by the photoinduced e− in the CB, while H2O would be oxidized into oxygen
(O2) by the photoinduced h+ in the VB of a photocatalyst in the photocatalytic
system of an aqueous solution or H2O vapor [146].

Photocatalytic transformation of CO2 relies firmly on the protons and e−

involved as summarized in Table 20.1 [147].
Visible light (VL) (*43%) in comparison to UV (*5%) of the incident solar

light, thereby; producing VL-response photocatalysts is of great importance for
efficacious solar energy conversion and utilization. In recent years, various
VL-active photocatalysts have been produced for the transformation of CO2 via
photocatalytic means.

Fig. 20.8 Schematic representation of the photocatalytic conversion of formates on Au/TNT
catalyst surface. The gold cation boosts the weakening of the C=O bond. Reproduced from Ref.
[135]
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20.4.1 TiO2 Based Photocatalysts

TiO2 is most promising photocatalyst because it is chemically stable, economically
viable, nonhazardous, and easily accessible. Moreover, the efficacy of TiO2 for
transformation of CO2 is still very less because of its high Eg value of 3.2 eV,
which bounds its applicability in UV region along with quick recombining ten-
dency of the photoinduced carriers resulting in lower photocatalytic efficacy.
Numerous methodologies such as Eg modulation, deposition of noble metals, and
development of heterojunctions with other entities have been implemented to
improve the VL absorption capability and the efficacious parting of the photoin-
duced carriers [148]. Asahi et al. studied the TiO2 anatase’s electronic band
structure with varying doping entities such as S, P, F, N, C and observed that the
doping of N narrowed the Eg and boosted the photocatalytic efficacy in the VL
region probably owing to the mixing of O 2p valence band of TiO2 with the N
2p level. This study is assumed as a revolution in VL photocatalysis [149].
Producing a distorted geometry by TiO2’s surface modification increased the
VL-response. Chen et al. prepared black anatase TiO2 nanoparticles through
hydrogenation and showed photocatalytic H2 production under near IR and VL
absorption with a smaller Eg (1.0 eV). 0.2 mmol of H2 per hour was generated on
TiO2 (black) loaded with 0.6 wt% Pt in a CH3OH–H2O solution that was about 2
times greater to various other semiconductor photocatalysts that have been reported
earlier. The boosted photocatalytic efficacy was ascribed to the development of
lower-energy midgap electronic states that delayed the recombining tendency of the
photoinduced charges (Fig. 20.9) [150].

The oxygen vacancy sites in the TiO2 makes it VL photocatalyst and also the
activation sites for the CO2 photoreduction [151–153]. TiO2 nanocrystals deficit of
O2 with co-exposed (101) and (001) facets were reported with comparatively large
quantum yield (0.134%) for the reduction of CO2 to CO by H2O vapor and 4 times
higher efficacy in comparison to TiO2(P25), TiO2 (101) or (001) plane under VL
exposure was witnessed [154]. Fang and coworkers prepared TiO2 photocatalysts
with increased amount of Ti3+ and co-exposed planes of (101) and (001) facets as
e−_h+ sinks for efficacious parting of charges [155]. Zhao et al. prepared 4 wt% Cu
coated black TiO2. The photocatalytic activity reaches 1.7 folds higher to pure TiO2

(black). The advanced photoactivity was due to the formation of oxygen vacancies
in Cu encapsulated in TiO2, CO2 adsorption and increased parting of charges [156].
In addition, thermal treatment of the Cu/TiO2 (P25) in H2 atmosphere led to the
production of Cu+/Cu0, Ti3+, and oxygen vacancies, respectively. The advanced
photoreduction can be attributed to the development of surface defect sites boosting
CO2 adsorption and following charge transmission to the adsorbed CO2 and also,
the presence of Cu+/Cu0 enable e−_h+ sink at varying sites [157]. V and Cu
co-doped TiO2 supported on polyurethane (Cu@VTiO2/PU) and Cu and Ag
co-doped TiO2 supported on polyurethane (2Ag@4Cu-TiO2/PU) were prepared for
the transformation of CO2 in reaction with H2O vapor. The presence of Ti3+

increases the e−_h+ pair parting efficacy of TiO2. New CO2 adsorption sites were
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created due to the existence of O2 vacancies on the photocatalyst’s surface. CO and
CH4 were produced respectively attaining 588 and 933 mmol g−1 h−1 on
2Cu@4 V-TiO2/PU 550 and 880 mmol gcat

−1 on 2Ag@4Cu-TiO2/PU under visible
light [158, 159]. Various nonmetals such as N, S, and F used as dopants in TiO2

have been scrutinized for their VL photocatalytic efficacy [149, 160–162]. Spirulina
comprising of Chlorophyll loaded with N-doped TiO2 catalysts (Sp/N-TiO2) dis-
played heightened VL absorption. 0.5Sp/N-TiO2 in the presence of H2O
photo-reduced CO2 under VL to C2H6, C2H4, CH4, and H2 and with yields of 0.17,
0.12, 0.48, and 144.99 lmol g−1, respectively. This increased execution in com-
parison to N-TiO2 and pure TiO2 can be ascribed to the boost in VL absorption, the
synergistic effect between chlorophyll in Spirulina and N-TiO2 and the surface
oxygen vacancies [163]. I-TiO2 was applied for the photocatalytic transformation of
CO2 with H2O under VL exposure. It was observed that Ti4+ was substituted I5+

and consequently, Ti3+ was obtained to maintain neutrality. Under visible light,
10% I-doped TiO2 was found to be highly active and yielded only CO with a
formation rate of 2.4 µmol gcat

−1 h−1 [164]. Using N as dopant in mesoporous TiO2

Fig. 20.9 A Representation
of the scheme to yield black
TiO2. B Images of black and
white TiO2 nps. HR-TEM
images of D black and
C white TiO2 nps E Optical
absorption spectra of a white
and b black TiO2 nps.
Reproduced from Ref. [150]
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with Ag, Au, and Pt as co-catalysts were employed for CO2 photoreduction with
water. It was observed that 0.2 wt% Pt loaded on N-doped mesoporous TiO2 was
more active with the CH4 formation rate of 2.9 µmol gcat

−1 h−1 [165]. The TiO2

incorporated with Ni2+ restricted the phase transformation and growth of the grain
anatase crystallites. In the crystal lattice of TiO2 the Ti atoms were observed to be
replaced by the Ni2+ atoms, thereby; causing a shift towards the visible region.
Furthermore, the recombining capability of photoinduced e−_h+ pairs were sub-
stantially quenched by the development of p–n junction in the NiO–TiO2. It was
observed that 1.5 wt% Ni2+ loaded catalyst exhibited highest CO2 photoreduction
with the CH4 and CH3OH formation rate of 7.71 and 19.51 µmol gcat

−1 h−1

respectively [166]. Ola’s group have reported that Co, V, and Cr doped TiO2 loaded
on monolithic structures exhibit large CH3CHO rate of 11.13 lmol g−1 h−1 in CO2

transformation with H2O in the vapor phase under VL exposure of 4 h with the 0.5
wt% V-TiO2 monolith [167]. Fan et al. reported that nitrogen and nickel co-doped
nano-TiO2 (N–Ni–TiO2) photocatalyst displayed a CH3OH yield of 482 lmol/g-cat
that was far more than that of nano-TiO2 without doping (17.3 lmol/g-cat). The
author attributed this increased execution to the synergistic influence of Ni2+ and N
on nano-TiO2 [168].

Fig. 20.10 a Representation of 3 photocatalysts types. b The products were obtained after 15 h of
VL exposure after photocatalytic reaction on three varying catalytic surfaces. c Energy band
alignment of Au, TiO2 (anatase), and the suitable redox potentials of H2O and CO2 under VL
exposure. Reproduced from Ref. [171]
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20.4.2 Metal Deposition on TiO2

It was observed that the depositing plasmonic metal nps on TiO2 increased the
photocatalytic efficacy in the VL region because the metal nps could trigger the
e−_h+ parting along with the surface e− excitation due to their SPR effects [169,
170]. Hou and coworkers witnessed the enhancement in the photocatalytic efficacy,
which was nearly 24-times greater than Au-deposited TiO2 in comparison to TiO2

(pristine) under VL exposure (532 nm) in the photo-transformation of CO2 with
H2O vapor. This promoting effect is attributed to the sub-Eg absorption in the TiO2

induced by powerful electromagnetic fields developed by the SP’s of the Au nps,
thereby; advancing the photocatalytic efficacy to form CH4 in the VL region.
However, in the UV region (254 nm), HCHO, CH3OH, and C2H6 were also
obtained alongside CH4 as the photon energy was sufficient to carry out the d band
electronic transitions in Au [171] (Fig. 20.10). TiO2 nanowire films loaded with Ag
NPs (Ag/TiO2 NWFs) were used for photo-transformation of CO2 in presence of
H2O. The photocatalyst exhibited visible light absorption properties due to the Ag
nanoparticle’s SPR and exceptional nanowire geometry of TiO2 film. Ag NPs also
effectually restricted the recombining capability of photoexcited e−_h+. The pho-
tocatalyst exhibited superior photocatalytic activity with the CH3OH yield over 0.7
Ag /TiO2 NWF which was superior in comparison to TiO2 NWF (Pure) by a factor
of 10 under VL and UV exposure [172].

Ang et al. synthesized reduced TiO2 nanocrystals with co-exposure of [100] and
[001] facets as e− and h+ sinks for effectual parting of carriers. Fang et al. syn-
thesized reduced TiO2 nanocrystals with co-exposure [100] and [001] facets as
sinks for effectual parting of charges. Using different metals in the alloys can be
beneficial to modulate their photocatalytic selectivity and efficacy. Zhang et al.
showed that Pt and Au with sizes 5–12 nm co-decorated TiO2 nanofibers can
substantially increase the photo-execution for transformation of CO2. This con-
siderable boost can be ascribed to the Au nanoparticle’s SPR and synergy of the
electron-trap ability of Pt, which considerably advanced the charge parting in the
TiO2 [134]. Garcia and coworkers reported the Au-Cu loaded TiO2 (P25) alloy,
which led to the formation of CH4 at a rate of 2000 lmol g−1 h−1 and selectivity of
97%. The ideal Cu-to-Au ratio was observed to be 2:1. In these alloy nanoparticles,
Au induced VL absorption by SPR effect and Cu acts as bonding site to CO for
further CH4 generation[173].

20.4.3 TiO2 Based Heterojunctions

Making heterostructures between narrow and wide Eg semiconductors can improve
the photoactivity of photocatalysts. This strategy will lead to an increase in high
absorption of incident photons in the VL region, boost the parting of e−_h+ pair and
limit the oxidation and reduction sites. Reduced titania (RT)-Cu2O heterostructure
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was reported for the transformation of CO2 to CH4. The optimal catalyst RT-Cu0.75
displayed CH4 yield of 462 nmol g−1. The advanced execution can be ascribed to
the inhibition of e−_h+ pair recombining capability by heterostructure and the
presence of oxygen vacancy in the reduced titania that facilitated CO2 activation
and reduction [174]. TiO2-Cu2ZnSnS4 nanocomposites reported for the transfor-
mation of CO2 under VL exposure with a CH4 and CO formation rates of
0.97 lmol h−1 g−1 and 14.53 lmol h−1 g−1, respectively. In comparison to TiO2,
the maximum formation rates of CH4 and CO over nanocomposite is 6 and 33 folds
larger respectively with the seeming quantum yield of 0.431%. The increased
photocatalytic efficacy can be credited to extended visible light absorption, close
interfacial contact between TiO2 and Cu2ZnSnS4 which facilitates the electron
transference and inhibition of photoexcited charges recombining tendency [175]. In
the presence of H2O, the photocatalytic transformation of CO2 has been reported
using GaP/TiO2 photocatalysts, in which CH4 was identified as the key main
product. The suitable GaP to TiO2 ratio was found to be 1:10. The substantially
increased efficacy can be credited to the effectual transference of charge between
TiO2 and GaP heterojunction [176]. Wang and coworkers reported CdSe/Pt/TiO2

heterostructures for the transformation of CO2 with H2O under VL exposure. The
products obtained were CH3OH, and CH4 with yield of 3.3 ppm g−1 h−1 and
48 ppm g−1 h−1, respectively along with traces of H2 and CO. The photogenerated
e− promoted into the CB of CdSe which were afterward injected into the CB of
TiO2. No activity was detected when CdSe or Pt/TiO2 catalysts were used indi-
vidually under identical reaction conditions [177]. The authors further used PbS
quantum dots with varying sizes (3, 4 and 5 nm) to sensitize Cu-TiO2 for CO2

photoreduction. The CB edge of the smaller PbS was shifted to the higher energies
due to the quantum confinement effect, which triggered the promotion of e− into
TiO2’s CB. The Cu/TiO2 sensitized via 4 nm PbS quantum dot displayed * 5
folds larger CO2 photoreduction over non-sensitized Cu/TiO2 owing to the syner-
getic influence of large charge parting and advanced light absorption [178]. Park
and coworkers reported the photocatalytic transformation of CO2 into CH4 via
TiO2/CdS catalysts in the presence of water with isopropanol. They found that the
production of CH4 was *tenfold over TiO2/CdS photocatalyst compared to that of
TiO2, however, the production of H2 and CO were comparable [179]. Jing et al.
reported TiO2 with N-doped LaFeO3 as VL photocatalyst that displayed advanced
CO2 transformation into O2, CH4, and CO as compared to the porous LaFeO3. The
substantial increase in efficacy was credited to the large SSA, effectual VL
absorption, and charge transference in the interface formed between LaFeO3-TiO2

(Fig. 20.11) [180].

20.4.4 TiO2 Combined with Carbon Materials

Graphene has received greater consideration owing to the exceptionally layered
geometry, extraordinary physical, electronic, electrical, and optical characteristics
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[181]. Zhou et al. reported TiO2/C@ZnCo-ZIF-L for the photocatalytic transfor-
mation of CO2 with the improved CO production rate of 28.6 lmol h−1 g−1, greater
than those of bare TiO2 (4.1 lmol h−1 g−1), ZIF-L (0.36 lmol h−1 g−1) and TiO2/
C (7.8 lmol h−1 g−1). The increased photocatalytic efficacy can be credited to the
effectual visible light-harvesting, higher e−_h+ pairs partition and high CO2

activation/adsorption capacity of MOF [182]. Recently, combining TiO2 and gra-
phene has attracted much attention owing to its improved performance. Williams
and coworkers studied the GO reduction by photochemical reaction using TiO2

under ultraviolet (UV) irradiation. Upon UV irradiation, charge separation occurs
on the surface of TiO2 and these formed electrons are accountable for functional
group reduction on GO sheets. RGO/TiO2 composite was formed via interaction of
the surface hydroxyl group of TiO2 with the carboxyl group of GO sheets by charge
transfer [183]. Tan and coworkers reported the photo-transformation of CO2 to CO,
CH4, C2H6 and C2H4 over 5wt%GO oxygen-rich TiO2 (5wt%GO-OTiO2) photo-
catalyst under VL exposure with H2O. CH4 was the main product with the yield of
3.45 µmol gcat

−1 after reaction period of 8 h over 5wt%GO-OTiO2 [184]. Tu et al.
prepared Ti0.91O2/graphene hollow spheres by epitaxial technique (layer-by-layer).
The photo-transformation of CO2 using Ti0.91O2/graphene hollow spheres exhibited
CH4 and CO formation rates of 1.14 and 8.91 lmolg−1 h−1 respectively. This
photocatalyst exhibited 9- and 5-folds higher efficacy in comparison to P25 and
pure Ti0.91O2 hollow spheres, respectively. The substantial increase in the photo-
catalytic efficacy was credited to the quick transference of charge, prolonged parting
of carriers, and advanced absorption of light [185]. TNT arrays incorporated
reduced GO (TNT-rGO) was reported for the photo-transformation of CO2 to
methane. TNT-rGO displayed 4.4 times higher CH4 formation rate in comparison to
TNT (pure sample). The advanced execution was credited to the effectual charge

Fig. 20.11 Schematic representation of Eg of TiO2, 6 N-LFO-AC, and LFO-AC, and the VL
excited HLEEs migration in 6 T/6NLFO-AC samples along with the induced oxidation–reduction
mechanism. Reproduced from Ref. [180]
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partition triggered by the rGO and superior light absorption [186]. Single-layer
graphene was produced from the graphite by liquid-phase exfoliation [187]. Liang
et al. prepared graphene-TiO2 composite by two different solution-led approaches,
solvent exfoliation (SEG-TiO2) and oxidation–reduction (RGO-TiO2). SEG-TiO2

displayed greater photocatalytic efficacy for CO2 transformation to CH4 in com-
parison to RGO-TiO2 owing to increased electron mobility and lesser SEG density
defect in comparison to that of RGO, which advanced higher effectual diffusion of
photoinduced e− to the photocatalyst’s reactive sites. Compared to bare TiO2, the
SEG-TiO2 displayed 7.2-fold enhancement under visible light illumination [188].
Moreover, Liang and coworkers also studied the photocatalytic execution of 2D-2D
graphene/TiO2 and 1D-2D SWCNT/TiO2 nanosheets for the transformation of
CO2. The graphene/TiO2 nanosheets produced 73.5% more CH4 than
SWCNT-TiO2 under ultraviolet irradiation. The substantial increase in the photo-
catalytic execution can be credited to the large contact surface between TiO2 and
graphene than between SWCNT and TiO2 which facilitates better separation of
photogenerated charge carriers and CO2 photoreduction efficiency. However,
SWCNT are more effectual titania photosensitizers, resulting in superior efficacy
improvement parameters under VL exposure [189]. Cu2O/graphene/Titania
Nanotube Array (TNA) composite was applied for the photo-transformation of
CO2. The methanol generation rate of 45 lmol cm−2 h−1 was attained under VL
exposure with the seeming quantum efficacy at 420 nm of 5.71%. The superior
efficacy was credited to the improved absorption of light, effectual quenching of
e−_h+ recombining tendency and boosted the transference of e− across interfaces
[190].

20.4.5 Other Metal Oxide Based Photocatalysts

As alternatives to TiO2, investigation of certain other VL reactive semiconductors
for instance metal oxide and mixed metal oxide entities has also been carried out
[191]. GO was functionalized by PTCDAAAA (perylenetetracarboxylic dianhy-
dride aspartic acid modified anhydride) with COOH groups to form A-GO, which
was then decorated by CdS nanoparticles to construct CdS/A-GO for the trans-
formation of CO2 with H2O. CdS/A-GO displayed an increased photocatalytic
efficacy in comparison to CdS/P-GO (GO functionalized PTCDA, perylenete-
tracarboxylic dianhydride) and CdS/GO. CdS/A-GO produced methanol as main
product while CdS/P-GO and CdS/GO produced mainly CO. CO formation on
CdS/GO, CdS/P-GO, and CdS/A-GO are 0.6, 12.7, and 2.2 lmol h−1 respectively.
Methanol formation on CdS/GO, CdS/P-GO and CdS/A-GO are 0.1, 1.3, and
26.5 lmol h−1 respectively. CdS nanoparticles are responsible for absorbing VL to
produce e−_h+ pairs while A-GO is responsible for efficient electron–hole separa-
tion, CO2 adsorption and H2O dissociation. The hydrogen atoms generated from
H2O dissociation and the COOH groups of PTCDAAA leads to the conversion
from CO2 to CH3OH [192]. Huo et al. reported double-shelled Cu2O/MnOx
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mesoporous hollow structure to boost the stability and efficacy of Cu2O-based
photocatalytic entities. The CO and H2 formation rates of 5.71 and 4.11 lmol h−1

respectively which was 7.1 times higher in activity compared with Cu2O
nanoparticles. The enhanced activity can be ascribed to multi reflection and scat-
tering of incident light duo to the presence of double-shelled structure, efficacious
parting of charges, and easy transference of charge to the photocatalyst’s surface
[193]. Wang et al. prepared a-Fe2O3/Cu2O photocatalyst with introduction of
Z-scheme for CO2 photo-transformation under VL exposure. The a-Fe2O3/Cu2O
hybrid possessing 1:1 molar ratio displayed advanced photocatalytic capability and
after 3 h of activity yielded 5.0 lmol gcat

−1 of CO. The substantial increase in the
photocatalytic capacity was credited to the higher parting of e−_h+ owing to the
development of p–n junction as a result of Z-scheme developed between Cu2O and
a-Fe2O3 [194]. ZnGaNO nanotubes exhibited improved photocatalytic execution in
CO2 transformation with VL formation rate of 0.072 lmol g−1 h−1 for ZnGaNO
nanotubes which were about 2 times higher than 0.033 lmol g−1 h−1 for ZnGaNO
nanotubes fabricated via solid-state reaction. The increased photocatalytic capa-
bility was credited to the large SSA and less recombining tendency of carriers
[195]. ZnO/ZnTe hierarchical superstructures were introduced for the
photo-transformation of CO2 into CH4 under VL exposure. The development of
heterojunction increases the activity and facilitated the transference of charge
between ZnO and ZnTe and as well as sharing common cations for the
heterostructure [196]. CuZnO@Fe3O4 core–shell microspheres loaded with rGO
was applied as photocatalyst for the photoreduction of CO2 to methanol under VL
exposure. The advanced catalytic execution was credited to the improved migration
of e− and effectual parting of charge via sp2 hybridized delocalized arrangement in
rGO[197]. WO3 with the Eg of 2.6 eV displayed strong VL absorption. However,
the quick recombining ability of the charges restricted its photocatalytic execution.
The photocatalytic execution of the WO3 was improved by tuning its electronic
structure [198]. Ultrathin WO3 nanosheet with thickness of 4–5 nm was prepared
for the photo-transformation of CO2 with vapor of H2O under VL exposure. The
WO3 nanosheet yielded 1.14 lmol g−1 h−1 of CH4. The quantum confinement
effect of WO3 nanosheet exhibits a tuning in the band structure that enabled the
photo-transformation of CO2 that is not possible in the bulk WO3 [199]. Crystal
facets hold a substantial part in determining the specific catalytic performances.
WO3 with rectangular sheet-like crystal geometry with exposed (002) facet pro-
duced CH4 from rCO2 with H2O vapor, on the other hand; WO3 cubes having equal
concentrations of (002), (020), and (200) facets were observed to be inactive. It was
anticipated that (002) facet comprised of an increasing CB of 0.3 eV as compared
to bulk WO3 which is sufficient to reduce CO2 to CH4 [200]. Pt/In2O3 coated with a
thick carbon layer of 5 nm displayed increased photo-transformation of CO2 to CH4

and CO with the evolution rate of 27.9 and 126.6 lmol/h. The considerable
increase in the photocatalytic capacity can be accredited to advanced VL absorp-
tion, endorsed e−_h+ parting and improved chemisorption of CO2 [201]. Chen et al.
reported Ni(OH)2/TaON composite and obtained hydrogen yield of 3.15 lmol h−1

which was 2 folds greater in comparison to obtained on 0.5 wt% Pt/TaON
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(1.48 lmol h−1) [202]. Porous TaON microspheres were reported for the
photo-transformation of CO2 to CH3CHO and C2H5OH with the formation rate of
0.52 and 2.03 lmol h−1 g−1 under VL exposure. The considerable increased
photocatalytic capacity in comparison to the commercial TaON accredited to the
porous spherical geometry, which effectually trapped the incident light and provides
more reaction sites [203]. SnNb2O6 is a layered niobate reported as a VL sensitive
photocatalysts for splitting of water and the decontamination of organic pollutants
[204–206]. SnNb2O6 2D nanosheets displayed advanced photocatalytic execution
for the photo-transformation of CO2 in presence of H2O to CH4 with the evolution
rate of 110.9 lL h−1 g−1 under VL exposure. The photocatalytic capability of
SnNb2O6 nanosheets were witnessed to be *4 and 45 folds greater in comparison
to the common N-doped TiO2 and layered SnNb2O6, respectively. The increased
efficacy was credited to the higher adsorption of CO2 on SnNb2O6 nanosheets
[207]. SrTiO3 with a bandgap of 3.2 eV were used as photocatalyst in decontam-
ination of contaminants and splitting of water [208]. SrTiO3 doped with Co, Ni and
Fe displayed increased photocatalytic capability for transformation of CO2 with VL
exposure. Among which, SrTiO3 doped with Co ions displayed the advanced
photocatalytic execution and Pt-SrTi0.98Co0.02O3 yielded 63.6 ppm h−1 of CH4 that
was * 3 folds greater than that of Pt-TiO2/N [209]. SrTiO3 co-doped with Au and
Rh was evaluated for syngas photosynthesis from and H2O and CO2 in VL
exposure. The synergistic effect of Rh and Au on SrTiO3 produced advanced
syngas that was 153 and 22 times greater to Rh@SrTiO3 and Au@SrTiO3,
respectively [210].

20.4.6 Copper-Based Photocatalysts

CuO possessing a narrow Eg value of (1.2–1.5 eV) and being a p-type semicon-
ductor can be incorporated with semiconductors to form heterojunctions and pro-
moting the parting of photo-produced charges. Kim et al. have synthesized Cu2O/
S-doped TiO2 p-n-p heterojunction for the photo-transformation of CO2 to CH4.
The photocatalyst produced 2.31 lmol m−2 h−1 CH4 that is *10 times greater in
comparison to TiO2 nanotube. The improved execution of the photocatalyst can be
credited to the large light absorption and effectual parting of the e−_h+ couples
[211]. Wang and coworkers introduced ZnO/CuO nanocomposites for the
photo-transformation of CO2 into CO, where the surface of the CuO nanowires was
engineered with large quantity of ZnO islands with the application of atomic layer
deposition (pulsed cycles). The nanocomposite displayed the maximum efficacy
and yielded 1.98 mmol gcat

−1 h−1 of CO. The mechanism for the CO2 photore-
duction involves concurrent CO2 reduction and H2O oxidation in the active
perimeter area between ZnO islands and CuO nanowire [212]. Gusain et al.
reported rGO-copper oxide (CuO and Cu2O) nanophotocatalysts for the
photo-transformation of CO2 into CH3OH in VL exposure. The rGO-CuO and
rGO-Cu2O composites displayed advanced photocatalytic execution and resulted in
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7 (1228 lmol g−1) folds methanol than bare CuO nanorods (175 lmol g−1). The
increased photocatalytic execution of CuO was credited to effectual parting of
charges and migration of photo-produced e− over the rGO geometry [213]. Wang
and coworkers introduced CuO/Cu2O NWAs@rGO towards photocatalytic trans-
formation of CO2 to CO in VL exposure. The CuO/Cu2O NWAs@rGO displayed
greater CO yield of 0.31 lmol cm−2 than CuO/Cu2O NWAs (0.2 lmol cm−2). The
delay in the recombining capability of e−_h+ pair and efficacious migration of
photo-produced e− through rGO nanosheets was main the key reason for high
photocatalytic execution [214].

20.4.7 Bismuth-Based Photocatalysts

Bi2WO6 with narrower Eg value of 2.8 eV can be applied as VL sensitive photo-
catalyst [215]. Oxygen deficient Bi2Sn2O7 nanoparticles were reported for the
photo-transformation of CO2 to CO in VL exposure. The rate at which CO was
formed was witnessed to be 14.88 lmolg−1 h−1 over Bi2Sn2O7 that was *8.1 folds
greater in comparison to bulk Bi2Sn2O7 which yielded 1.83 lmolg−1 h−1 of CO.
The increased efficacy was accredited to the quick transmission of charges and
existence of profuse oxygen vacancies [216]. Ultrathin square nanoplates of
Bi2WO6 with � 9.5 nm thickness was reported for CO2 photo-transformation in
VL exposure. The photocatalyst displayed improved efficacy and yielded
1.1 lmol g−1 h−1 of CH4, which was observed to be superior in comparison to
Bi2WO6 that yielded 0.045 lmol g−1 h−1of CH4 via solid-state reaction. The
increased efficacy is because of the presence of preferentially exposed (001) sur-
face. The nanoplates ultrathin geometry promoted quick mobility of the charges that
advanced the parting of the photo-produced e−_h+ [217]. Hierarchical flower-like
Bi2MoO6 was scrutinized for the photo-transformation of CO2 in VL exposure and
yielded 18.8 and 24.8 lmol gcat

−1 of C2H5OH and CH3OH, respectively, much
greater in comparison to those produced with Bi2WO6 hollow microspheres [218].
Ball-flower-like Bi2WO6 was reported for photo-transformation of CO2 in VL
exposure. CO was the main product and competitive adsorption between H2O and
CO2 was observed which decreases the yield of CO [219].

20.4.8 C3N4 Based Photocatalysts

Graphitic carbon nitride (g-C3N4) with optimal band-edge positions and a moderate
Eg value (2.7 eV) can be witnessed to be potential photocatalyst for the obtaining
H2 from splitting of H2O [220, 221]. Nevertheless, the photocatalytic capacity of
pure g-C3N4 is somehow less because of quick recombining capability of e−_h+

pairs, lower SSA and lower level of light absorption in the VL area [222].
Numerous methodologies for examples, modulating electronic structure, designing
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nanostructures, engineering crystal-structure, and formation of heterojunctions with
other suitable semiconducting entities have been employed to advance the photo-
catalytic execution of bare g-C3N4. Zhang and Dong probably first reported the
photo-transformation of CO2 into CO via bare g-C3N4 comprising of porous
structure in the presence of vapor in VL exposure [223]. Cu2ZnSnS4/Pt-g-C3N4

heterojunction was introduced for the transformation of CO2 into CH4 and CO in
VL exposure. The photocatalyst showed greater CO2 transformation yielding
17.351/7.961 lmolg−1 h−1, which is considered to be an average formation rate for
CO/CH4 and nearly 5.56 and 3.31 folds greater in comparison to pure g-C3N4. The
considerable increase in the efficacy was credited to the higher SSA, efficacious
harvesting tendency of photons via Cu2ZnSnS4 and multiple interfacial migrations
of photoinduced charges, LSPR, and e− capturing capacity of Pt, which triggered an
effectual interfacial charge parting [224]. Zhu et al. reported sheet-like ZnO/
ZnWO4/g-C3N4 heterojunction for the photocatalytic transformation of CO2 to
C2H5OH, CH3OH, CH4, and CO with the formation rate of 1.98, 3.85, 6.24, and
1.12 lmol h−1 g−1, respectively. The improved efficacy can be credited to the
efficacious parting of the photo-produced charges and large capacity for
light-harvesting via heterojunction [225]. Precursor dependent photocatalytic
activity and product selectivity was observed on g-C3N4. The porosity in g-C3N4

prepared from urea produced CH3OH and C2H5OH whereas g-C3N4 prepared from
melamine produced selectively C2H5OH for the photo-transformation of CO2 in VL
exposure. The production of different product from different precursors is possibly
because of the disparities in the microstructure and crystallinity of g-C3N4 [226].
By altering g-C3N4’s band structure, the selectivity of the CO2

photo-transformation reaction can be controlled. Niu and coworkers reported that
g-C3N4 nanosheets and bulk g-C3N4 with Eg values of 2.97 and 2.77 eV produced
two different products i.e. CH4 and CH3CHO [227]. Photocatalyst deposited with
noble metals such as Pt, Ag, and Au can considerably improve the photocatalytic
transformation of CO2. Yu and coworkers deposited Pt on g-C3N4 in 0–2.0 wt%,
which displayed considerable influence on the photocatalytic transformation of CO2

into HCHO, CH3OH and CH4 in VL exposure. The production of CH4 improved
with increase in the Pt loading from 0 to 1 wt% and concurrently, the production of
CH3OH and HCHO were also elevated for Pt loading (0–0.75 wt%). The increased
execution was credited to the existence of Pt that boosted the migration and
improvement of photo-produced e− to the Pt surface from g-C3N4 [228]. Bai and
coworkers loaded g-C3N4 with varying facets of Pd and it was witnessed that the
CO2 transformation was more likely on Pd (111) facets as compared to Pd with
(100) facets [229]. Establishing heterojunction between g-C3N4 with other semi-
conducting entities allows the transmission of charge and thereby, improved the
CO2 photo-transformation mechanism. Jiang and coworkers introduced direct
Z-scheme hierarchical a‐Fe2O3/g-C3N4 hybrid system for the photo-transformation
of CO2 to CO, and yielding 27.2 lmol g−1 h−1 of CO that was observed to be 2.2
folds greater in comparison to (10.3 lmol g−1 h−1) generated by pure g-C3N4. The
results obtained were extraordinary as these were acquired in the absence of sac-
rifice reagent and cocatalyst [230]. Li et al. reported m-CeO2/g-C3N4 photocatalyst
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prepared applying silica as hard template. The photo-transformation of CO2 with
vapor (H2O) resulted in the production of CH4 and CO. The increased activity was
accredited to the synergic influence developed between g-C3N4 and CeO2, which
promoted efficacious parting of charges and activation of CeO2 via the reduction of
Ce4+ to Ce3+ through the captured e− [231]. He and coworkers fabricated a
Z-scheme driven SnO2–x/g-C3N4 composite and the SnO2–x with the ideal loading
of 42.2 wt% exhibited CO2 transformation rate of 22.7 lmol g−1 h−1 which was
observed to be 5 and 4.3 folds greater in comparison to P25 and g-C3N4, respec-
tively. The increased activity was credited to the development of heterojunction
between g-C3N4 and SnO2–x which efficaciously triggered the parting of
photo-produced charges via direct Z-scheme process [232]. Zhou and coworkers
fabricated a heterojunction by synthesizing g-C3N4-N-TiO2 for the photocatalytic
transformation of CO2. It was witnessed that g-C3N4-N-TiO2 produced only one
product i.e., CO, whereas, N-TiO2 produced two products i.e., CH4 and CO,
respectively. The CO was obtained at a rate of 12.2 lmol g−1 h−1 which was 4
folds greater in comparison to TiO2(P25) [233]. Wang and coworkers synthesized
2D-2D MnO2/g-C3N4 heterojunction for the photocatalytic transformation of CO2

to CO and much-advanced efficacy was witnessed in comparison to pristine g-C3N4

and MnO2 which was as a result of well-oriented band positions of g-C3N4 and
MnO2 which efficaciously parting the charges [234]. Ye and coworkers fabricated
hybrid nanosheets of UiO-66/g-C3N4 via electrostatic self-assembly approach for
the photo-transformation of CO2. The resulting nanocomposite displayed increased
photocatalytic efficacy for CO2 transformation to CO in VL exposure in comparison
to bulk g-C3N4, and g-C3N4 bare nanosheets. The improved capability was credited
to the efficacious parting of e−_h+ pair by the transmission of photo-produced e− to
UiO-66 from the CB of g-C3N4 nanosheets [235]. Liu and coworkers introduced
hybrid tubular g-C3N4/ZIF-8 geometry for the photocatalytic transformation of CO2

into CH3OH. The methanol production rate reached 0.75 lmol h−1 g−1 which was
observed to be 3 folds greater to pure g-C3N4 [236]. Ong et al. synthesized a
heterojunction photocatalysts involving metal-free 0D/2D carbon nanodot/
protonated g-C3N4 (pCN) (CND/pCN) for the photo-transformation of CO2 to
CO and CH4. The 3 wt% CND displayed the greatest execution and yielded
29.23 lmol gcatalyst

−1 of CH4 and 29.23 lmol gcatalyst
−1 of CO in 10 h of VL

exposure, which were 2.28 and 3.6 folds greater in comparison to the pure pCN.
The increased efficacy was credited to the multiple advantages that occurred after
the between CNDs and pCN. This synergistic influence allowed the quick trans-
mission of photo-produced e− to CNDs from pCN and delayed the charge
recombining tendency [237]. Ong et al. reported a heterojunction formed between
the rGO and protonated g-C3N4 (pCN) 2D/2D hybrid for the photo-transformation
of CO2 to CH4. The optimized 15 wt% rGO/pCN displayed the maximum CH4

generation of 13.93 lmol gcatalyst
−1 which were 1.7 and 5.4 folds greater in com-

parison to 15rGO/CN (pure g-C3N4 w/o protonation treatment) and pCN, respec-
tively. The increased efficacy was credited to the exceptional interfacial interaction
between 2D/2D rGO/pCN heterojunction that efficaciously migrated
photo-produced charges and limits charge recombining ability [238].
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20.5 Liquid Phase CO2 Activation and the Designing
and the Upscaling Techniques for CO2 Converting
Photoreactors

Design and development of a photoreactors is crucial in the efficient reduction of
CO2. A photoreactor is usually a chamber in which the reaction products are
produced when the incident photons, reactants, and the photocatalyst come in
contact with each other. There are three major factors that regulate the overall
efficiency of a photoreactor used in photoreduction of CO2 i.e., operational mode
(viz., continuous, batch or semi-batch), configuration of the photocatalyst and the
phases of the reactant involved in the reaction (viz., liquid–solid, gas–solid, gas–
liquid–solid, etc.) [239, 240]. As shown in Fig. 20.12, the photocatalysts can
typically be applied in reactor setups either in the suspended form or after immo-
bilization on a substrate. In order to obtain optimal results, an effective and efficient
photoreactor must have a uniform distribution of the incident light throughout the
whole system [59]. At present, the comparative study of the product yield and the
configuration of the reactors in the photo-transformation of CO2 is mostly stated in
accordance with the quantum efficiency.

20.5.1 Slurry Reactor Systems

When the photocatalyst is dispersed in an aqueous matrix, the rate of the reaction
can be examined based on certain factors such as the absorption characteristics of
the reactants in the medium, intensity of the incident light on the photocatalyst
surface, and quantum efficiency of the photocatalyst. The slurry systems have a key
certain advantage in which the photocatalyst with small size and high specific
surface area can be uniformly distributed in the aqueous medium, thereby; the
incident light can illuminate the entire external surface of the photocatalyst without
any phase segregation [239]. Tahir et al. [28] designed and fabricated 3D Ti3AlC2

MAX/TiO2 composite supported on a monolithic substrate with high level of light
absorption and charge transfer efficiency via sol–gel method. The photocatalytic
reduction of CO2 was performed in varying reaction systems i.e., methane
bi-reforming (MBR), methane dry reforming (MDR), and methane steam reforming
(MSR). The Ti3AlC2 MAX/TiO2 showed 6.8 times higher photoreduction effi-
ciency for CO2 as compared to pristine TiO2 and yielded 1566 lmol g-cat−1 of CO.
In another study, Moradi et al. [241] reported Pt@Bi-TiO2 photocatalysts with
varying Bi (0–5 wt%) and Pt (0–2 wt%) dopant concentration using
photo-deposition and a two-step sol–gel methodology for photoreduction of CO2.
The results revealed that the TiO2 modified with 1.5 wt% of Pt and 3 wt% of Bi
yielded 20.6 lmol/g of CH4, which was approximately 6.2 times higher over the
pure TiO2. The increasing doping concentration of Pt and Bi substantially allowed
efficient charge transfer that subsequently enhanced the conversion of CO2 into
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CH4. Muhammad et al. [242] developed a template-free synthesis of lanthanum
modified graphitic carbon nitride nanotubes (La/g-CNT) for photoreduction of CO2.
CO with yield of 491 µmole g-cat−1 h−1 was obtained using 5 wt% La/g-CNT,
which was about 5.9 and 3.6 folds greater in comparison to g-CN and g-CNS
samples. In addition, La/g-CNT also produced higher amount of H2 which was
almost 5.1 and 2.95 times higher than that of g-CN and g-CNT, respectively. The
TiO2 immobilized ZSM-5 integrated with copper or cobalt catalysts were investi-
gated in a slurry photoreactor, in which NaHCO3 (0.1 M) was used as a reductive

Fig. 20.12 Schematic of a slurry reactor design with top illumination, b optical fiber reactor
design with side illumination and c internally illuminated reactor with top illumination.
Reproduced from Ref. [59]
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agent. The quantum efficiency of CH3OH with Cu–TiO2/ZSM-5 resulted in 10.11%
after 12 h of reaction time, which was due to the high absorption potential of
ZSM-5 that positively influenced the photoconversion rates [243]. Despite the fact
that there is ease of operation in the slurry systems and the photocatalyst can be
loaded in the higher concentration, however; the removal of the powder photo-
catalyst from the aqueous medium is still challenging, as the process is time con-
suming and there is loss of photocatalyst particles during the separation and
regeneration process [244–246]. In addition, the incident light travels through the
bulk liquid phase and a major part of photocatalyst surface area might remain
inactive because of low photon absorption [240, 247].

20.5.2 Immobilized Photocatalyst-Based Fixed Bed Reactor
System

The limitations of the photocatalyst recovery from the aqueous medium can be
overcome by fixed bed reactor systems, which allow the immobilization of the
photocatalysts onto a fixed substrate such as monoliths, fibers, beads, plates, porous
carbon, etc. In these designs, the immobilized sample is placed inside the reactor
chamber and the light is irradiated directly on it from the light source. However,
light distribution in these kinds of reactor designs becomes a major drawback,
which is affected by the spatial distance between the photocatalyst and the geometry
of the incident light source [248]. Moreover, when choosing the support of choice,
the gas phase allows higher flexibility as compared to slurry systems considering
the spatial relationship between the light source and the reactor. Tahir et al., [249]
reported the Ni and montmorillonite (MMT) immobilized TiO2 composite, in fixed
bed photoreactors system for CO2 reduction. CO was detected as the main product
using photocatalytic RWGS. In addition, the photoreduction of CO2 with Ni-MMT/
TiO2 composite was significantly higher as compared to TiO2 and MMT/TiO2

photocatalysts because of the better MMT dispersion and Ni which offered higher
surface area and successfully inhibited the charges recombination rate. Jia et al.
[250] in their study rationally designed a novel Ni–Co bimetallic photocatalyst
immobilized on a TiO2-coated SiO2 spheres (NiCo/TiO2@SiO2) and examined in
fluidized bed reactor for methanation of CO2. High-level conversion of CO2 was
observed with more than 95% of CH4 selectivity by the NiCo/TiO2@SiO2.
Nevertheless, the improved photoreduction execution was constant for over 100 h
in the fluidized bed reactor, which confirmed the stability and reproducibility of the
immobilized photocatalyst in the long-run. In another study, Liu et al. [251]
designed a series of Ni/FDU-12 catalysts via impregnation route with
location-controlled Ni particle size. Also, an ethylene glycol solution of trehalose
was employed as a sacrificial carbon template and delivery conveyor. The
impregnated sample exhibited excellent stability and photocatalytic methanation of
CO2. The carbonization of residual ethylene glycol and trehalose offered a physical

20 Photocatalytic CO2 Reduction 635



barrier between the carbon species inside the pores and the in-situ immobilized Ni
nanoparticles, which delayed the charge transfer throughout high-temperature
transformation of CO2. Chen et al. [252] displayed a VL hybrid photocatalytic
system for the transformation of CO2. A simple approach was adopted for the
immobilization of [Ni(terpy)2]

2+ (Ni(tpy)) on inorganic ligand-capped CsPbBr3
nanocomposite. After the analysis, it was found that the Ni(tpy) boosted the specific
catalytic sites and effectually trapped the e− to prohibit the regrouping of
photo-produced charges in the CsPbBr3 nanocomposite. A high yield of
1724 lmol/g in the photoreduction of CO2 to CH4/CO was acquired with the
CsPbBr3-Ni(tpy) catalytic system, which is *26 folds greater to CsPbBr3
nanocomposite. Sharma et al. [253] used activated carbon fibers (ACF) for the
immobilization of Ni-loaded TiO2, which offered large illuminated surface area that
efficiently boosted the transformation of CO2 in the aqueous phase (H2O) to yield
CH3OH under UV and VL exposure. The introduction of Ni in the TiO2 matrix
inhibited the phase transformation and efficiently controlled the grain size of ana-
tase crystallites. The results revealed that after 2 h of VL and UV exposure 986.3
and 755.1 lmol g−1 yield of CH3OH was obtained over NiO–TiO2/ACF after the
photoreduction of CO2. The immobilized sample was easily separated from the
aqueous medium and showed good stability after n-number of cycles.

20.5.3 Gas-Phase Reactor Designs

The conversion into a transportable and storable fuel is a challenging process. The
gas-phase CO2 photoreduction under natural sunlight concentration is the most
effective path to setup a feasible CO2 to fuel translation technology. Until now,
numerous investigations have been carried out which have utilized slurry or
liquid-based reactor designs for the photoreduction of CO2. Such designs even
under alkaline conditions and high partial pressures suffer poor solubility of CO2 in
the aqueous medium, which is expensive, complex, and the resultant toxic solutions
seem to bring no substantial improvement in activity [254, 255]. Accordingly,
Hamdy et al. [256] designed a variant mixture containing C3H8, C3H6, C2H6, C2H4,
and CH4 set of hydrocarbons, respectively. The hydrocarbon mixture was tested in
a photoreactor with water vapor and different photocatalysts under UV illumination.
As a result, CH4 was obtained to be relatively stable as compared to the other
hydrocarbons after 2 h of UV illumination, with substantial reduction of CO2

detected for some photocatalysts. The study of Hamdy et al. certain other
researchers [257–259], establish an integral appeal of flow-through photoreactors,
in which hydrocarbon products are obtained that can potentially be oxidized in the
photoreactor. A descriptive flow-through photocatalytic design can be seen in
Fig. 20.13 [260]; where the photocatalyst is suspended over a nanoporous disk that
comprised of spun glass which allows the flow of the reactants under AM 1.5
irradiation.
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With regard to a marketable photocatalytic design, the photocatalyst as a
non-porous substrate or loose powder is impractical for large scale utilization. For
an optimum photocatalyst configuration, the usage of engineering it in the form of
thick gas-permeable wafers, which are dense enough for high-level absorption of
incident light, and possess an adequate degree of mechanical association to
empower handling is desirable. The capability to considerably improve the product
rate production by photoreactor system allows a stirring outlook. Pipelzadeh et al.
[261] in their study reported a standard photoreactor with planar photocatalytic
support for gas flows, adapted to handle dynamic pressure swings. The photocat-
alytic process (CO2 + H2O + AM1.5 ! CH4) was initiated to imitate breathing
during the procedure under either of the two conditions i.e., with dynamic pressure
swings (PS, 5–3 bar) or constant pressure (CP, 5 bar, flow rates of 50 or 100 ml/
min). The described pressure swings and the rate of gas flow were monitored by a
Teledyne ISCO D260 syringe pump. Under the gas flow rates of 100 ml/min and
50 ml/min, the rate of change of pressure was found to be 0.8 bar/min and 0.4 bar/
min, respectively. The photoreduction of CO2 by P25 TiO2 and ZIF-8/P25 TiO2

nanocomposite samples were tested using the variable/constant pressure photore-
actor. The photocatalyst used in the examination under constant and variable
pressure swings led to comparable rates of formation of CH4, and with the increase
photocatalyst stability, there was an increase in the flow rates of CH4 of *3� to
20� , respectively. Brusa and coworkers [262] examined the photocatalytic oxi-
dation of cyclohexane over TiO2 for the yield and product selectivity of cyclo-
hexanone and cyclohexanol generation under light irradiation (k * 254–366 nm)
and photon flux (0.3 Einstein cm2/s 5.0). Working at fixed temperature, it was
observed that both the light intensity and irradiation wavelength had a positive
influence on the cyclohexanone/cyclohexanol product ratios. However, at certain
wavelength, it was observed that the product ratio was directly proportional to the
intensity of light irradiation. In concordance from these results, Niu et al. [227] used
the fixed graphitic-C3N4 and photocatalyst configuration, however, changed the
physical structure to vary the bandgap of the composition. In VL exposure, the

Fig. 20.13 Illustration of experimental layout for flow-through photocatalytic CO2 to fuel
conversion experiments, including online gas chromatography system for dynamic analysis of
gaseous products. Reproduced from Ref. [260]
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photoreduction of CO2 was examined and the major products were observed to be
CH4 and CH3CHO with graphite-C3N4 nanosheets (Eg * 2.97 eV) and bulk
graphitic-C3N4 (Eg * 2.77 eV), respectively. The results implied that the absorp-
tion of reactant was found to be dependent on the photocatalyst’s atomic structure,
which was found to be similar for both the samples, thereby; the initial pathway and
the adsorption state of the reactant species were also identical. Hence, the difference
in the products obtained will be attributed to variations in the transmission rates of
photoinduced charges, which imply the value of being able to distinguish photo-
generated exciton efficiently over a prolonged duration of operation. Therefore, it
can be inferred that an increase in the level of hindrance around the surface of the
photocatalyst confines the mass transfer film resistance, with weakening returns as
other rate restrictions such as reaction or diffusion kinetics become dominant. In the
end, it can be noted that all reported photoreactor systems have one thing in
common i.e., the reaction occurs at the photocatalyst’s surface. In other words, a
semiconducting entity is irradiated and subsequently treated with CO2 + H2O, in
which the reactants undergo random adsorption and desorption to produce the
photogenerated induced charges with the modification in the rate of gas flow,
configuration of undergoing reactants, and subsequently, photocatalyst structure
and composition [263].

20.6 Summary

In terms of the IPCC (Intergovernmental Panel on Climate Change), Carbon
Dioxide Removal alternatives are required to compensate residual emissions from a
likely climate overshoot of the goals set at the Paris Agreement. At the industrial
level, three strategies are favorable: reduced GHG (greenhouse gas) emissions, CO2

Capture and Storage (CCS), and CO2 utilization. In CO2 utilization processes, the
CO2 molecule activation could be difficult due to the stability of the CO2 molecule.
Beside several thermal methods, the usage of photo-energy can accumulate energy
towards better C–O bonding cleavage. With photocatalysis, we can use solar
energy, as well as reducing the temperature of reactions of CO2, as well as finding
new ways for producing fuels from such carbon source. We believe that the usage
of heterogeneous photocatalytic methods for producing valuable products from
CO2 under UV and VL exposure can be an option for further carbon dioxide
utilization. For doing so, we focused on the main parts as electron structure of
CO2 and photoexcitation of such molecule; UV light and visible light assisted
CO2 photoactivation in the gas stage over TiO2 based and other catalysts; Liquid
phase CO2 activation and the designing and upscaling techniques for
CO2 converting photoreactors.
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Chapter 21
Emerging Photocatalysts for Hydrogen
Production

Priyanka Pandey and Pravin P. Ingole

Abstract Hydrogen has an enormous potential to become the ideal and promising
energy source as it is a green, renewable and high energy density resource. It is
efficiently storable and highly abundant in nature. Different approaches have been
used to produce hydrogen; however, clean hydrogen production is not always
green; i.e. only a few of these methods are environment-friendly. The
photo-electrochemical water splitting for hydrogen production got great attention to
reduce dependency on a non-renewable resource with waste minimization for clean
hydrogen generation. This chapter gives a comprehensive view of different pro-
duction methods and electrode materials for photocatalytic water splitting towards
hydrogen production. The covered topics include different metal oxides (MOs),
metal chalcogenides (MSs) and different shapes of nanocomposites, which are used
for photoelectrocatalytic hydrogen production. Also, the advantages and disad-
vantages of the selected materials and methods for hydrogen evolution from water
splitting are discussed along with their challenges and prospects.

Keywords H2 production � Green chemistry � Photocatalyst � Metal oxide
(MOs) � Metal chalcogenides � Photoelectrochemical water splitting

21.1 Introduction

Energy is the key source for modern economic growth and social development. The
increased industrial energy consumption and demand are global issues due to cli-
mate change [1, 2]. The renewable energy (RE) sources offer noticeable solutions
towards reduced greenhouse gas (GHG) effects and alternative energy for the
long-term economic development [1–3]. Therefore, different techniques providing
RE are necessary for developing decarbonized energy sources, which are
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low-carbon, safe, and price reliable for the society [2–6]. However, the complete
decarbonization of different industry and transport sectors required high energy,
challenging through electrification. The same challenge could be addressed by
hydrogen fuel from renewables, which allows vast amounts of renewable energy to
benefit the power sectors [5–7]. Additionally, the energy storage capacity and high
heating value of hydrogen make it excellent fuel than other energy sources [8, 9].
Thus, hydrogen gas (H2) has been accepted as one of the cleanest energy carriers
and environment-friendly compared to fossil fuels [7, 10, 11].

Hydrogen is the most abundant, lightest, simplest and fundamental element in
the universe [12]. It has the simplest atomic structure, which consisted of one
proton and one electron to easily allow making a bond with various organic and
inorganic elements to produce several stable chemical compounds [12, 13]. In the
environment, it is found in different forms (water, living materials and fossil fuel) in
combination with oxygen, carbon and nitrogen. However, the pair of hydrogen
atom constitutes of H2 molecule and acts as a gas at standard condition while at
very low temperature and high pressure, it becomes liquid or solid. It is not a
primary source of energy but assumed as a secondary form of energy [12–14]. The
way to produce hydrogen needs to assure their environmental impact and energy
efficiency on society.

Generally, the existing hydrogen production technologies are thermolysis, steam
reforming, auto-thermal reforming, gasification, thermochemical water splitting,
plasma arc decomposition, proton exchange membrane and biological methods, and
used different feedstocks like natural gas, water, biomass and coal to convert into
hydrogen fuel [15–18]. Annually, around 55 million tons of hydrogen produced per
year with 6% of consuming rate [16, 17]. Nearly, 50% of global demand for
hydrogen emanates from steam methane reforming, rest 28% from oil/naphtha
reforming, coal gasification cover 18%, electrolysis of water 3.9% and remaining
0.1% from other sources [16–18]. These applied methods have substantial disad-
vantages due to the emission of carbon monoxide (CO), carbon dioxide (CO2),
greenhouse gases causative of ozone layer depletion [19–21]. The electrolytic
process (plasma arc decomposition, alkaline hydrolysis and water proton exchange
membrane) exhibits maximum energy efficiency for hydrogen production.
Simultaneously, these processes drawback demands more energy and is a
non-sustainable process [20, 21].

Several projects are under process to decrease the production costs and decar-
bonization associated with sustainable energy [19, 20]. The analytical approach
should follow green chemistry principle, namely (i) reduced unnecessary deriva-
tization, (ii) prohibiting waste production, (iii) termination of non-hazardous
chemical synthesis, (iv) utilization of renewable feedstocks, (v) energy-efficient
approach, (vi) suitable catalyst, (vii) degradable reactant and product and (viii)
real-time monitoring of hazardous substance formation [21–24]. Towards this end,
the photocatalytic and photo-electrochemical (PEC) water splitting approaches have
been extensively used for hydrogen production [23–25]. However, its efficiency in
industrial use needs more attention.
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Alternatively, the PEC water splitting method is a favourable way to produce
hydrogen fuel [22–24]. A PEC cell is a three-electrode system where
semiconductor-based photoelectrode absorbs solar energy converted into chemical
energy to solve the current energy demand based on green chemistry principle [23–
25]. The semiconductors, essential components of a PEC cell, are known as pho-
tocatalytic material. It absorbs incident photons and converts it into electron–hole
pairs at the surface of nanostructured materials [15]. These photogenerated charge
carriers directly take part in splitting water into hydrogen and oxygen [24]. Till
date, numerous semiconductors (metal oxides, chalcogenides, nitrides, phosphides,
carbides and many more) have been explored due to their different shape, size (1D/
2D morphology), atomic arrangements and electrode potential to reduce hydrogen
with their high production efficiency [22–24]. Moreover, the selection of semi-
conductor material for water splitting depends on electrode potential (>1.23 V),
bandgap energy, large surface area, fast charge carrier separation, high elec-
tronic mobility, suitable morphology, photostable, recyclable and high current
density [14, 15].

Several metal oxides (MOs)-based photocatalysts have been studied [24, 25] for
water splitting due to their intrinsic properties [14, 15]. Especially those MOs
having d0 and d10 electronic configured metal cations showed high quantum
efficiencies [26, 27]. Amongst them, TiO2, Cu2O, V2O5, WO3, Fe2O3, SnO2 and
ZrO2 have been broadly investigated photocatalyst for water splitting with an
applied bias voltage [15, 26–29]. These photo-active materials are only active for
ultraviolet (<400 nm) and visible light (400–800 nm) under solar illumination [27].
Although MOs are accomplishing many of the excellent photocatalytic conditions,
recombination of electrons–hole pair, probability of reverse reaction and only
response for UV and visible light are the major drawback [27–29]. Therefore, the
efficiency of MOs is still inadequate for the solar light absorption that can be tuned
for more hydrogen production [14, 22–30]. Further, there is a need of advanced
materials for PEC investigation to justify the oxidation of organic substrates under
UV-Vis-NIR region to enhance their quantum efficiency [31].

Additionally, the earth-abundant transition metal chalcogenides (MoS2, WS2,
MoSe2, WSe2, FeS2, CoSe2, CoS2, NiS2, NiSe2, TaS2, TiS2, CdS and CdSe) are the
emerging photocatalyst for hydrogen production [32–34]. Remarkably, the
two-dimensional (2D) metal chalcogenides have gained consideration because of
their nanosheet or nanoplates like morphology. It provides a large surface area,
different surface states, tunable electrical properties and atomic thickness [33].
These 2D-layered nanosheets showed significant physical, chemical and electronic
properties compared to their bulk counterparts [33. 34]. The metal sulphides are the
appropriate photocatalysts due to their high carrier mobility, small bandgap,
Vis-NIR active and better absorption response compare to the MOs. It has a high
conduction band (CB) position and electrode potential for hydrogen production
[34]. Moreover, ternary, quaternary or penternary chalcogenides are a new class of
alternative catalytic materials because they can offer high flexibility for tuning the
bandgap without relying on toxic elements [35]. However, metal sulphides would
undergo photo-corrosion in the absence of sacrificial electron donors and protective
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layering [33–35]. It can be controlled using doping in the metal chalcogenides
lattice with impurity atoms (Ni, Cu and O) or compounds (TixOy, NixOy, etc.). It
creates structural defects and designed proper Z-scheme heterojunction to inhibit
the photo-corrosion [36, 37]. Additionally, the photocatalyst charge transfer path
and their mechanism are not well-explained, and it needs progressive research [37].
Theoretical and experimental studies confirmed that metal sulphide-based catalysts’
performance is efficient for more hydrogen evolution [35–38]. Furthermore, a
successful sustainable, clean and economical energy strategy must be addressed as
feasible solutions for all different challenges. This chapter summarizes an overview
of emerging photocatalyst and advanced hydrogenation technology with their pros
and cons.

21.2 Different Methods of Hydrogen Production

Power of hydrogen is to decrease our dependency on fossil fuel. It reduces the CO2

emission from the environment and is an encouraging solution for storing variable
RE to achieve a 100% renewable and sustainable hydrogen economy. The hydro-
gen economy consisted of four main steps like fabrication, packaging, security and
consumption, interlinked and interdependent. The way to produce hydrogen and
their selection of suitable technologies are based on the type of available renewable
energy resources that must be clean during the whole process. Hydrogen production
method from renewable and non-renewable energy sources has been classified
based on “Green Chemistry” principles with their advantages and disadvantages
observations. Thus, the five main categories exist for the production of hydrogen
associated with their input energy resources, which is given in Table 21.1. This
chapter is dedicated to emerging photocatalyst for hydrogen production from
photo-electrochemical water splitting techniques.

At the laboratory scale, the first-time hydrogen is produced from “Red-hot Iron
filings”. It is derived from metal–water hydrogen production methods. It is a
primitive method and uses in a hot air balloon. But at large scale for economical
purpose, different techniques are developed; out of them, some are explained in this
section with their advantages and disadvantages.

21.2.1 Steam Methane Reforming (SMR)

The steam methane reforming (SMR) is a catalytic and energy-efficient profitable
technology for producing hydrogen from light hydrocarbons (methane, gasoline,
methanol, or ethanol) [4, 6, 11]. Natural gas evolution is an advanced and devel-
oped process for near-term hydrogen production [6, 18]. Usually, it uses
high-temperature steam (700–1000 °C) to produce hydrogen from natural gas.
The SMR is an endothermic reaction in which methane reacts with steam (3–25 bar
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Table 21.1 Classification of hydrogen production methods and procedure with their advantage
and disadvantage

S. No. Methods Procedures Advantage Disadvantage Ref.

1. Chemical Red-hot iron filings
metal–water hydrogen
production

Laboratory scale
production
(primitive method)

Hydrogen
produced at small
scale. Energy
efficiency is 32%

[39]

2. Thermal Thermolysis Required high
thermal (>2500 K)
energy to dissociate
water into H2 and O2

Single-step
procedure
Using renewable
feedstock, reducing
derivatives

System requires
extreme high
temperatures,
incompatible with
energy efficiency

[40]

Thermochemical water
splitting

Thermochemical
water spitting
requires moderate
temperature ranges
(600–1200 K) to
split water into H2

and O2

No need of separator
between H2 and O2

evolution.
Electricity input is
very low

Used H2SO4 as
hazardous solvent,
needs high
temperature,
multi-steps
required

[41]

Biomass conversion Crops, agricultural,
forestry, industrial
and municipal waste
used as feedstock

Complex reaction,
CO2 and Tar emit
as a by-product,
energy efficiency
is questionable

[6, 10]

Steam reforming
(a) Steam methane
reforming (SMR)
(b) Partial oxidation
(POX)
(c) Auto-thermal
Reforming (ATR)

Using biogas or
Natural gas as
renewable resources.
Reduced derivatives
Use of catalyst
increases the energy
efficiency and yield
of synthesis
Inexpensive and
most industrialized
method

CO is waste
product,
Reversible
reaction
Required high
amount of reactant
Less energy
efficient

[4, 6,
11, 18]

Gasification Coal and biomasses
use as Solid
feedstock
At high temperature
and pressure, solid
fuel reacts with O2

and steam to
produce H2

Tar and CO/CO2

as by-product,
lower energy
efficiency

[19–21]

(continued)
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Table 21.1 (continued)

S. No. Methods Procedures Advantage Disadvantage Ref.

3. Electrical Plasma arc
decomposition

CH4 decomposed
into H2 and CO2 via
plasma arc at high
voltage

Uses high voltage,
carbon black as
by-product

[17, 18]

Electrolysis
(a) Alkaline hydrolysis
(b) Proton exchange
membrane
(c) Solid oxide
electrolysis cell

Industrial method,
use of renewable
energy resources
(wind, solar,
geothermal) to
convert chemical
energy into
electrical energy
Less derivatives

Hazardous
by-product, not
easily degraded

[11, 15,
16]

4. Photolytic Photo-electrochemical
water splitting

No waste
production,
minimum reagent
input, uses alkaline
electrolyte, working
under normal
temperature and
pressure condition,
uses renewable
energy resource,
single-step reaction
and photo catalysts
are employed

System
components
biodegradability
and safety
information are
questionable

[1, 9,
13, 16]

Hybrid
thermo-chemical water
splitting cycles

Thermally driven
chemical reaction,
use of renewable
energy, no
secondary pollutant

Required multistep
reaction, energy
efficiency is slow

[16,
24–27]

High-temperature
electrolysis

Steam separated into
H2 and O2 at high
temperature and low
heat, use of
renewable energy
resources (solar,
wind or
geothermal), as heat
sources.
Avoids KOH in
reaction

Required higher
temperature,
energy efficiency
is less

[26–35]

(continued)
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pressure) to produce hydrogen, carbon monoxide (CO) and carbon dioxide (CO2)
[10, 12, 40]. Similarly, in “water–gas shift reaction”, the CO and steam are reacted
to produce CO2 and more hydrogen. Further, the pressure swing adsorption method
is used to remove CO2 and other impurities from the gas stream to get pure
hydrogen [39, 40], including other fuels (ethanol, propane or even gasoline)
[18–20].

Steam methane reforming reaction

CH4 + H2O þ heatð Þ � COþ 3H2 ð21:1Þ

Water–gas shift reaction

COþH2O � CO2 þH2 þ small amount of heatð Þ ð21:2Þ

Table 21.1 (continued)

S. No. Methods Procedures Advantage Disadvantage Ref.

5. Biological Dark Fermentation Biological route, i.e.
in the presence of
anaerobic bacteria
under dark condition
and in the absence
of molecular O2

Reaction drives at
room temperature
and pressure

CO2 as a product,
maximum use of
reagents oppose
atom economy,
and complex
biological
mechanisms,
create more
derivatives

[42]

Bio-photolysis Photolysis of water
in the presence of
anaerobic condition
—cyanobacteria or
microalgae under
presence of solar
light. Water is only
resource, biological
catalysed reaction

Complex
biological route

[43]

Photo-fermentation Solar light driven
biochemical
production of H2

from water

Multistep reaction
system, CO2 as
secondary product
and other
derivatives

[44]

Artificial
photosynthesis

Produces O2 from
capturing CO2 of
air, photo-sensitive
catalyst as artificial
pigment

Less derivatives
and unknown
biodegradability of
components

[45]
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This method’s significance is the use of renewable feedstocks rather than
depleting resources, i.e. minimization of unnecessary secondary product. However,
the drawback is the production of the secondary pollutant (CO and CO2). Since it is
a reversible reaction, it required more reagents to convert into a product, i.e. to
maximize the incorporation of all reagents used into the final product which
opposes the atom economy.

21.2.2 Partial Oxidation (POX)

Partial oxidation (POX) is a non-catalytic technology that utilizes heavy hydro-
carbon feedstock to produce CO-rich syngas at high temperatures (between 1100
and 1500 °C). It has been recommended for hydrogen fuel production towards
automobile and commercial application [41, 42]. A partial amount of oxygen reacts
with the hydrocarbons in POX, which is completely not enough to oxidize the
hydrocarbons to CO2 and H2O [43]. In the presence of atmospheric oxygen (small
amount), the reaction produces hydrogen, CO and a small amount of CO2, pri-
marily. Also, it produces nitrogen when the reaction has occurred with air rather
than pure oxygen. The catalytic partial oxidation (CPOX) system operates at the
lower operating temperatures, whereas, due to exothermic nature, it is very tough to
control the temperature of reaction [40–43]. Generally, for natural gas conversion,
nickel- (Ni) or rhodium (Rh)-based catalysts are required but, Ni has a strong ability
to yield coke and Rh make it more costly [42]. Krummenacher and his group [43]
have successfully utilized the CPOX process to oxidate decane, hexadecane and
diesel fuel. Usually, POX reactors thermal efficiencies with methane fuel estimated
60–75% of heating values [41]. The process requires a smaller reactor vessel and is
much faster than steam reforming. However, the produced hydrogen is less com-
pared to the steam reforming process. Moreover, for pure hydrogen production, two
separate units must oxidize the methane as air separation and oxygen purification.

CH4 þ 1
2
O2 + H2O ¼ 3H2 + CO2 þ heatð Þ ð21:3Þ

This production method is similar to the steam reforming method. The primary
modification is that it produces CO2 instead of CO. This modification does not
affect the assessment of partial oxidation and is difficult to control the reaction
selectivity towards total combustion of hydrocarbon [43].
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21.2.3 Auto-thermal Reforming (ATR)

The auto-thermal reforming (ATR) method is additions of steam into the CPOX
system. It consists of a thermal zone where POX and CPOX are used to generate
heat that needs to drive the downstream steam reforming reactions in a catalytic
zone of the single reactor [44]. Hence, the reactor’s temperature profile showed a
sharp increase in the thermal zone due to the POX exothermic nature [45].
A significant advantage of this process over SMR is that it can be stopped and
started at any time rapidly. It can produce a large amount of hydrogen, lowering the
process temperature [46]. In ATR operation, the proportion of oxygen to fuel and
steam versus carbon must be accurately controlled at every stage of the temperature
reaction and gas production [46–48]. Thus, the ATR method having advantages in
relative compactness, lower capital cost and potential at economic scale [48].
The ATR thermal efficiency is comparatively high to that of POX reactors and
fewer than that of steam methane reforming [46, 47]. The disadvantage is that it
requires air or oxygen, which is not a green approach. It has limited commercial
experience in terms of controlling wastes and energy efficiency [21].

21.2.4 Gasification of Coal and Other Hydrocarbons

Gasification is another thermal hydrogen production method. It is a commercially
used process to convert biomass and coal liquid into H2 gas. In this process, the
fossil fuel sources react with oxygen and steam at high temperature and pressure.
The resulting synthesis gas contains H2 and CO. In the second step, it reacts with
steam to separate the hydrogen [47]. This complex reaction mechanism consists of
multiple steps to produce CO and CO2 [48, 49] as below.

Cs þH2O � COþH2 ð21:4Þ

The gasification process is performed in a fixed bed reactor with or without a
catalyst for better performance [50, 51]. The products formed are syngas stream (H2

to CO) which later used as the feedstock to a Fischer–Tropsch synthesis to produce
higher hydrocarbons or in a water–gas shift reaction for the production of hydrogen
[50, 52]. However, the gasification process delivers substantial amounts of “tars” as
a product at an operational temperature of 800–1000 °C range. Therefore, the
ancillary reactor uses calcined dolomite or nickel catalysts to clean and promote
product gas [51]. The water–gas shift reaction process can get a pure and increased
hydrogen concentration at the separation procedure [53]. Usually, gasification
reactors are manufactured at large scale, requiring large amounts of material to be
constantly fed to them. Its estimated energy efficiencies 35–50% calculated based
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on the lower heating value [53]. The major drawback is providing a large amount of
resources, which must be collected from the large amounts of biomass increases its
logistics costs. This limit of the gasification plants lowers the commercialization of
biomass-based hydrogen production.

21.2.5 Electrical Method of Hydrogen Production

Alternatively, an electrical method is an eco-friendly technology of H2 production
through electrolysis of H2O. It consisted of an electrolytic cell, electrolyte and
electrodes system (anode and cathode) interconnected with external bias/potential.
When applying an external voltage, an electric current passes through two elec-
trodes and reduces H2O or hydrocarbon into H2 (as below equation) [16].

Water electrolysis:

H2O !electricityð Þ
H2 þ 1

2
O2 DH ¼ �288 kJ mol�1 ð21:5Þ

At anode:

4OH� ¼ O2 þ 2H2Oþ 4e� ð21:6Þ

At cathode:

2H2Oþ 2e� ¼ H2 þ 2OH� ð21:7Þ

The required electricity is dependent on renewable energy resources such as
biomass, geothermal, wind and solar energy [18, 54]. Electrical energy is converted
into chemical energy in H2 and O2 as an advantageous product in an electrolytic
cell. In an alkaline cell, water is introduced at the cathode, which decomposed into
H2 and OH−. Simultaneously, the OH- travels through the electrolyte to the anode,
where O2 is formed [55]. During the process, hydrogen is left in the alkaline
solution, separated outside in a gas–liquid separations unit of the electrolyzer [55].
It showed 100–300 mA cm−2 current density with their energy efficiency of *50–
60%. It is the most common advanced and extensively used electrolysis technology
in the industry [56]. The alkaline commercial electrolyzers use 30% KOH for
electrolysis that can be reproduced again. Alternatively, the proton exchange
membrane (PEM) electrolysis and solid oxide electrolysis cells (SOEC) have also
gained significant attention for hydrogenation [56, 57]. In PEM electrolyzers, water
electrolysis occurs at the anode where it split into H2 and O2 without any separation
unit to get pure H2 [56–58]. In PEM electrolyzer, the following reactions occurred
at the anode and cathode.
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Water electrolysis:

H2O !electricityð Þ
H2 þ 1

2
O2 DH ¼ �288 kJ mol�1 ð21:8Þ

At anode:

2H2O ! O2 þ 4Hþ þ 4e� ð21:9Þ

At cathode:

4Hþ þ 4e� ! 2H2 ð21:10Þ

The SOEC electrolyzers are also one of the most electrically efficient solid oxide
fuel cells, but less advanced technology compared to PEM. It uses thermal energy
in place of the electrical energy to split water into H2/O2 [11]. The use of higher
temperature increases the electrolyzer efficiency by reducing the anode and cathode
overpotentials at high power consumption [15, 16]. SOEC technology is having
corrosion problems during the electrolyzing process. Its mechanism is similar to
alkaline electrolysis system, where anion travels through the electrolyte and leaving
the hydrogen ion in the unreacted steam [59]. The SOEC process requires high
temperature, precious materials for fabrication. It makes an additional heat source
cost, which makes it more sensitive and expensive [58–60]. Therefore, several
studies are going on towards lowering the cost of renewable energy for electrolysis.

21.2.6 Photo-Electrochemical Method

The photo-electrochemical (PEC) water splitting is a photoelectrolysis process,
where photoelectrodes are exposed under photonic energies which produce
chemical energy at the end of reaction [61, 62]. The hydrogen production follows
the sequences as (i) incident photon energy should be greater than the semicon-
ductors bandgap energy to produce electron–hole pair, (ii) fast migration of electron
from anode to cathode to produce electrical current, (iii) reduce H+ and OH− at
cathode and anode, respectively, (iv) gaseous H2 and O2 are separated and stored in
two different chambers. The photoelectrolysis of H2O could be understood via the
following steps:

Photon absorption

4hv! 4hþ þ 4e� ð21:11Þ
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At anode

2H2Oþ 4hþ ! 4Hþ þO2 ð21:12Þ

At cathode

4Hþ þ 4e� ! 2H2 ð21:13Þ

Overall reaction

2H2Oþ 4hv! 2H2 þO2 ð21:14Þ

The above chemical equation shows that the generation of electron–hole pairs
depends upon the number of absorbed photons. The hydrogenation method’s
advantage is entirely dependent upon renewable energy resources (sunlight) with-
out waste production. Also, it is a single-step photocatalytic reaction at room
temperature and pressure. The photo-corrosion is a disadvantage of PEC reaction,
which can be controlled using emerging photocatalyst optimization. Chapter 22
discusses the fundamentals and experimental aspects of PEC water, splitting in
more essential details. The emerging photocatalysts are specially designed on the
physical, chemical and electrical properties (Please see details in Sect. 21.3).

21.3 Emerging Photocatalytic Materials

A wide range of semiconducting materials has been developed as a photocatalyst
for hydrogen evolution. It should absorb a sufficient amount of incident radiation to
generate electron–hole pair to reduce proton (H+) into hydrogen (H2) molecule.
Universally, the thermodynamic reduction potential of H+ to H2 is 0.0 V versus
NHE at pH = 0. Therefore, semiconductor’s conduction band (CB) bottom position
should have placed at more negative potential than the H+ reduction potential
(shown in Fig. 21.1). Therefore, the synthesized photocatalyst should have a small
bandgap, photo and thermally stability, chemically non-reactive, earth-abundant,
low cost, and nontoxic [63].

Commonly, three types of photocatalyst have been developed: metal oxides,
metal chalcogenides and metal-free photocatalyst from the last few decades [59–
63]. But issues due to large bandgap (metal oxides—only absorb UV light), heavy
metal toxicity, fast charge recombination, improper band position, costly and
eroding nature need to be addressed for further improvement in photocatalyst [64].
In this viewpoint, the two-dimensional (2D) materials, transition metal oxide,
MXene (chalcogenide, carbides, nitrides and carbonitrides), oxynitrides, oxysul-
phide, phosphides, z-scheme heterocatalyst, co-catalyst, metal–organic framework
(MOF) and pervoskites have recently attracted much attention as emerging pho-
tocatalyst [64–68]. The 2D generation of nanocrystal is having plates or sheet-like
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structure with the lateral size 100 nm to few micrometres and the thickness <50
nanometres. It provides a high surface area, excellent physiochemical, electronic
and optical properties for photocatalytic hydrogenation [69].

The 2D nanoplates (Fig. 21.2) are arranged in a layer that showed strong
covalent bonding in-plane, which offers more active binding sites to establish more
heterojunctions. The lateral side of these nanoplates layers is connected with weak
van der Waals force [70]. Hence, 2D nanostructure has aroused broad interests as
favourable photocatalysts with their advantageous feature. The bandgap and the

Fig. 21.1 Schematic
illustration of photocatalytic
hydrogen generation through
H+ reduction reaction

Fig. 21.2 Prototypical of 2D
nameplates showing in-plane
and lateral side bonding that
accelerate the activity of
photocatalyst for H+ reduction
into H2
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light absorption of the 2D semiconductor can be adjusted by tuning the number of
ultrathin layers, reducing the recombination of electrons and holes. Additionally,
semiconductors’ specific surface area is enhanced and get involved in the photo-
catalytic reaction [71–73].

21.3.1 Two-Dimensional Transition Metal Chalcogenides

Development of 2D transition metal chalcogenide (2D-TMCs) has gained great
attention in recent years. The 2D-TMCs are layered compounds with the general
chemical formula of MC2, (M = Fe, Cd, Co, Cu, Mo, W, etc., and C = S and Se)
[74]. Amongst them, the 2D-MSs are prepared with hexagonal layers of metal
atoms that are sandwiched between two layers of sulphide atoms (S-M-S). In
nanosheet plane, sulphides and metal (S-M-S) are attached with covalent bonds,
while at the lateral side of the layered sheets are bonded via van der Waals inter-
actions. Several 2D-MS2 (MoS2, CuS2, CoS2, NiS2, WS2, CdS2 and FeS2) got
attention due to promising visible light active photocatalyst [33, 70–76]. The
ultrathin nanolayers of 2D-MoS2 (thickness *0.65 nm) are more stable than bulk
MoS2. The synthesized 2D-MoS2 nanosheet exhibits a direct bandgap of 1.96 eV
compared to bulk MoS2 indirect bandgap of 1.2 eV, and due to that, bulk MoS2 not
able to activate the photocatalytic reaction [70]. In another study, Zhang’s group
suggested a 10 wt% of WS2, 2D heterostructured CdS/WS2 composed of 2D CdS
and 2D WS2 nanosheets exhibited the largest H2 evolution. The WS2 functioning as
an electron-trapping site, and consequently, it emits H2 in visible light irradiation,
which was greater than that of pure CdS [77, 78]. Giovanni and group synthesized
new type of iron sulphide (2D-FeS, pyrrhotite) nanoparticle for water electrolysis
towards hydrogen evolution at low overpotentials and gave high current densities
[79]. Thus, the studies suggested that MS2 having noticeable perspective as an
economically feasible and capable photocatalyst for water splitting.

21.3.2 Two-Dimensional Transition Metal Oxides (2D
TMO)

The 2D transition metal oxides (TiO2, Co3O4, NiO, CuO, MoO3, m-BiVO4, V2O5,
Fe2O3 and Fe3O4) are highly stable and energized towards PEC water splitting
applications [74–84]. The 2D nanoplates morphology of anatase TiO2 provides
enhanced active sites on the basal plane side. It catalyses the splitting reaction and
yields four times more H2 than traditional anatase nanocrystals [80]. Chen et al.
proposed efficient 2D WO3 nanoplatelets of larger bandgap than the bulk crystal
due to positive shifting in both CB and VB edges for evaluating CH4 [81]. Also,
other n-type 2D MoO3 (wide bandgap) nanoplates are introduced as an emerging
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photocatalyst for H2 evolution. It degrades methylene blue (MB) and rhodamine B
(RhB) dyes under the irradiation of sunlight [82]. Additionally, the orthorhombic
crystal structure of 2D V2O5 (*80 nm lateral size) makes zigzag double chains of
VO5 pyramids and shares the corners with the oxygen atom bridge. It provides an
enhanced surface area for a significant evolution of the H2 molecule compared to
the commercial counterpart [83, 84]. Therefore, the current synthetic approach may
reveal a new brand pathway to prepare shape-controlled transition metal oxides
nanomaterial for water splitting.

21.3.3 MXenes and Novel Composites

MXenes (Ti2C, Nb2C, V2C, Mo2C, (Ti0.5Nb0.5)2C, (V0.5Cr0.5)3C2, Ti3CN, Ti3C2

and Nb4C3) are new inventive photocatalyst series of 2D nanomaterials with
common formula Mn + 1XnTx (n = 1 − 3), where M is a transition metal (Mo, V,
Nb or Ti), X is carbide, nitride, carboxynitride, and Tx represents the surface
functional groups [76, 86]. The synthesized MXenes are strong photocatalyst with
enhanced electrical conductivity and energy efficiency. Yuan et al. synthesized
Ti3C2 by applying laminated defect-controlled, and carbon-supported
sulphur-doped TiO2 junction photocatalyst (LDC-S-TiO2/C) exhibited a high rate
of H2 generation [87]. Also, Sun et al. described the improvement of Ti3C2Tx

composite with carbon nitride. However, MXenes showed both metallic and
hydrophilic nature, which can transform into a semi-conductive state using terminal
O and F groups’ surface adsorption for better catalytic properties [87, 88]. While Su
and his group reported that different MXene-Niobium pentoxide/carbon/niobium
carbide hybrid photocatalyst exhibited four times higher efficiency than the pure
niobium pentoxide [89]. In another study, a CdS composite structure with Ti3C2

exhibited a proficient co-catalyst efficiency (14,342 lmol h−1 g−1) of H2 evolution
and apparent quantum efficiency of 40.1% at 420 nm irradiation of photons [90].
Hence, the resultant 2D MXene demonstrates an efficient emerging photocatalyst of
hydrogen production.

21.3.4 Metal–Organic Frameworks

The metal–organic frameworks (MOFs) materials and their photocatalytic beha-
viour have been widely reported in different energy storage applications [76]. Their
porous structure and the high surface area along with linking ability towards the
metal/organic linkers or cages make them promising materials for further applica-
tions. Silva et al. evaluated the photocatalytic behaviour of UiO-66 and found a
high yield of H2 in the presence of methanol [91]. A synthesized
amino-functionalized titanium (IV) MOF and 2-amino-benzene dicarboxylic acid as
organic linker used in H2 production in an additional study. The resulted hybrid
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materials exhibited the photon harvesting capability of organic linker towards H2

evolution [92]. Yan and co-workers produced a CdS-doped MOF composite for
evaluation of H2 production. It exhibited high stability of the catalytic material
under solar light irradiation (up to 5 h) [93]. Similarly, Shen et al. reported Au, Pd
and Pt metal-doped MOFs’ catalytic productivity for H2 production. They found
that in the absence of Pt, the yield is very low related to the doped materials [94].
Significantly, MOF offers strong structural stability along with trading sufficient
surface sites to attach more water molecule and resultant H2 evolution [95]. In a
recent study, Gao et al. reported the effect of CoxNi4-xS4 on the surface of MIL-101
and demonstrated the importance of surface atomic structures for photocatalytic H2

production. Remarkably, the adsorption is the primary step in the H2 evolution, and
metal sulphide (Co2Ni2S4@MIL-101) displayed the utmost activity [96].

21.3.5 Z-Scheme Heterostructure Photocatalyst

Newly developed direct Z-scheme-based heterostructure is one of the emerging
photocatalytic systems to convert solar energy into H2 fuel. This system has con-
sisted of two photocatalysts: first acts as hydrogen evolution photocatalyst
(HEP) and second acts as oxygen evolution photocatalyst (OEP) [97]. On illumi-
nation, the photogenerated electrons of HEP (CB) and hole of OEP (VB) split water
into H2 and O2, respectively, at two separate photocatalysts. The photoexcited
electron in the CB of OEP directly jumps into VB of HEP to combine with
photo-holes to provide more electron to reduce H+ into H2. The travelling of the
electron from HEP CB to OEP VB through a shuttle completing the cycle using
“Z-pattern” as shown in Fig. 21.3 [98, 99]. It is also known as artificial photo-
synthesis motivated via the photosystem II/I (PSII/PSI) coupling from natural

Fig. 21.3 Schematics of 2D
Nanoplates based Z-scheme
heterostructure
photocatalyst system
consisted with hydrogen and
Oxygen evolution
photocatalysts
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photosynthesis. Generally, before coupling the HEP and OEP photocatalysts for the
Z-scheme system are first examined in half-reactions to test HEP and OEP catalytic
activity. The scavenger, namely methanol, sodium sulphide and triethanolamine, is
used for H2 production. It consumed the photogenerated holes, and the remaining
photoexcited electrons applied to reduce H+ efficiently [99]. This system is more
efficient than a single photocatalyst, allowing restrictions on the conduction and
valence band potentials of semiconductor photocatalysts to be widened [100].

The scientific groups are continually working on “Z-scheme” system towards
industrially efficient system by altering the morphology of the semiconductors
(shape & size), tuning bandgap, stable redox couples and photostable cocatalysts
[99, 100]. Guo’s group recently reported ZnO1−x(10 wt%)/Zn0.2Cd0.8S Z-scheme
photocatalyst for H2 production with a high quantum yield (49.5% at 420 nm),
which is higher than bare (Zn0.2Cd0.8S and ZnO1-x) sample [97]. In another study,
Ta3N5 was used to form a direct Z-scheme ZnO@Ta3N5 heterostructure that
exhibited much higher hydrogen evolution (*500 lmol/g-h) than indirect
Z-scheme photocatalyst (Ta3N5 and ZnO) [101]. Similarly, direct Z-scheme of
C3N4-TiO2, WO3/g-C3N4, and hexagonal boron carbon nitride (BCN)—TiO2

nanocomposites photocatalysts give new insights on enhancing the photocatalytic
H2 production ability [102, 103]. Thus, the entire Z-scheme system’s charge
transfer dynamics is more profound to understand the mechanism; i.e. it minimizes
the undesirable reversible reaction. This reversible reaction is poorly understood,
and it is one of the limiting factors towards the progress of the Z-scheme system,
which needs further attention. Thus, the Z-scheme having potentials to convert
maximum solar light into fuel energy (*40%) than a single photocatalyst system
(*30%), which is a leading energetic force for development.

21.4 Hydrogen Production Mechanism
of Photoelectrocatalyst

Photocatalytic water splitting and hydrogen evolution have proven to be an
excellent solution to maintain natural resource, and answers economic and social
problems [13]. Generally, the photocatalysis process is centred on a semiconducting
catalyst material and their conversion efficiency from sunlight to H2 energy [15].
In PEC water splitting mechanism, the photons absorb light energy, and it should be
higher or equal than semiconductor bandgap energy. Consequently, it produces
photogenerated charge carriers known as electron–hole pair. Thus, the exciting
electrons jump from valence band maximum (VBM) to the conduction band
minimum (CBM), leaving holes in the valence band. This phenomenon is known as
bandgap photoexcitation [23]. After the initial photoexcitation process, there is a
lifetime in the nanosecond regime for the photo-induced electrons. Further, it
migrates on the surface of photocatalysts, which participate in the redox reaction.
Overall, there is a need for a positive Gibbs free energy (237.13 kJ/mol) to
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complete the water splitting process; i.e. it cannot occur spontaneously [24]. It
directs that the CB potential should be more negative or comparably higher than the
redox potential of the lowest unoccupied molecular orbital (LUMO) of the acceptor
molecule. For the oxidation reaction, VB potential required more positive than the
redox potential of the highest occupied molecular orbital (HOMO) of the donor
molecule. This rule directs the property of acceptor/donor molecules to be reduced
or oxidized and directly suggests the probability of H2 and O2 production. Hence,
for efficient H2 and O2 evolution, CB potential of the photocatalyst must be more
negative than H2 production level. On the other hand, VB potential has to be more
positive than the water oxidation level [75–78].

Overall water splitting:

2H2O ! 2H2 þO2 DG0 ¼ 237:2kJ mol�1 ð21:15Þ

Hydrogen evolution reaction:

2Hþ þ 2e� ! H2 ð21:16Þ

Oxygen evolution reaction:

2H2Oþ 4hþ ¼ O2 þ 4Hþ ð21:17Þ

Therefore, the water splitting requires two electrons and four holes (as shown in
equation) to evolve one molecule of H2 or O2, respectively. Hence, overall water
splitting depends (Fig. 21.1) on the CBM and VBM positions, bandgap and size [85,
88, 97]. Therefore, 1.23 eV minimum activation energy is required to cross the
energy barrier as well as to split water into H2 and O2. This is possible if semi-
conducting material absorbs approximately 1000 nm wavelength of the light
near-infrared region [98–100]. The photocatalyst energy bandgap should be
approximately 2.0 eV towards efficient splitting. It can absorb a maximum portion of
the solar spectrum with a minimum required overpotential [100, 104]. The major
disadvantages of PEC reaction are the recombination of the electron–hole pair. It
should be very less in competition with the charge transfer process, which other-
wise impedes the PEC efficiency [97–99]. The PEC reaction efficiency completely
integrated with semiconductor electronic structure and their reaction ability at the
electrode/electrolyte interface [104, 105]. The photocatalytic water splitting having
two different ways to get desired H2 molecule, i.e. single semiconductor photocat-
alyst system (SSPS) and two semiconductor photocatalyst system (TSPS). The SSPS
required one-step photoexcitation and photoexcited electron directly jump from VB
to CB of the same photocatalyst. There are no other trapping sates available, which
may increase the recombination rate of electron and hole pair [104, 105]. Whereas,
in the TSPS process, photoexcitation induces electrons and holes at two different
places (one electron-rich and another hole-rich). The first semiconductor photoex-
cited electron trapped by the second semiconductor VB (following Z-pattern) and
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minimizes the recombination rate of electron and hole [15, 104]. The TSPS system
has a better competency in facilitating charge separation and redox ability.
Therefore, it is assuming that as addressed aforementioned, emerging photocatalysts
should have broad light absorption range, efficient charge separation and strong
redox ability to govern efficient photocatalytic water splitting reaction.

21.5 Summary

Several methods and techniques have been explored for the generation of H2 fuel.
Alternatively, significant development towards H2 production is going on from
renewable resources to lower the dependency on fossil fuels and reduce car-
bonization. H2 generation technologies from several resources such as natural gas,
biomass, petroleum and water are being done. Table 21.1 summarizes different
methods, which utilizes a green chemistry approach along with their applied
feedstocks, advantages, disadvantages and energy efficiencies. Amongst, the pop-
ular technologies SMR, POX, ATR and gasification methods, they can generate a
significant amount of H2. Overall, the H2 production and its efficiency depend on
technology resources, reaction condition and semiconducting material cost. Also,
these methods are compromising green chemistry principle somewhere. The
noteworthy progress has been made in the improvement of H2 production. It is
technologically more advance and cost-effective compared to the traditional
approach. In PEC method, water splits to produce H2 using emerging photocatalyst
in the presence of sunlight, i.e. renewable energy source. These 2D nanostructured
emerging photocatalysts are extensively used due to high surface area, small
bandgap, lower recombination of electron–hole pair and high efficiency of quick
charge separation and transfer. Further, optimization of these emerging photocat-
alyst may provide new insights into their use in low-cost renewable energy
application.
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Chapter 22
Electrocatalytic and Photo-catalytic
Water Splitting

Preeti Chaudhary and Pravin P. Ingole

Abstract In the present time where our renewable energy sources are depleting,
and sooth from industries and coal burning is making air poisonous to breathe, the
need for a switch into a sustainable energy system has become a necessity. One
fruitful solution to the problem is photo-electrochemical (PEC) water splitting.
Implementing PEC for the power generation reduces the burden on fossil fuels for
solar energy storage. The Sun being a natural and the most abundant energy source,
a dilemma is how to most effectively capture that energy and store it but at the
lowest cost; we would try to discuss this in the present chapter. Designing
photo-electrocatalyst is one of the main challenge, keeping all the perspective of
PEC in mind. Fabricating heterojunction using different functional and suitable
material for PEC in a single catalyst enables to enlarge the area of light harvesting
properties and enhancing water splitting efficiency by improving the photo-excited
charge separation and increasing the chemical stability of the catalyst to make it
viable. The chapter gives an overview on the designing of heterojunctions for
enhancing PEC water splitting performance. Along with the heterojunction syn-
thesis, recent progress in the heterojunction-based PEC system and the working
mechanism behind the charge separation is also discussed in the chapter. The
chapter also provides the future directions for PEC water splitting.

Keywords Photo-electrochemical water splitting � Photo-electrocatalysts �
Heterojunctions � Charge transfer mechanism and kinetics

22.1 Introduction and Scope

Due to the rapidly growing energy demand and depletion of fossil fuels and sources
of energy, the world in the present century is on the edge of energy crises.
According to International Energy Outlook 2016 (IEO 2016) [1] report, total
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consumption of energy would increase from 549 quadrillion Btu in 2012 to 815
quadrillion Btu in 2040. It is the time to lay down the foundation of a sustainable
society which would reduce the dependency on fossil fuels and also the amount of
environmental pollution, because the depletion is leading to global climate change
and environmental deterioration. Thus, it is the need of the time to increase the use
of renewable energy sources as they are the fastest growing energy sources and are
good replacement to fossil fuels.

Among the various sources of renewable energy such as solar, biomass, biofuel,
geothermal, wind and tidal, the solar energy has gained a lot of attention as it is the
largest and one of the most promising sources for sustainable development without
having any compromise with the quality of environment. The energy from Sun is
by far the largest natural resource as the Sun irradiating the surface of the Earth
(1.3 � 105 TW) but a jump has been found in a global energy consumption
(1.6 � 101 TW in 2010) [2]. Solar water splitting can be accomplished by three
methods: photo-catalysis, photovoltaics and photo-electrochemical (PEC) water
splitting. Photovoltaic electrolysis is high in both cost and efficiency, but the main
quandary is between efficiency and cost. The cost problem can be sorted out by
using photo-catalysis, but at the same time, the consumption of energy reduces the
overall water splitting efficiency. PEC water splitting demonstrated for the first time
by Fujishima and Honda [3] takes over the high potential efficiency up to >30% and
is also cost effective. It efficiently converts solar energy to storable and trans-
portable hydrogen fuel because of its potential high efficiency and other advantages
of low cost and environmental friendliness. The solar energy conversion efficiency
can be improved by solar water splitting techniques [4]. Thus, considering all the
points, PEC came out to be an attractive and excellent technological solution to
tackle the present environment and energy related issue.

In this chapter, nano-heterostructured materials are discussed for PEC cell
application. Some of the nanostructure materials came out with multifunctional
electrocatalytic activity. The following part presents brief introduction to PEC water
splitting cells, PEC cell apparatus, PEC set up, reactions involved, thermodynamic
and kinetic aspects, major breakthrough and advances in the field of PEC. The latter
part covers the developed materials and their application in PEC cell followed by
the future perspective effective in the field of PEC.

22.2 Concept of Photo-Electrochemical Water Splitting

Photo-electrochemical water splitting, i.e. for the evolution of hydrogen and oxy-
gen, being one of the effective techniques for the utilization of solar energy [5] has
drawn great interest. A basic design for a PEC water splitting cell is such that it
consists of two electrodes dipped in aqueous electrolyte as shown in Fig. 22.1. One
is the working electrode (p-type or n-type semiconductor or a heterostructure) an
active photo-electrode for the initiation of water splitting and another one is counter
electrode, and water-based electrolyte. The third electrode is reference electrode;
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generally, Ag/AgCl/saturated KCl, Hg/HgO or saturated calomel electrode (SCE) is
used that monitors the voltage applied on working electrode. For the working
electrode to be illuminated with light, the PEC cell should consist of an optically
transparent (quartz) window.

Construction of working electrode involves the drop casting (as shown in
Fig. 22.2) of dispersed catalyst on the conductive side of the substrate. For making
its connection feasible in PEC cell, thin copper wire is glued with the substrate
using silver paste for electrical contact, and the corners and backside of the sub-
strate were blocked using the epoxy resin. The free copper wire was sealed in glass
tube to avoid its contact with electrolyte and assure that only the front side of
electrodes comes in contact with the electrolyte otherwise the electrochemical
reactions associated with Cu wire may interfere with the redox features from PEC
water splitting.

Fig. 22.1 Basic configuration of PEC cell consisting of three electrodes and an electrolyte. The
reactions at anode and cathode are also shown

Fig. 22.2 Steps involved in fabrication of working electrode for PEC water splitting
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Figure 22.3 represents the basic principle of PEC water splitting. Under the
illumination of light, electrons (e-) get excited from the valence band (VB) to the
conduction band (CB) of a semiconductor photo-anode, where holes are left behind
in the VB, thus generation of electron–hole pair takes place at photo-electrode.

The generated electrons move to the counter electrode and are utilized for
hydrogen evolution reaction (HER). The holes get transferred to the surface of
working electrode and are involved in a process of oxygen evolution reaction
(OER), the other half-reaction.

Components of Photo-electrochemical (PEC) cell:

In all types of photo-electrochemical systems, the basic mechanism is same as that
of generation of photo-excited electron–hole pair. The transfer of electrons at the
interface continues until the Fermi level of the electrode and electrolyte are in the
same position. In general, PEC cells are composed of a photo-electrode
(photo-cathode or photo-anode) [6] with a counter electrode (as represented in
Fig. 22.4) or in some cases, two photo-electrodes (photo-anode and photo-cathode)
without external counter electrode. Using photo-anode as photo-electrode, the

Fig. 22.3 Basic principle of
PEC water splitting cell
representing the generation of
electron and hole in the
presence of light

Fig. 22.4 Different types of photo-electrochemical cells, a counter electrode with photo-anode,
b counter electrode with photo-cathode and c both photo-anode and photo-cathode without counter
electrode. Reprinted with permission from Ref. [7]
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transfer of electrons takes place to the counter electrode from the conduction band
of a photo-anode. These electrons take part in HER whereas the holes left behind
are utilized in the OER. In a p-type photo-cathode, OER takes place at the counter
electrode and hydrogen generation occurs by utilizing electrons directly from the
electrolyte. Moreover, the heterostructures between two semiconductors with
varying electronic properties are also used. These are discussed below and depicted
in Fig. 22.5.

1. n-n type:

Photo-anode constructed of heterojunction having both semiconductors of
n-type, thus called n-n type [7]. In this heterostructure, semiconductors are
chosen such that the conduction band position of semiconductor attached to the
conductive layer should be lower than that of the conduction band position of
the semiconductor lying on the electrolyte side. In the presence of light,
photo-excited electrons travel to the counter electrode through external circuit
for the reduction and the holes are accumulated on semiconductor electrode/
electrolyte interface for water oxidation.

2. p-p type:

Here, a designed heterostructured photo-cathode has both the semiconductors of
p-type. Photo-excited electrons are transferred directly to the semiconductor
electrode/electrolyte interface and water is reduced to hydrogen. Figure 22.5
shows different types of heterojunctions with their band positions and charge
transfer mechanism.

3. p-n type:

p-n type heterojunctions can be used either as photo-cathode or as a
photo-anode. In both cases, holes and electrons move in opposite directions and
an efficient charge separation takes place in comparison to single (n or p
type) semiconductor electrode.

Fig. 22.5 Different types of heterojunctions with their band positions and water splitting charge
transfer mechanisms. Reprinted with permission from Ref. [7]
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Photo-electrode Materials:

TiO2 was the first photo-anode material for PEC that was illustrated by Fujishima
and Honda [8] in 1972. Then, Bard and co-workers illustrated the basics behind
PEC cells using the materials like TiO2, Ni(OH)2, etc. But by the 2005, the number
of published work on photo-electrochemical water splitting reflected the rapid
interest of scientist in this field. Currently, the research on exploring more efficient
semiconductor materials for PEC is still on. As TiO2 is effective as a photo-catalyst
only under the presence of UV light due to wider band gap of ca. 3.4 eV, scientists
have tried to develop non-TiO2 catalyst and had even succeeded in it by inventing
some novel photo-catalysts such as a-Fe2O3, ZnO, BiVO4, WO3 and NiO. Other
than metal oxides, their carbides, nitrides, sulphides, phosphides and selenides are
also frequently indulged in PEC water splitting. Some semiconductors such as CuO
and CdS show excellent light absorption but are not effective for driving water
splitting due to their inappropriate band edge positions. Thus, the performance of a
PEC cell depends mainly on the activity and features of the chosen semiconductor
photo-electrode. There are a number of requirements related to material for effective
PEC water splitting, and the most critical aspect among these is to design a catalyst
for PEC water splitting. The material to be an ideal candidate for PEC activity
should have some of the basic characteristics as discussed below.

Suitable band gap and appropriate band edge positions:

The band gap of a material defines the light absorbing region for the photo-anode
material. The lower band gap reflects the absorbance in wider light spectrum. The
conduction and valence band edge positions should match with the electrochemical
redox potentials for HER and OER, respectively, to drive the water splitting
reactions and to maintain material stability. The water splitting reaction takes place
at a potential difference of 1.23 eV, thus for a material to be useful for water
splitting, it should have band gap energy greater than 1.23 eV. The band gap of the
semiconductor should be greater than 1.23 eV for water oxidation. Some of the
semiconductor materials with band gap values and band edge positions are shown
in Fig. 22.6.

Fig. 22.6 Band gap values and band edge positions of some of the well-known semiconductors.
Reprinted with permission from Ref. [7]
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Appropriate band edge positions:

Apart from having a perfect band gap for water splitting, appropriate valence and
conduction band edge positions are a crucial requirement for water oxidation and
reduction reactions of water. Figure 22.7 depicts the suitable band edge positions
for water splitting. Conduction band minimum should hold a position at more
negative energy than the redox position of H2O/O2 level of water and its valence
band maximum must be positioned at more positive than redox position of H2O/O2.
The discussed positions of VBM and CBM ensure that the water splitting reaction
is energetically favourable without bias voltage. Thus, to design an efficient catalyst
for PEC, the knowledge of semiconductors electronic band structure parameters,
viz. VBM and CBM positions especially relative to redox potential of H2O/O2 is a
scalable approach.

High crystallinity and greater surface area:

Crystallinity and greater surface area are also an important parameter for the effi-
cient PEC activity. The greater crystalline nature of the catalyst owes the ability to
inhibit the photo-excited charge carriers. Improvement in crystallinity has the
ability to repair the crystal defects. The presence of crystal defects decelerates the
charge carrier recombination rate. Thus, with the improvement in crystallinity, these
crystal defects get repaired up, lowering down the speed of charge carrier recom-
bination. Another factor that triggers the activity of PEC catalyst is the higher
surface area. Greater surface area creates more number of active sites that facilitate
the semiconductors contact with reactant molecules/species or we can say that it
provides the more opportunities for the catalyst activity to take place thus pro-
moting the catalytic activity of water oxidation at a rapid rate. Thus, to prevent the
recombination phenomenon for better charge separation and mobility, catalyst
should possess high crystallinity and larger surface area.

Stability:

Years long work has been done in the field of PEC but for making this technology
to be up scaled, the stability is a key factor. Though there has been a significant
number of publications in this field, the main focus has been put with various ideas

Fig. 22.7 Ideal straddling
condition of conduction and
valence band edges of a
semiconductor
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in having the efficiency and stability of the catalyst especially for the cost effective
materials. The stability of a material can be explained in various ways especially for
PEC catalyst; stability in the presence of light, withstanding the reaction for a
longer time and maintaining its identity even after completion of the reaction, the
reusability of the material, and stability in different pH conditions. Electrochemical
material has to be thermodynamically stable when in contact with the electrolyte
and should be kinetically stable while being indulge in faradic reactions. Corrosion
stability should also be taken into consideration that is after coming in contact or
after keeping dipped in the electrolyte for long hour, the material should not be
corroded or oxidized. Sometimes the dissolution of the certain material is also being
noticed when applied potential is varied or while in contact with the electrolyte.
Stability in the presence of light is also important for PEC study. It has been noticed
many a times that the catalyst is stable electrochemically but once it is illuminated
with the light either the dissolution or the decrement in the activity is observed.
Another stability that is of prerequisite is stability in the varied pH electrolyte, that
is the catalyst showing a good performance should be stable in acidic, basic and
neutral medium.

After being aware of the necessity and the types of stability, the several steps
have been implied for forming the stable semiconductors: (a) implementation of
thin metallic film or layer that would even work as a catalyst and helps in forming
the Schottky junctions and (b) sustain the stability even in the harsh conditions a
few nanometer thick oxide layers are implemented that can easily tunnel the charge
carriers. Oxide layer should be chosen such that it avoids the electrolyte perme-
ability, possibility of cracks and reduction of pinholes. Thus, stability and sus-
tainability are an important parameters for a catalyst to be applicable in industry.

Low cost:

It is important to keep in mind the abundance and cost of the material while
designing the catalyst, especially for commercial application. The production of
hydrogen by different techniques is compared [9] in Table 22.1 accompanied with
their capital cost and the efficiencies. Thus, to bring the material in commercial
application, the low cost is another critical consideration. Besides this, for the
large-scale implementation, the materials should be non-toxic.

PEC mechanism:

Increasing interest to store solar energy in the form of alcohols and hydrogen
inspires the photo-oxidation of water. It is generally followed by two methods as
represented in Fig. 22.8: one is natural photosynthesis, that represents the approach
in the direction of hydrogen production, and another is water splitting. PEC splitting
of water is an artificial photosynthesis mechanism. It is an uphill reaction, thus
requires an external bias as photo-voltage to drive water splitting reaction. This
generates an interest in the generation of charge carriers for the two half reactions.
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Photo-anode as a Photo-electrode:

Figure 22.9 represents the PEC water splitting mechanism based on photo-anode as
a photo-electrode. In the presence of light, electrons get excited from the valence
band (VB) of the photo-anode to the conduction band (CB), and holes remain
behind in the VB. On the application of external bias, the upward bending of CB
and VB at the interface takes place. At the interface in a direction from
photo-electrode to electrolyte, an electric field is built up due to which the separated
photo-generated holes migrate towards electrolyte and electrons stays back in the
photo-anode. These electrons transferred to the conductive substrate through the
nanostructured material which further gets conducted to the cathode surface where
they reduce the protons for the generation of hydrogen gas. In this scenario, the
holes which are left behind in the VB of the photo-anode travel from within the
surface and oxidizes water for oxygen production. Some photo-generated holes and
electrons which fail to reach the photo-electrode surface during transfer process get
recombine and neutralize.

Photo-cathode as a Photo-electrode:

Prerequisite for the photo-cathode is that it should be a p-type semiconductor as
represented in Fig. 22.10. When the p-type semiconductor is irradiated by light,
electrons get excited from the VB to the CB leaving holes behind in the VB. At the
interface of the electrolyte and photo-cathode, a downward bending of the VB and
CB occurs which directs the electric field from electrolyte to the photo-cathode. In
this case, electrons in the CB of photo-cathode travels to the surface of electrode for
the HER and holes to the anode for the OER. As similar to the photo-anode, in

Table 22.1 Comparison of the installed capital cost and production cost for different hydrogen
production technologies

Production technology Efficiency
(%)

Installed capital
cost

Production
cost

Steam methane reforming
(SMR)

80 $138.9 Million 6.73 $/GJ

Partial oxidation (POX) 89 $307.1 Million 12.02 $/GJ

Gasification of coal 48 $490.5 Million 16.89 $/GJ

Electrolysis grid power 95 $331.3 Million 23.49 $/GJ

Electrolysis PV power 95 $389.2 Million3 53.73 $/GJ

Electrolysis solar thermal power 95 $360.3 Million3 38.61 $/GJ

Fig. 22.8 Representation of
two complimentary reaction
of water splitting into their
respective constituents
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photo-cathode, neutralization of the left behind electrons and holes takes place
(Fig. 22.11).

Fundamental steps involved in photo-electrochemical water splitting:

PEC water splitting involves multiple steps as discussed below.

(a) Light–matter interaction

When the material is confronted to light, the light can be absorbed, reflected or
transmitted depending on the media used. Generally, shortened propagation
distance in the electrolyte media is profitable to avoid some of the necessary
losses. When the light strikes the semiconductor, photons get absorbed if the

Fig. 22.9 Representation of PEC water splitting mechanism using photo-anode as a
photo-electrode. Modified image adapted from Ref. [9]

Fig. 22.10 Representation of PEC water splitting mechanism using photo-cathode as a
photo-electrode. Modified image adapted from Ref. [9] with permission
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band gap energy of the semiconductor is lower than the energy of photon.
Absorbed energy is conducted to the electrons in the VB thus leading to the
generation of electron–hole pair [11].

(b) Photo-generation of charge:

Electronic states of the atoms combine to form valence band and conduction
band in the semiconductor that are apart by a band gap called forbidden gap. If
a material absorbs the photon from the incident light, the electrons get excited
to the conduction band and vacancies are created in the valence band, called as
holes. The kind of the majority charge carriers generated is either free electrons
or holes and determines the nature of semiconductor whether n or p-type.
Position of Fermi level also contributes to the opto-electronic properties of the
materials. In the n-type semiconductor, the position of Fermi level is near to
conduction band and majority charge carriers are electrons, but in the p-type
semiconductor, the majority carriers are holes and the Fermi level is next to the
valence band.

(c) Separation of charge and transport:

After the generation of charge carriers, the next crucial point is to avoid their
recombination because due to this recombination, the free electrons and holes
are not available for the further reactions. The separation of charges can be
carried out in two ways either by external potential or by an internal potential.
External potential can be applied via electrochemical instrument but many a
times internal built-in potential is required to overcome the recombination.
There are many ways for creating a built-in electric fields.

• p-n heterojunction:

p-n heterojunction is formed by bringing in contact the p-type and n-type
semiconductor which are of totally different character. Due to the different
nature of two materials, the diffusion of charges takes place thus forming a

Fig. 22.11 Energy band
diagram for p–n junction
presenting generation of
photo-electrons and their
movement
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space charge layer on the junction of electrode and electrolyte which gives
rise to the strong internal electric field.

• Schottky junction:

Equilibration of the free electrons at Fermi level takes place thus leading to
the bending of the valence and conduction band edges when in contact with
metals.

• Semiconductor–liquid junction:
• Formation of the Helmholtz double layer tales place at semiconductor–

liquid junction. Again, an equilibration of Fermi level would result into
bending of band edges.

• Catalysis:

Catalyst also plays a crucial role in the efficiency of the water splitting
reaction. Catalyst promotes the reaction in many ways like via providing
alternate pathways, lowering the barrier of activation energy, etc. After the
generation of charge carriers, the electrons/holes move to the surface for
electrochemical reaction.

• Water splitting:

Water splitting drives two half reactions, HER and OER. The complete water
splitting reaction requires a thermodynamic potential of 1.23 V. The variation
in this potential value can be explained by the Nernst equation. The variation in
potential value is also seen with the change in solution pH.

HER:

pH ¼ 0 4Hþ þ 4eþ ¼ 2H2; E0 ¼ 0V versus NHE ð22:1Þ

pH ¼ 14 4H2Oþ 4e� ¼ 2H2 þ 4OH�, E0 ¼ 0:83VversusNHE ð22:2Þ

OER:

pH ¼ 0 2H2O ¼ O2 þ 4Hþ þ 4e�, E0 ¼ 1:23V versus NHE ð22:3Þ

pH ¼ 14 4OH� ¼ O2 þ 2H2Oþ 4e�, E0 ¼ 0:4Vversus NHE ð22:4Þ

To drive these reactions effectively, we need overpotentials called ηHER and
ηOER. The value of this overpotential that requires for water splitting decided by
many factor like the electrocatalyst and pH value of the electrolyte. [12].
(f) Photo-electrochemical Water Splitting:

In PEC water splitting, generation of electron–hole pair takes place which are
separated by the external or internal electric fields. Helmholtz double layer is
formed at the interface due to the diffusion of charges, and Fermi level
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equilibration also takes place. Further continuing the process, the band bending
also takes place which maintains the electric neutrality. The separation of the
electron–hole pairs takes place due to the built-in electric field.

22.3 Experimental Methodology

Electrode fabrication:
The designing of proper electrodes has an important role in electrochemical

measurements. Powdered material is dispersed in suitable solvent as shown in
Fig. 22.12a and then drop casted on the working electrode surface. For HER study,
the glassy carbon electrode as represented in Fig. 22.12b is used as the working
electrode (in general). The dispersed material is drop casted on the glassy carbon
surface and dried under the lamp for further use. For PEC study, a smooth film of
the dispersed material is drop casted on ITO/FTO either manually or by using spin
coating. For the electrical contacts, these substrates are connected by a copper wire
using a silver paste. The uncovered conducting substrate is covered by the epoxy
resin.

For the study of PEC measurements, the prepared electrodes are dipped in
electrolyte in electrochemical cell. The cell constitutes of three electrodes: working
electrode, counter electrode and reference electrode, all together dipped in an
electrolyte. Quartz allows the light to reach the working electrode. After all the
connections, WE is confronted to light and PEC study is done.

Cyclic Voltammetry:

Cyclic voltammetry is an electrochemical technique that helps in studying the redox
property of an analyte and is also used for studying the qualitative information
about the catalyst, like electrochemical response of the catalysts, catalytic activity of
the catalyst, etc. This technique finds an important application in OER, HER and
oxygen reduction reaction (ORR). All these cyclic voltammetry studies are done
under the varied potential window. In cyclic voltammetry study, a fix potential
window is decided with fixed initial and final potential points. We apply the

Fig. 22.12 a Sample dispersion ready for drop cast, b fabricated working electrode for HER and
c fabricated working electrode for PEC
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potential and study the current feature with respect to the potential. Thus, we plot a
current recorded at the working electrode versus applied potential.

In the cyclic voltammetry study, we get a redox peak for the ions/molecules
present in the analyte as well adsorbed on the electrode surface depending upon the
nature of the analyte under study. The materials’ oxidation and reduction potential
can be found. In cyclic voltammetry, we study both the forward (positive) and
backward scan (negative). In a way, we can say that it is the cyclic study, ends up at
the point where it has been started. We can carry out the cyclic voltammetry study
either by as single or multiple cycle. A reversible cyclic voltammetry is represented
in Fig. 22.13 describing the various parts labelled. In the given figure, scan starts at
the −0.4 V and sweep in a forward direction. Portion (a) of the fig represents the
initial potential region where the potential is not sufficient for the redox process to
take place and the observed current is due to the non-Faradaic processes. Part
(b) shows the next step where the onset of oxidation has started and the current
increases exponentially with the increasing voltage. This process is studied when
the analyte is within the diffuse double layer near the electrode. The current reaches
a maximum point (c), an anodic peak current (ipa) for oxidation. After this, the
current starts decreasing as the analyte has almost depleted and the diffuse double
layer increases in size. In the portion (d), the current starts decreasing exponentially
as the current is limited by the mass transport. The potential is scanned in a more
positive direction till the point steady state is reached and further increase in
potential has no effect on the current. In the next step (e), the scan reverses to the
negative potential and the reductive scan continues until the oxidized analyte which
has accumulated on the electrode can be reduced. The last portion (f) is labelled for
the cathodic peak current (ipc) scans in opposite direction at the cathodic current
peak (Epc). The obtained peak current for the anodic and cathodic should be
reversed in sign and equal in magnitude, provided we are studying the reversible
process.

Fig. 22.13 Pictorial
representation of CV curve
for a reversible electron
transfer system
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Linear Sweep Voltammetry (LSV):

LSV is a voltammetry technique similar to cyclic voltammetry except that the
scanning of the potential takes place in a single direction. The potential is varied at
a constant rate and the current is produced by the electrode as a function of applied
potential. The increased current is recorded which flows between the working and
counter electrode.

Chronoamperometry:

The electrochemical stability of the catalyst is recorded using the chronoamper-
ometry at a particular potential. In this technique, current is recorded as a function
of potential. Before running the chronoamperometry, cyclic voltammetry scans are
run to find out the fixed potential for the study of chronoamperometry. In
chronoamperometry, fixed area electrodes are used to study the electrode processes.
This technique is used for the analysis of diffusion coefficient of the electroactive
species and for mechanistic investigations of the electrode process. The relation
between the current and time is explained by the Cottrell equation [13].

i tð Þ ¼ nFACD1=2

p1=2t1=2
¼ kt�1=2 ð22:5Þ

The current versus t−1/2 gives a straight line and their slope provides the diffu-
sion coefficient (D), surface area (A) and concentration of the species.

Transient Photocurrent:

Transient photocurrent study is employed to study the time-dependent extraction of
charges in the presence of light and functioning of current with time in the presence
and absence of light. To further study about the photo-generated electron–hole pairs
response v/s time, the transient photocurrent is studied. When a semiconductor film
is exposed to light, the photo-generation of charges takes place. These charges are
extracted on the electrodes resulting in a current as photocurrent. Photocurrent
curves are recorded for certain number of ON–OFF cycles under white light illu-
mination (i.e. under light chopping). During repeated ON–OFF irradiation cycles,
the reproducible current responses are recorded. A prompt and reproducible pho-
tocurrent under each illumination is observed and quickly returns to zero when the
irradiation was interrupted, the photocurrent rapidly dropped to almost zero
(steady-state value), and reverted to the original value once light was switched on
back again. Greater value of photocurrent for a material is regarded as a best
candidate. This also notifies the efficient charge separation and longer life span.

Mott–Schottky:

Mott–Schottky (M-S) analysis is an important tool to study semiconductor
heterostructure behaviour, properties and to gain the idea about the fundamental
mechanism for comparative PEC performance including the onset and increment in
photocurrent density. It is the measurement of interfacial capacitance of electrode
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with voltage. Two important parameters, flat band potential and the charge carrier
density of the semiconductor material, can be calculated from Mott–Schottky plot.
The n-type and p-type nature of the material is verified by the nature of the slope of
M-S plot. If the slope is positive, it is n-type, and if the slope is negative, it is p-type
semiconductor. When no band bending takes place even after the application of the
voltage is called flat band potential, this flat band potential can be obtained from the
Mott–Schottky equation.

1
C2 ¼

2
q 2 0 2 Nd

� �
Vapp � Vfb � kT

q

� �
ð22:6Þ

The Mott–Schottky curves (1/C2 vs electrode potential, where C is the space
charge layer capacitance) were plotted to estimate the donor density (Nd), flat band
potential (Vfb) and depletion layer width of thin films. Here, e is the electronic
charge, e is the dielectric constant of the semiconductor, e0 is the permittivity of the
vacuum, Vapp is the applied potential, q is the electric charge and kT/q is the
temperature-dependent term. We can obtain flat band potential extrapolating linear
plot at 1/C2 = 0.

22.3.1 Strategies for Modifying Semiconductor
for Enhanced Photocurrent and Stability

PEC water splitting makes the best use of semiconductor properties such as excited
electron–hole pair, their separation and charge transfer due to them. But, in most of
the cases, even after the well-aligned positions of valence band/conduction band
edges for HER and OER, the kinetics of the reactions results out to be sluggish. The
enhancement for the kinetics accounts for the overpotential. Hence, to enhance the
PEC activity at the lower overpotential, the various strategies are being taken into
account such as band gap engineering via doping, nanostructuring, making
heterojunctions, usage of co-catalyst and surface passivation.

Doping:

The practical efficiency of the catalyst sometimes comes out to be lesser than the
theoretical value because of some factors such as short hole diffusion length, poor
conductivity and slow kinetics. Among the various strategies, doping is an effective
approach to improve the efficiency of a PEC semiconductor catalyst as it tailors the
electronic and optical properties. Insertion of a heteroatom with diverse atomic radii
and varied electronic configuration into a semiconductor lattice proved to be a most
exportable approach. Since years, various metal and non-metal elements such as Cr,
Ti, Sn, S, P and N have been doped in the semiconductor to improve the overall
PEC activity. The effect of doping: (1) increases the range of light absorption,
(2) increases the concentration of charge carriers, thus improving the electrical
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conductivity, (3) acts as an electron traps thus facilitating the separation of electron
hole, (4) The inclusion of the foreign element by in situ doping also alters the
morphology of the semiconductor.

When a doping is done in a semiconductor, the formation of intermediate band
states takes place which efficiently harvests the solar light and thus enhances the
PEC activity. Doping strategies enhance the optical and electrical properties even
for small band gap semiconductors [14, 15] specially in metal oxide due to
polar-on-hopping conduction mechanism (charge carriers in metal oxides tends to
localize as small polar-on) [16]. Non-metal dopants like B, C, N, P, S and halogen
lead to improved photo-activity and better charge transport properties. Using metal
ions as a dopant such as Fe3+, V4+, Mo5+ in wider band gap semiconductors such as
TiO2 leads to enhancement in photo-electrochemical performances. Metal doping
leads to a donor or acceptor energy level in a semiconductor band gap, which leads
to extension of the range of absorption. It can be seen from Fig. 22.14 that the
acceptor level or the donor level can effectively shorten the semiconductor band gap
so that it can effectively absorb and utilize the visible light.

Generally, neither very low level of doping can sufficiently increase the con-
ductivity nor too high level increases the efficiency. An adequate amount of doping
alters the optical and electrical properties, mobility, diffusion length, and charge
carrier concentration thus resulting in increased photocurrent, and shifts in onset
potential is also observed due to alteration of band gap. Given below is Table 22.2
that shows the comparison of variant dopants with current value achieved.

Nanostructuring:

Nanostructuring of materials represents an effective strategy to reach the goal of
efficient PEC. One-dimensional (1 D) nanostructures such as nanowires, nanotubes
and nanorods enhance photo-electrochemical activity as compared to corresponding
planar structures. Discovery of carbon nanotube with variety of interesting prop-
erties motivated the research focus in the field of nanostructured materials. Among
the various nanotube materials, titanium dioxide nanotube arrays are of particular

Fig. 22.14 Schematic representing the donor and acceptor level due to the metal doping
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interest. Moreover, the branched or dendritic-shaped nanostructure semiconductor
grown vertically on the substrate proves to be more efficient for PEC [17].
Vertically aligned nanostructure materials provides a large surface area thus
enabling the greater amount of photo-generated charge carriers to diffuse in the
electrode–electrolyte interface thus preventing the charge recombination and sup-
porting charge separation. Nanostructures could also reduce the surface light
reflection thus increasing the light absorption efficiency.

The 2D nanostructures have greater surface area, and also their small thickness
reduces the travelling distance for the photo-generated holes to reach to the surface.
Among them, NiO as a 2D nanostructured material is particularly the most
promising one because of its appropriate valence band edge positions for the OER
[29] and other examples are ZnO nanorods, TiO2 nanotubes [30] and nanoflowers
[31]. Similarly, nanostructured branched or dendritic [32] semiconductors are also
proved effective for water splitting.

Some of the nanostructured materials with current density in different electrolyte
are discussed in Table 22.3. Nanostructured materials have low charge carrier
recombination as small radial dimension enables a greater fraction of
photo-generated minority carriers to diffuse to the electrode–electrolyte interface;
due to the direct growth of the photoactive material over the substrate, an electron
transfer between the material and substrate is improved. The nanostructuring of the
semiconductors also enhances the visible light absorption extent. Some types of
nanostructures are being compared in a Table 22.4 with different features and
current density value.

Surface Passivation

OER is a slow kinetic reaction but the passivation of the surface has proved out to
be an effective strategy to reduce the energy barrier for water splitting and thus

Table 22.2 Table showing the comparison of various dopants with achieved current density value
in a particular electrolyte using AM 1.5 light source and a potential of 1.23 V versus RHE

S.N. Base material Dopant Electrolyte used Current density Ref.

1. Fe2O3 La 1 M KOH 0.11 mA/cm2 [17]

2. CNx Ni 0.1 M KOH 75.6 lA/cm2 [18]

3. g-C3N4 B 0.1 M Na2SO4 103.2 lA/cm2 [19]

4. BiVO4 Mo 0.5 M Na2SO4 4.98 mA/cm2 [20]

5. WO3 Bi 1 M NaOH 1.511 mA/cm2 [21]

6. Fe2O3 S 1 M NaOH 1.44 mA/cm2 [22]

7. Fe2O3 Sn, Zr 1 M NaOH 1.34 mA/cm2 [23]

8. Fe2O3 Mn 1 M NaOH 1.60 mA/cm2 [24]

9. Fe2O3 Si 1 M NaOH 1.45 mA/cm2 [25]

10. Fe2O3 Ti 0.1 M KOH 0.42 mA/cm2 [26]

11. Fe2O3 Sn 0.1 M KOH 1 mA/cm2 [27]
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lowering the onset potential. Initially, the passivating layers were mainly employed
to overcome corrosion and increase the photochemical stability. Some semicon-
ductors have large surface area for water oxidation, but this needs to be compen-
sated with greater overpotential or external application of bias. Surface passivation
came out as a strategy to reduce the large overpotential for catalytic activity of
water oxidation or reduction. In other words, suppressing the overpotential for
catalytic activity also helps in preventing the self-oxidation and reduction thus
improving the stability.

Table 22.5 summarizes surface passivation approach to enhance the water oxi-
dation. Grazel et al. reported surface modification of hematite with IrOx to attain the
PEC current value of 3 mA/cm2 [53]. Some mixed transition metal oxides are also
investigated such as NiO and NiFeOx which lead to a cathodic shift in onset
potential. Generally, a passivating layer is a surface layer that inhibits the con-
sumption of photo-generated charges by the side reactions and thus increases the
Faradic efficiency and voltage. The designing of passivating layers has paved a
greater interest as it prevents charge transfer inhibition and can be easily incor-
porated onto a high surface area nanostructure. A few examples of surface passi-
vating OER catalyst are Ni(OH)2, FeOOH and NiOOH.

Surface Plasmon Resonance (SPR):

Combination of surface plasmon with exciton such as Ag [29] and Au [54] dec-
orating on the surface of hematite is studied to help in water splitting activity.
Generally, surface plasmons are studied as the conduction electrons oscillations of
the conductive material. Metal nanoparticles being irradiated by the incident light

Table 22.3 Table showing the comparison of nanostructure catalyst with achieved current density
value in a particular electrolyte using AM 1.5 light source at a given applied potential

S.
N.

Nanostructured catalyst Electrolyte Potential, V
versus RHE

Current
density (mA/
cm2)

Ref.

1. TiO2 nanotubes 1 M KOH 1.23 0.90 [29]

2. TiO nanotubes array 1 M KOH 1.23 0.065 [30]

3. TiO nanotubes array with
other semiconductors

1 M KOH 1.23 1.5 [31]

4. Hydrogen-treated TiO2

Nanowire
1 M
NaOH

0.40 1.9 [32]

5. Ni/Si-doped TiO2

nanostructure
1 M KOH 1.23 2.28 [33]

6. PtO/ZnO nanowires 0.2 M
Na2SO4

1.23 2.3 [34]

7. CuO nanowires 1 M
Na2SO4

−0.30 1.4 [35]

8. Cu2O nanowire 0.5 M
Na2SO4

0.00 10 [36]
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generate electric field at the surface of nanoparticles. Photo-anodes decorated with
plasmonic metals increase the light absorption. Plasmonic nanoparticles show the
interaction with photons via excitation of surface plasmon resonance. By using

Table 22.4 Table showing the comparison of nanostructure catalyst with achieved current density
value with different synthesis method

S.
N.

Morphology Features Synthesis method J (mA/cm2) Ref.

1. Bulk Dense, high e–
h
recombination
and high
photon
absorption

Electrodeposition No
photo-response

[37]

2. Dendrites Dense, poor
light
absorption,
long electron
path and high
e–h
recombination

Electrodeposition 0.018 [38]

3. Nanoparticles More surface
area than bulk,
long electron
path and low
electrode/
electrolyte
interaction

Anodization 0.05 [39]

4. Mesoporous More surface
area than bulk
and higher
electrode/
electrolyte
interaction
than
nanoparticles

Colloidal Synthesis 1.1 [40]

5. Nanowires Strong
anisotropic
conductivity
and low grain
boundaries

Hydrothermal 1.24 [41]

6. Nanowalls of
5–6 nm thick
and high
aspect ratio

Sono-electroanodization 1.41 [42]

7. Nanocones Large surface
area and
enhanced light
trapping

Template-assisted
ultrasonic spray
pyrolysis

2.42 [43]

The current density is measured at 1.23 V versus RHE
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different composition, size and shape of plasmonic nanostructures, we can design
the catalyst that can enhance the light absorption to the full solar spectrum. So far,
several mechanisms are being studied to improve the PEC water splitting such as
plasmon resonance energy transfer (PRET), plasmon induced heating, hot electron
transfer and photon scattering and reflection reduction at the interface [55].

Quantum dot Sensitization:

Quantum dot (QD) sensitization is an efficient tool for effective PEC due to fol-
lowing reasons:

(i) Extend the material absorption from UV visible to NIR region.
(ii) Tuning of the band gap across the absorption spectra.
(iii) Resistance to photo-bleaching.
(iv) Generation of excitons and energy transfer-assisted charge collection.

Working with metal oxide/QD facilitates charge separation and inhibits
recombination via generating a potential difference at the interface. Further,
Table 22.6 represents the summary of quantum dot sensitization with photocurrent
densities.

Controlling surface states and electronic structure:

To minimize the superficial electronic states, the trap states play an important role in
solving the problems of inefficient charge separation thus enhancing PEC effi-
ciency. This can be done if we control the synthesis and post-synthesis treatments

Table 22.5 Table showing the comparison of surface passivation layer with achieved current
density value, onset values and with different synthesis ways

S.
N.

Passivation
layer

EOnset

shift
(mV)

EOnset,
V
versus
RHE

Electrolyte Synthesis method Ref.

1. IrO2 200 0.80 1 M NaOH Controlled potential
electroflocculation

[44]

2. Co-Pi 100 0.60 1 M KOH
and 0.2 M
KCl
supporting

Photo-electrodeposition [45]

3. Co–Pi 170 0.90 1 M NaOH Photo-electrodeposition [46]

4. Ni(OH)2 300 0.80 1 M KOH ALD [47]

5. Co3O4 40 0.66 1 M NaOH In situ hydrothermal [48]

6. Al2O3 100 0.80 1 M NaOH ALD [49]

7. TiO2 100 0.88 1 M NaOH ALD [50]

8. Ga2O3 220 0.80 1 M NaOH Chemical bath
deposition

[51]
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or if we incorporate other metals on the surface of the semiconductor which can
both fill the traps and acts as an OER catalyst.

Heterostructure:

Enhancement in the PEC performance can be achieved by analysing the charge
transfer process at the interface. Different junctions or interfaces among the different
materials or with electrolyte enable the charge separation. This practice paved a new
pathway for the designing of heterostructures. This approach allows the varied
suitable properties from participating semiconductor and overcoming a single
photo-catalysts’ drawback such as limited absorption range and the electron hole
recombination. Heterostructure of the functional materials is designed such as that
the energy levels of the materials have matched or overlapped band structures. This
overlapping of the band structures facilitates the charge migration from one material
to another and thus enhancing the oxidation and reduction ability.

Types of heterostructure on the basis of band alignment:

Generally, for the study of photo-generated charge separation, there are mainly four
types heterojunctions named as type I, type II, type III and Z-scheme as described in
Fig. 22.15. Among these structures, type II and Z-scheme play the most important

Table 22.6 Table showing the summary of quantum dot sensitization with photocurrent densities

S.
N.

Semiconductor Sensitizer Morphology Photocurrent
density (mA/cm2)

Ref.

1. TiO2 PbS/CdS with
Al2O3 over
coating

Nanotube
array

5.19 at − 0.25 V
versus SCE IPCE

[55]

2. TiO2 PbS Nanofilm 1.9 at 0 V versus
SCE

[56]

3. BaSnO3 CdS NWs 4.8 at 0 V versus
SCE

[57]

4. a-Fe2O3 CdSe Nanoporous
film

0.55 at 1.0 V
versus SCE

[58]

5. N-doped ZnO CdTe NWs array 0.46 at 0.5 V
versus Ag/AgCl

[59]

6. ZnO CdS and CdSe
modified with
IrOx

NWs on
silicon
microwires

1.64 at 0 V versus
Ag/AgCl

[60]

7. ZnO CdSe Nanotubes 5.10 at 0 V versus
SCE

[61]

8. ZnO CdSe Nanorods 2.48 at 0 V versus
SCE

[62]

9. WO3 PbS Nanoflower 1.8 at 1 V versus
Ag/AgCl

[63]
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role in preventing the recombination of photo-generated electrons/holes, as will be
discussed below.

Type I:

In type I heterojunction, the VB and CB of the material A are within the band gap
region of material B. When the hybrid is irradiated by the incident light, the holes
and electrons are transferred from material B to material A in a single direction.
This one-way movement of electrons and holes is also facilitated due to more
negative CB and more positive VB of material B than that of material A.

Type II:

In this type of heterostructure, the band edge positions of material A and material B
are staggered between them such that the VB position of material A is more positive
than B and the CB position of material B is more negative than that of material A,
thus the electrons and holes flow in opposite directions. When the heterostructure is
exposed to light, the electrons get transferred from B to A and holes from A to B.

Fig. 22.15 Band alignment and charge transfer mechanism of (A) type I, (B) type II, (C) type III,
and (D) direct Z-scheme. VB is valence band; CB is conduction band; HER is hydrogen evolution
reaction; OER is oxygen evolution reaction. Modified image [8] adapted from Ref. [9]
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This kind of double charge transfer plays significant role in charge separation and
thus improving the PEC activity.

Type III:

In this type of heterostructure, the difference between the VB and CB edges is
larger. The VB and CB of material A and B do not overlap with each other; as a
result, they require a higher driving force for charge transfer. When the hybrid is
excited by light, the photo-generated electrons from material A combine with the
holes of material B, thus the holes from material A and electrons from material B
are free to participate in the oxidation and reduction process of water, respectively.

Z-type:

Though the type II alignment is quite effective for charge separation, it is limited by
its drawback of reducing the redox ability of the photo-electrodes. The transfer of
electrons from the CB of material A to the CB of material B and the flow of holes
from the VB of material A to the less positive VB of material B reduce the redox
ability of the photo-electrodes. To overcome this shortcoming, direct Z-scheme
heterojunction has been reported. In this scheme, the electrons from the CB of
material A combine directly with the holes in the VB of material B. Thus, the
oxidation of water occurs in material A, and the left behind electrons in the material
B contributes to water reduction.

Carbon nitride and metal oxide-based Heterojunction:

Among the carbon-based semiconductors, graphitic carbon nitride (g-C3N4) semi-
conductor with a suitable band gap of 2.7 eV is one of the most important catalysts
for PEC reactions. Many efforts have been done to enhance its activity among
which coupling with other semiconductors has proven to be an effective approach.
Choosing the other semiconductor with g-C3N4, metal oxides came out with a fruit
full strategy. Suitable band gap, low cost, ease of synthesis and low electric
resistance make them the potential candidate for PEC. Further, the improvement of
optical properties and charge separation is sort out via heterojunction [64]. Due to
the suitable alignment of the g-C3N4 and metal oxide, their heterostructures were
designed and have proved out to be the best candidates. Graphitic carbon nitride
selectively forms type (II) heterojunctions, thus a better charge separation is
achieved in the heterostructure.

22.4 Summary and Future Outlook

PEC water splitting has proved in itself to be the unique way for utilizing solar
energy conversion into fuels. Since the pioneered time, a keen attention has been
paid for the designing of efficient and active photo-anode. However, even after the
many efforts, the photo-anode suffers from various intrinsic limitations which result
in charge recombination and sluggish water oxidation kinetics. Still, a long way has
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to go to achieve the benchmark in this field. In this chapter, we have discussed
different aspects for a material to be an active photo-anode and the different
modification strategies in the semiconductor to make them more reliable and effi-
cient for PEC. These strategies include the modification of the surface by different
methods and intrinsically. Among all the strategies described above, the formation
of heterostructure has proved to be the most efficient. Especially, the type II and
Z-type heterostructured has gained a great fame in the field of PEC due to the
efficiently active approach for charge separation. These type of heterostructure can
be formed between the two metal oxide semiconductors. Due to the suitable
alignment of the g-C3N4 and metal oxide, their heterostructures were also designed
and are proved out to be one of the best candidates.

References

1. Li Y, Li W, Ke T, Zhang P, Ren X, Deng L (2016) Electrochem Commun 69:68–71
2. Hisatomi T, Kubota J, Domen K (2014) Chem Soc Rev
3. Fujishima A, Honda K (1972) Nature 238:37–38
4. Liu Q, Zhang J (2013) Langmuir 29:3821–3828
5. Jukk K, Kongi N, Tammeveski K, Solla-Gullón J, Feliu JM (2015) Electrochem Commun

56:11–15
6. Li Z, Luo W, Zhang M, Feng J, Zou Z (2013) Energy Environ Sci 6:347–370
7. Choudhary S, Upadhyay S, Kumar P, singh N, Satasangi VR, Shrivastav R, Das S (2012) Int J

Hydrogen Energy 37:18713–18730
8. Acar C, Dincer I (2014) Int J Hydrogen Energy 39:1–12
9. Wang L, Si W, Tong Y, Hou F, Pergolesi D, Hou J, Lipert T, Dou SX, liang J (2020) Carbon

Energy 2:223–250
10. Pandey T, Nissimagoudar AS, Mishra A, Singh AKJ (2020) Mater Chem A 8:13812–13819
11. Trasatti S (1986) Pure Appl Chem 58:955–966
12. Bard A, Faulkner L (2001) Electrochemical methods fundamentals and applications. Wiley.

0-471-04372-9
13. Tamirat AG, Rick J, Dubale AA, Su W-N, Hwang B (2016) J Nanoscale Horiz 1:243–267
14. Kim JH, Lee JS (2019) Adv Mater 1806938
15. Jang JW, Friedrich D, Muller S, Lampers M, Hempel H, Lardhi S, Cao Z, Harb M, Cavallo L,

Heller R, Eichberger R, krol R, Abdi F (2017) Adv Energy Mater 7:1701536
16. Baxter JB, Aydil ES (2005) Appl Phys Lett 86:053114
17. Jayaraman L, Tee S, Kumar Y, Lee PS, Liew CJJ, Chi SL, Hor D, Ramakrishna TSA, Luo S

(2014) Mater Chem A 2:19290–19297
18. Zhang W, albero J, Xi Lange KM, Garcia H, Wang X, Shalom M (2017) ACS Appl Mater

Interfaces 38:32667–32677
19. Ruan Q, Luo W, Xie J, Wang Y, Liu X, Bai Z, Carmalt CJ, Tang J (2017) Angew Chem

129:8333–8337
20. Ye K, Li H, Huang D, Xia S, Qiu W, Li M, Hu Y, Mai W, Ji H, Yang S (2019) Nat Commun

10:3687
21. Kalanur SS, Yoo I, Eom K, Seo H (2018) J Catal 357:127–137
22. Zhang R, Wang Y, Chen T, Qu F, Liu Z, Du G, Asir AM, Gao T, Sun X (2017) ACS Sustain

Chem Eng 9:7502–7506
23. Tamirat AG, Su W-N, Dubale AA, Chena H-M, Hwang B-J (2015) J Mater Chem A 3:5949–

5961

22 Electrocatalytic and Photo-catalytic Water Splitting 697



24. Huang J, Hu G, Ding Y, Pang M, Ma B (2016) J Catal 340:261–269
25. Cesar I, Kay A, Martinez JAG, Grätzel M (2006) J Am Chem Soc 128:4582–4583
26. Yan D, Tao J, Kisslinger K, Cen J, Wu Q, Orlovb A, Liu M (2015) Nanoscale 7:18515–

18523
27. Annamalai A, Lee HH, Choi SH, Lee SY, Gracia-Espino E, Subramanian A, Park J, Kong K,

Jang JS (2016) Sn/Be Sci Rep 6:28183
28. Chaudhary P, Ingole PP (2020) Int J Hydrog Energy 45:16060–16070
29. Kim HI, Monllor-Satoca D, Kim W, Choi W (2015) Energy Environ Sci 8:247–257
30. Cui H, Zhao W, Yang C, Yin H, Lin T, Shan Y, Xie Y, Gua H, Huang FJ (2014) Mater

Chem A 2:8612–8616
31. Lin CJ, Lu YT, Hsieh CH, Chien SH (2009) Appl Phys Lett 94:113102
32. Wang G, Wang H, Ling Y, Tang Y, Yang X, Fitzmorris RC et al (2011) Nano Lett 11

(7):3026–3033
33. Kusior A, Wnuk A, Trenczek-Zajac A, Zakrzewska K, Radecka M (2015) Int J Hydrogen

Energy 40:4936–4944
34. Fu S, Zhang B, Hu H, Zhang Y, Bi Y (2018) Catal Sci Technol 8:2789–2793
35. Lia J, Jina X, Lib R, Zhaob Y, Wanga X, Liua X, Hang Jiaoa H (2019) Appl Catal B 1–8:240
36. Luo J, Steier L, Son MK, Schreier M, Mayer MT, Gratzel M (2016) Nano Lett 16(3):1848–

1857
37. Chou J-C, Lin S-A, Lee C-Y, Gan J-Y (2013) J Mater Chem A 1:5908–5914
38. Zheng JY, Kang MJ, Song G, Son SI, Suh SP, Kim CW, Kang YS (2012) CrystEngComm

14:6957–6961
39. Fu L, Yu H, Li Y, Zhang C, Wang X, Shao Z, Yi B (2014) Phys Chem Chem Phys 16:4284–

4290
40. Gonçalves RH, Lima BHR, Leite ER (2011) J Am Chem Soc 133:6012–6019
41. Ling Y, Wang G, Wheeler DA, Zhang JZ, Li Y (2011) Nano Lett 11:2119–2125
42. Liu J, Cai YY, Tian ZF, Ruan GS, Ye YX, Liang CH, Shao GS (2014) Nano Energy 9:282–

290
43. Mohapatra SK, John SE, Banerjee S, Misra M (2009) Chem Mater 21:3048–3055
44. Qiu Y, Leung SF, Zhang Q, Hua B, Lin Q, Wei Z, Tsui K-H, Zhang Y, Yang S, Fan Z (2014)

Nano Lett:14:2123–2129
45. Tilley SD, Cornuz M, Sivula K, Grätzel M (2010) Angew Chem 49:6405–6408
46. Zandi O, Hamann TW (2014) J Phys Chem Lett 5:1522–1526
47. Zhong DK, Cornuz M, Sivula K, Gratzel M, Gamelin DR (2011) Energy Environ Sci 4:1759–

1764
48. Young KMH, Hamann TW (2014) Chem Commun 50:8727–8730
49. Xi L, Tran PD, Chiam SY, Bassi PS, Mak WF, Mulmudi HK, Batabyal SK, Barber J,

Loo JSC, Wong LH (2012) J Phys Chem C 116:13884–13889
50. Formal F, Tetreault L, Cornuz N, Moehl M, Gratzel M, Sivula K (2011) Chem Sci 2:737–743
51. Yang X, Liu R, Du C, Dai P, Zheng Z, Wang D (2014) ACS Appl Mater Interfaces 6:12005–

12011
52. Hisatomi T, Formal FL, Cornuz M, Brillet J, Tetreault N, Sivula K, Gratzel M (2011) Energy

Environ Sci 4:2512–2515
53. Chaudhary P, Ingole PP (2018) Int J Hydrogen Energy 43:1344–1354
54. Du C, Yang X, Mayer MT, Hoyt H, Xie J, McMahon G (2013) Angew Chem Int Ed

52:12692–12705
55. Zeng M, Peng X, Liao J, Wang G, Li Y, Li J Phys Chem Chem Phys 18:17404–17413
56. Ikram A, Sahai S, Rai S, Dass S, Shrivastav R, Satsangi VR (2016) Phys Chem Chem Phys

18:5815–5821
57. Zhang Z, Li X, Gao C, Teng F, Wang Y, Chen L (2015) J Mat Chem A 3:12769–12776
58. Sahai S, Ikram A, Rai S, Dass S, Shrivastav R, Satsangi VR (2014) Int J Hydrog Energy

39:11860–11866
59. Chen CK, Shen YP, Chen HM, Chen C-J, Chan T-S, Lee J-F, Liu R-S (2014) Eur J Inorg

Chem 773–779

698 P. Chaudhary and P. P. Ingole



60. Sheng W, Sun B, Shi T, Tan X, Peng Z, Liao G (2014) ACS Nano 8(7):7163–7169
61. Chouhan N, Yeh CL, Hu SF, Huang JH, Tsai CW, Liu RS (2010) J Electrochem Soc

157:1430–1433
62. Chouhan N, Yeh CL, Hu S-F, Liu R-S, Chang W-S, Chen K-H (2011) Chem Commun

47:3493–3495
63. Su F, Lu J, Tian Y, Ma X, Gong J (2013) Phys Chem Chem Phys 15:12026–12032
64. Baek JH, Kim BJ, Han GS, Hwang SW, Kim DR, Cho IS, Jung HS (2017) ACS Appl. Mater

Interfaces 9(2):1479–1487

22 Electrocatalytic and Photo-catalytic Water Splitting 699



Chapter 23
Bandgap Engineering
of Heterostructures for Visible
Light-Driven Water Splitting

Susmita Bera and Srabanti Ghosh

Abstract Interfacial bandgap engineering of semiconductor-based heterojunction
provides a propitious route to improve solar energy conversion in energy-related
applications due to the synergistic effects of fast charge transfer, band bending and
suitable oxidation and reduction potentials. In the last decades, a great number of
studies on heterostructures have been implemented in environmental remediation,
water splitting and CO2 reduction under solar light. This chapter provides the
bandgap engineering of semiconductor photocatalysts through atomic doping,
alloying and hybridization to alter electronic structures and enhance the light
absorption, charge transfer, surface reactions in the photocatalytic processes.
Furthermore, the current progresses in the band gap engineering of quantum dots,
metal oxides, organic semiconductors, 2D-hybrid materials for photocatalytic and
photoelectrocatalytic (PEC) water splitting has been discussed and summarized.
Finally, the challenges and perspectives for future research to develop highly
efficient bandgap engineered heterostructures for water splitting have been
proposed.

Keywords Bandgap engineering � Semiconductor � Heterostructure � Water
splitting

23.1 Introduction

Photocatalytic water splitting becomes a promising and ecofriendly route for the
solar energy conversion into chemical energy for alleviating the energy crisis [1, 2].
Recently, various photocatalysts, mainly semiconductor-based materials have been
developed and showed significant results in wastewater treatment, photocatalytic
H2 generation, water splitting and CO2 reduction [3, 4]. However, application of
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traditional semiconductor-based photocatalysts in water splitting still faces many
challenges such as fast charge recombination, low photo-conversion efficiency and
poor stability [5]. In an attempt to enhance the photocatalytic efficiency and address
these drawbacks, numerous strategies have been developed including surface
modification, defect engineering, crystal faces design, bandgap engineering, etc. [6,
7]. Among these, bandgap engineering has been considered as a favorable way to
control the electronic band structure and charge carrier migration route of a pho-
tocatalysts which in turn influences the overall catalytic activity. Theoretically, the
band gap (Eg) of a semiconductor should be greater than 1.23 eV for visible light
absorption, and however practically, it must be higher (>2.0 eV) due to the pres-
ence of over potentials. Simultaneously, the photocatalyst must have a narrow
bandgap to absorb the large wavelength light of solar spectrum. The kinetics of the
photogenerated charge carrier separation and transfer should be faster to efficiently
drive charge migration. Moreover, the band edge potentials of the semiconductor
should be closely located near the desired redox potentials of the catalytic reaction,
so that excited electrons and photo-induced holes can easily engage into the surface
reactions. Hence, the overall mechanistic approach should favor the lower recom-
bination rate and improvement of the stability of the catalytic system [8, 9]. This is
challenging task for a single semiconductor photocatalysts to meet all the
requirements at a time.

The development of heterostructures or hybrid catalysts using combination of
semiconductors with highly matched band alignments has been attracted enormous
research interest [5, 10]. Heterostructured photocatalyst has several potential ben-
efits like improved light absorption, effective charge separation, reduced overpo-
tential and stability for photocatalytic and PEC water splitting applications. For
example, formation of nano-heterojunction between low band gap
Bi2S3(*1.47 eV) and a high band gap BiOCl (*3.10 eV) effectively reduce the
band gap and extend the absorption range upto near-IR region [11]. Similarly, when
a heterostructure formed between a low band gap semiconductors having high
absorption coefficient with a large band gaps, then surface functionalization or
sensitization will occur which influences catalytic activity. As example, low band
gap Ag2S (1.42 eV) showed high H2 evolution reaction (HER) activity after
deposition of Ag nanoparticles on its surface [12]. In case of p–n junction
(semiconductor/semiconductor) or the Schottky junction (metal/semiconductor), an
internal electrical potential can be formed at the interface which may drive the
charge separation and transport to the surface efficiently [13–15]. However, the
integration of semiconductor with a suitable co-catalyst can lower the redox
overpotential at the respective active sites [16]. Depending on the charge separation
mechanism, heterostructures are divided into different categories, such as type-I,
type-II, surface, Z-scheme and S-scheme heterojunction [8, 17]. Such various
heterostructures showed high efficiency for solar light conversion into storable
energy resources.

This book chapter describes the bandgap engineering of semiconductor-based
materials through doping, alloying and hybridization to improve the light absorp-
tion, charge transfer, surface reaction rate. The current status of the band gap
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engineering of quantum dots, metal oxides, organic semiconductors, 2D-hybrid
materials for water splitting has been discussed in this chapter with recent literature
examples and mechanistic details, as well as perspectives in hydrogen generation.

23.2 Photocatalytic and PEC Water Splitting

Primarily, the photocatalytic water splitting involves three basic reactions, firstly,
photon absorption and generation of charge carriers with high energy than the band
gap of the semiconducting material, then photogenerated electron–hole separation
and transfer to the surface of the photocatalyst, and finally, oxidation/reduction
reaction occurred on the surface of the material. Thermodynamically, it is an uphill
reaction process which requires minimum 1.23 eV energy as the change of Gibbs
free energy for this reaction is DG° = 237.2 kJ/mol but practically requires higher
energy than 1.23 eV due to the over potentials of the reactions [8, 9]. Basically, the
water splitting process may consist of two half reactions, (i) water oxidation by the
photo-induced holes and (ii) proton reduction by the photogenerated electrons to H2

(Scheme 23.1a). Most of the semiconductor-based photocatalyts are able to perform
half reaction, either water reduction or oxidation because of their band edge
potentials [7, 8]. Although few materials are reported for both the oxidation and
reduction reactions with limited efficiency. To promote the H2/O2 evolution reac-
tion, generally scavengers have been used to hinder the electron–hole recombina-
tion and increase the water oxidation/reduction rate kinetics. In case of
photoelectrochemical (PEC) cell, both the oxidation and reduction reaction may
occur simultaneously, where oxidation takes place on anode and reduction on the
counter electrode to generate H2 under the applied potential. In fact, the applied
potential may help photogenerated electrons to drive from the anode to the counter
electrode. However, the solar to hydrogen (STH) conversion efficiency of PEC cells
is relatively low for large scale water splitting. Thus, a specific engineering for
material design is required to improve the STH efficiency of the photoelectro-
chemical cells.

23.3 Types of Heterostructures

Heterostructure is an integrated structure of two or more semiconductors, where
charge carriers are generated and transfer from one semiconductor to the other
semiconductor and thus prolong the lifetime of charge carriers by lowering the fast
recombination rate [7]. Formation of heterojunction facilitates the design of
advanced photocatalysts due to effective spatial charge separation [10]. Moreover, it
helps the excited carriers to be available for the redox reactions and consequently
results an enhanced photocatalytic activity. The other parameters, including diffu-
sion length, mobility and position of apparent fermi level, etc. influence the overall
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photocatalytic activity of a heterostructure. In case of Type-I heterojunction, the CB
of semiconductor A is higher than the CB of semiconductor B, and the VB is lower
than the corresponding VB of semiconductor B. Under light illumination, the
excited electrons of A will transfer to the CB of B due to lower CB potential energy
and simultaneously holes of A will transfer to the VB of B because of low VB
potential energy relative to semiconductor A. Thus, efficient electron–hole sepa-
ration cannot possible for the Type-I heterojunction photocatalyst due to the
accumulation of charge carriers on the semiconductor B (Scheme 23.1b). Type-II
heterojunction formed when the CB potential of semiconductor A is higher than the
corresponding CB of the semiconductor B and the VB potential of A is lower than
the semiconductor B. Under excited condition, the electrons of A will transfer to
CB of B, while holes of B will migrate to the VB of A, ensuing facile charge
separation [18–20]. Thus, from the above energy band configurations, it is obvious
that the Type-II heterojunction has the most effective structure for spatial separa-
tion, however the redox ability is not satisfactory as the reduction and oxidation
reactions occur at the lower potentials. To overcome this problem and to develop a
stable, scalable and efficient photocatalytic system Bard et al. [21] proposed the idea
of Z-scheme system in 1979. Z-scheme photocatalytic system is composed of two
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Scheme 23.1 a Mechanism of water splitting on a photocatalyst. Schematic band diagram and
charge separation on b Type-I, c Type-II and d Z-scheme heterostructures
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semiconductors, where electrons of one semiconductor directly recombine with the
holes of the other semiconductor through an ionic or solid conductor, or by
developing Ohmic contact directly (Scheme 23.1d). As a result, electrons of
semiconductor B (with more negative potential) and holes of semiconductor A
(with more positive potential) becomes free for catalytic reactions. Thus, both the
charge separation and suitable potentials for the redox reactions have been achieved
by this Z-scheme heterostructure system [8, 22–24]. Recently, development of
direct Z-scheme has attracted enormous attention as it is mediator free system with
lower backward reaction rate.

23.4 Bandgap Engineering in Semiconductors

One of the key limiting factors that greatly hinder the efficiency of a photocatalytic
system is the fast charge carrier recombination, which can be suppressed by the
specific bandgap engineering strategies through introduction of defects, variation of
morphology, use of co-catalyst, development of heterostructures, etc.

23.4.1 Defect Engineering

Defect played important roles in semiconductors by offering active sites for the
desire reactions as well as it served as recombination centers for charge carriers
[25–27]. The commonly observed defects in semiconductors can be classified into
three types; bulk defect, surface defect and interfacial defect [27]. The three types of
defects are schematically presented in Scheme 23.2 considering TiO2 as a repre-
sentative photocatalyst. Bulk defects are formed within a crystal when vacancy
created by the displacement of some atoms or due to the formation of interstices.
Bulk defects influence the bond energy, bond length, band bending, electron
affinity, apparent position of Fermi level, charge and energy density, interface
charge density of states, etc. of semiconductor photocatalyst [28]. The bulk defects
are commonly observed in TiO2 due to the presence of Ti

3+ through self-doping and
oxygen vacancy via escape of lattice oxygen from the bulk crystal (Scheme 23.2a).
Notably, oxygen vacancy defects may create electro-positivity within the bulk,
which promote electron–hole separation [29]. The surface of semiconductor
nanomaterials possesses numerous superior properties with the large area, high
energy and abundant exposed atoms. Metal and oxygen vacancies both can be
present on the surface of semiconductor (Scheme 23.2b).

In case of metal oxide semiconductor, surface oxygen vacancy can provide
co-ordinatively unsaturated sites for molecule adsorption and activation, which
resulted a localized electron clouds at the surface. The surface metal defects may
enhance the stability against photocorrosion and charge separation in the photo-
catalysis. Notably, the controlling parameters such as the concentration,

23 Bandgap Engineering of Heterostructures … 705



distribution, mobility and controllable creation of surface defects may form a defect
bridge through defect-strain coupling, defect-electron or defect-defect interactions,
which improve the conductivity and charge separation [29]. Additionally, interface
defects exist at the interfacial contact between metal–semiconductor or semicon-
ductor–semiconductor heterostructures. It is important to note that both surface and
bulk defects can exist at the interface. Scheme 23.2c represents the carbon-TiO2

heterostructure where metal, oxygen and carbon vacancies are present at the
interface area as well as carbon surface. The interface defects can enhance the
interaction between different components and promote the surface reactions. For
example, Huang et al. [30] developed monolayer Bi2WO6 with interior
W-vacancies and investigated the influence of vacancy for surface catalytic reac-
tions under visible light illumination. The schematic diagram of sandwich-like
single unit-cell Bi2WO6 with vacancy in the interior WO4 layer has been presented
in Fig. 23.1a. The W-vacancies in the defective monolayers was identified by the
high-angle annular dark-field scanning transmission electron microscope
(HAADF-STEM) imaging (Fig. 23.1b). In the dark field, Bi-atoms appears brighter
than W-atoms due to the relatively heavier atomic weight and in the intensity
analysis pronounced dip has been observed at a W-site, which suggests the presence
of a W-vacancy at the atomic arrangement (Inset of Fig. 23.1b). This interior
surface W-vacancy is beneficial to promote the light absorption, charge transport to
the surface, etc. via formation of W-vacancy-related mid-gap states, which resulted
in 1.4 times and 3 times improved benzylic alcohol oxidation under solar light
compared to the monolayers and the bulk system, respectively.

Very recently, Ruan et al. [31] described the role of fluoride ions in stabilizing
anatase TiO2 where fluoride ions are bonded with Ti-vacancies on the (100) facets.
Ultrathin nanosheets were prepared by hydrothermal method with a tunable
thickness (2.9–13.5 nm). Figure 23.1c shows the TEM images of TiO2 nanosheets
of thickness 2.9 nm which are well crystalline. The lattice spacings of 3.79 Å and
3.76 Å are well matched with (100) and (010) planes of anatase TiO2, respectively
(Fig. 23.1d). The as-prepared TiO2 nanosheets (NS-5) demonstrates the maximum
H2 generation rate of *41.04 mmol h−1 g−1 with quantum efficiency of 41.6%
under UV light. The enhanced catalytic activity has been achieved due to the

Scheme 23.2 Schematic presentation of a bulk defect, b surface defect and c interface defect
considering TiO2 as a representative photocatalyst. (Reproduced from Ref. [6] with permission
from The Royal Society of Chemistry, 2015)
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bonding of fluoride ions with Ti-vacancies on the (100) surface which further
improve the electron−hole separation as well as stability of (100) surfaces. Hence, it
can be concluded that defect engineering is a potential strategy to functionalize the
crystal surface and electronic structure. However, the roles of defects specifically
location, density, bulk to surface relative concentration ratio of defects, etc. in
photocatalytic H2 generation appear to be complicated and not fully understood.
Thus, specific experimental and theoretical studies on defect engineering may get
more attention in near future.

23.4.2 Structural Engineering

Structural engineering via fabrication of multicomponent semiconductors is another
approach for developing visible light active photocatalysts and band gap can be
tuned by varying the composition and stoichiometry of the elements [6]. A series of
multicomponent photocatalysts through solid-state reaction have been reported for
various photocatalytic applications. For example, La5Ti2MS5O7 (M=Ag, Cu) [32],
Sm2Ti2S2O5 [33], (Ga1-xZnx)(N1-xOx) [34], BaTaO2N [35], LaTiO2N [36],
(Ag0.75Sr0.25)(Nb0.75Ti0.25)O3, CuxNa1-xNb13O33 [37], etc. have been successfully

Fig. 23.1 a The schematic atomic structures of defect-rich Bi2WO6. b HAADF-STEM image of
defect-rich Bi2WO6 with the intensity profile (Inset). c TEM image and d HRTEM image of TiO2

NSs using 5 mL ethanol during synthesis (NS-5). e Time courses photocatalytic H2 generation
through water splitting under ultraviolet light using as-synthesized TiO2 NSs as catalyst
(Reproduced from Refs. [30] and [31] with permission from American Chemical Society, 2020
and 2019, respectively)
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used as photocatalysts for pollutant degradation, H2 generation, CO2 reduction, etc.
under UV and visible light. J. C. Hill and his co-workers [38] fabricated solid
solution of Mo-rich CuW1-xMoxO4 thin film and investigated the effects of M on
band structure. The top view SEM images of pure CuWO4, CuW0.55Mo0.45O4 and
CuW0.35Mo0.65O4 films have been shown in Fig. 23.2(a–c), where CuWO4 surface
has nodular features and it becomes smoother with the increase of Mo. The change
of morphology occurs due to differential growth of CuWO4 which effectively
reduce the bandgap from 2.3 eV (for CuWO4) to 2 eV (for CuW0.35Mo0.65O4).

Similar kind of bang gap engineering was also reported for Zn1−xCdxS (x = 0,
0.1–1.0) solid solution by Li et al. [39]. A significant shift of the absorption edges
with the increasing Cd content has been observed in UV–Vis absorption spectra
(Fig. 23.2d) and consequently the color of the powder samples changed from white
to yellow with band gap reduced from 1.9 eV to 1.14 eV. It is clear from Fig. 23.2e
that, incorporation of Cd enhances the H2 generation rate up to a certain concen-
tration then decreases. The Zn0.5Cd0.5S composite exhibits the highest rate of H2

generation *7.42 mmol h−1 g−1, which is 54 times higher than that of pure ZnS
(*0.14 mmol h−1 g−1) due to the balance between band gap and band edge
potentials. Further, DFT calculation demonstrated that the charge redistribution
between Zn and Cd atoms in Zn0.5Cd0.5S composite leads to a chemical shift for the

Fig. 23.2 SEM images of the a CuWO4, b CuW0.55Mo0.45O4, and c CuW0.35Mo0.65O4 thin films.
d UV−Vis diffuse reflection spectra of the Zn1−xCdxS composites. e Photocatalytic H2 generation
rate of Zn1−xCdxS (x = 0, 0.1, 0.3, 0.4, 0.5, 0.6, 0.7, 0.9, and 1.0) composites using mixed aqueous
electrolyte (Na2S/Na2SO3) under visible light (� 400 nm). For comparison, Pt loaded CdS
(Pt −CdS, 0.9 wt % loading of Pt) has been prepared and tested. (Reproduced from Refs. [38] and
[39] with permission from The Royal Society of Chemistry and The American Chemical Society,
2013)
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binding energies of elements, which accelerates the charge separation and photo-
catalytic activity.

However, most of the multicomponent semiconductors are prepared by high
temperature solid-state reaction which leads to formation of low surface area,
limited catalytic activity. To improve the photocatalytic activity, mesoporous
structures with high surface area and crystallinity are required.

23.4.3 Tuning the Size and Shape of the Nanostructure

Besides varying the components of semiconductor, tuning the size and morphology
of the nanostructures considered as a very simple and effective way to control the
electrical, optical and redox properties. Due to the unique size and shape dependent
optical properties, semiconductor-based nanostructures have attracted intense
research focus for the last couple of decades.

23.4.3.1 Quantum Confined Structures

When the size of a material becomes too small, the electrons-holes pairs can be
confined by a potential barrier within a small region which is comparable to the
wavelength of electrons, i.e., de-Broglie wavelength, then a pronounced quanti-
zation in the energy states will occur within a ranges from 5 to 25 nm for typical
semiconductors (Groups IV, III–V, II–VI), results in enhancement in bandgap
compared to the bulk one [40]. Generally, the charge carriers in semiconductors are
confined in one, two or three spatial dimensions which are termed as quantum films,
quantum wires and quantum dots, respectively. Semiconductor quantum dots
(QDs) have been considered as an excellent light harvesting system for photocat-
alytic H2 generation because of multiple exciton generation ability with large
extinction coefficients, high surface to volume ratio and enhanced photostability
[41, 42]. The QDs can exhibit quantum confinement effect which enhances the
charge carrier density at the surfaces for light-induced catalytic reactions. In this
contest, chalcogenide-based semiconductor QDs, like CdS, CdSe, CdTe, etc. have
been extensively examined as efficient photosensitizers for H2 generation as
reduction site, however, the large scale application of these QDs are limited due to
high toxicity and unstable under long time irradiation [43–45]. Therefore, devel-
opment of Cd-free and tunable bandgap QDs photosensitizers are highly desirable
for photocatalytic water splitting application. To overcome this issue, multicom-
ponent QDs have been developed by various research groups and tested for pho-
tocatalytic H2 generation [44, 46]. For example, Yuan et al. [47] prepared
(AgIn)xZn2(1−x)S2QDs which showed band gap tunability with variation of chem-
ical compositions. From the UV–Visible absorption spectra it is clearly evident that
(AgIn)xZn2(1−x)S2 QDs have strong absorption in visible region along with a tail in
the near-IR region, whereas ZnS QDs shows absorption in UV region (Fig. 23.3a).
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The bandgaps of (AgIn)xZn2(1−x)S2 QDs are 2.78, 2.56, 2.34, 2.21 and 2.02 eV
(x = 0.1, 0.3, 0.5, 0.7 and 0.9) respectively.

Thus, bandgaps are decreased with the increase of x value which may well
consistent with the colors of the as-synthesized QDs in CH2Cl2 solutions
(Fig. 23.3b). Interestingly, (AgIn)xZn2(1−x)S2 QDs display size dependent strong
luminescence under visible and near-IR light (Fig. 23.5c). Moreover, a red shift has
been observed in emission maxima with the increase of x value, which implies
reduced bandgap. Initially, the photocatalytic H2 generation activities increase
remarkably for a certain x value and then decreases. The (AgIn)0.5ZnS2QDs system
shows highest activity (*276 mmol h−1 g−1) after 12 h of visible light illumina-
tion. They proposed that the lower activity of (AgIn)xZn2(1−x)S2QDs with higher
x value owing to the modification of CB energy level (Fig. 23.3d). The CB edge
potentials become more negative with the decrease of x value, indicating that
ZnS-dominant QDs (DG1 > DG2 > DG3) can strongly reduce the water molecule
compared to the AgInS2-dominant QDs. Whereas, the AgInS2-dominant QDs
allowed desirable longer wavelength light absorption in (AgIn)xZn2(1−x)S2 QDs.

Fig. 23.3 a Absorption spectra of bare ZnS, bare AgInS2 and (AgIn)xZn2(1−x)S2 QDs in CH2Cl2
solution. b The photograph of as-prepared QDs under 365 nm UV light excitation in CH2Cl2
solution (5 mg ml−1), from left to right: bare ZnS, (AgIn)xZn2(1−x)S2 QDs, x = 0.1, 0.3, 0.5, 0.7,
0.9 and then bare AgInS2. c The emission spectra of the synthesized QDs upon excitation at
350 nm, however ZnS at 280 nm. d Schematic presentation of calculated CB minima and VB
maxima of bare ZnS, (AgIn)xZn2(1−x)S2 composite QDs and bare AgInS2. (Reproduced from Ref.
[47] with permission from Elsevier 2017)
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Thus, a balance between strong absorption contents and charge carrier separation
for (AgIn)0.5ZnS2QDs leads to the higher photocatalytic H2 generation.

23.4.3.2 1D Nanostructures

One-dimensional (1D) nanostructures such as nanowires, nanotubes, nanorods,
nanofibers, and nanobelts have been played an integral role in the design and
construction of photocatalytic applications [48]. 1D nanostructure showed distinct
structural behavior with more chemical reactivity because of large surface to vol-
ume ratio and 1D confinement. In case of photocatalysis, 1D geometry is beneficial
because of long distance fast electron transport and high length to diameter ratio
which promote the light absorption and scattering properties [49]. Various nanos-
tructures like nanoparticles, quantum dot, nanorods, nanosheets, hierarchical
nanostructures of semiconductor have been developed and used in diverse fields
such as optoelectronics, photovoltaic devices, and photocatalysis. For example, 1D
TiO2 nanostructures displayed higher photocatalytic and photoelectrocatalytic water
splitting than that of bulk and nanomaterials due to large specific surface area which
promote photogenerated charge carrier transfer along the axial direction [50].
However, 1D TiO2 nanostructures have limitation in visible light absorption
because of wideband gap of 3.2 eV, fast recombination of electron–hole pairs
which lower the photocatalytic efficiency. Further, 1D semiconductor nanostruc-
tures like ZnO, Ta3N5, CdS, CdSe, Bi2S3, Ni3S2, InGaN, In2S3, Ag2WO4, Fe2O3,
etc. have been developed which exhibited high efficiency in water oxidation/
reduction due to short charge transfer distance [50–53]. Interestingly, 1D core–
shell-like structures have gained much more research interest due to their potential
in solar to chemical energy conversion [54]. Thus, the fabrication of controlled
diameter, length, crystallinity as well as the suitable band gap with band edge
potentials of 1D nanostructures are challenging to gain maximum photocatalytic H2

generation.

23.4.3.3 2D Nanostructures

Two-dimensional (2D) materials at nanoscale have fascinated consideration for
photocatalytic applications due to their tunable thickness dependent physical and
chemical properties such as high specific surface area, good crystallinity, facile
functionalization, improved charge separation, and rich surface active sites. For
example, Yu et al. [55] developed TiO2 semiconductor with varied morphologies,
such as nanoparticles, nanotubes and nanosheets and showed morphology dependent
band gap change. The TEM images of three types of TiO2 morphology are shown in
Fig. 23.4a–c, where nanoparticles are of average diameter about *15 nm, nanotubes
are of diameter about *8 nmwith length hundreds of nanometers and nanosheets are
of *50 nm in size. The selected area electron diffraction pattern implies that all the
synthesized nanostructures are highly crystalline (Inset of Fig. 23.4a–c).
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A morphology dependent blue shifting has been observed in absorption spectra and
band gap changes from *3.02 eV (for nanoparticles) to *3.18 eV (for nanosheets).
Further, the valence band maximum of TiO2 nanostructures are calculated from the
valance band XPS spectra which is *2.75 eV. Therefore, the conduction band
minimum for TiO2 nanostructures is determined as −0.27 eV, −0.39 eV
and −0.43 eV for nanoparticle, nanotube and nanosheets, respectively (Fig. 23.4e).
Moreover, experimental results are well supported with the DFT calculations of
energy states. Due to the quantum confinement effect, the band gap increases for
which lifetime of the charge carriers has been prolonged.

The crystal phase engineering of 2D semiconductors is a potential way to
improve the photocatalytic performance either by enhancing the absorption range or
facile charge transfer and separation ability. For example, Lu and his co-workers
[56] first reported TiO2 nanosheets with 47% (001) facets which showed higher
photoactivity under visible Light. In case of TiO2, it has been widely recognized
that the (101) facets are more reductive than (001) facets and the (001) face act as
excited electron reservoir [57, 58]. Besides TiO2, ultrathin CdS, graphene, g-C3N4,
BiVO4, WO3, Bi2WO6, BiOX (X = Cl, Br, I), layered perovskites, layered double
hydroxide, dichalcogenides like MoS2, MoSe2, MoTe2, WS2, WSe2, MXenes like
Zr2C, Fe2C, Ti2N, Ti3N2, Ti3CN, Ti4C3, Cr2C and Zr3C2, hexagonal boron nitride,

Fig. 23.4 TEM images of TiO2 a nanoparticles, b nanotube and c nanosheets, Inset: SAED
patterns of corresponding TEM images. d UV–Vis DRS spectra of TiO2 nanostructures, Inset:
Valance band XPS spectra. e Schematic presentation of the calculated band gap and band edge
potentials of the TiO2 nanostructures. (Reproduced from Ref. [55] permission from The Royal
Society of Chemistry, 2014)
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black phosphorus, etc. have been also developed successfully, which showed high
photocatalytic H2 generation under visible light compared to their bulk counterpart
[59, 60].

23.4.3.4 Hierarchical Nanostructures

Recently, three dimensional (3D) hierarchical nanostructures which are assembled
by nanorord, nanoplates or other type of nanoscale building blocks, are gaining
much interest in the field of photocatalysis. Significant efforts have been made to
develop advanced inorganic semiconductor-based 3D nanostructures due to inter-
esting anisotropic properties, high surface area and more available catalytic active
sites. The 3D hierarchical structures are also favorable for the charge separation and
transfer to surface active sites. Metal sulfide like Bi2S3, CuInS2, ZnIn2S4, Cu3SnS4,
ZnS, etc. are very familiar to form 3D nanoflower like hierarchical structure and
displayed superior photocatalytic H2 generation through water reduction. For
example, flower like 3D microstructure of Bi2S3 have been prepared by our group
through a simple hydrothermal method using mercaptosuccinic acid as S-source

Fig. 23.5 FESEM images of Bi2S3 at a low and b high magnification. c SEM image of quantum
dot-sensitized (CdS, CdSe and IrOxQDs) hierarchical ZnO wires, Inset: high magnification SEM
image. d Schematic of PEC water splitting along with charge generation, separation in a
hierarchical nanostructure, Inset: the energy level distribution of the different components of
hierarchical structure has been presented. e SEM image of the CdS, CdSe sensitized ZnO/WO3
array, Inset: top view of the material. (Reproduced from Refs. [61, 63] and [64] with permission
from The Royal Society of Chemistry, The American Chemical Society, 2018, 2014 and 2011,
respectively)
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[61]. Figure 23.5a, b represents the low and high magnification Field Emission
SEM(FESEM) images of flower like Bi2S3 microstructure, consists of 1D solid rods
which are radiated from a common center and stacked uniformly to form a flower
like morphology. Inorganic oxide-based semiconductors, such as TiO2, ZnO,
Bi2WO6, and Cu2O also formed 3D hierarchical structure and showed enhanced
activity for photoelectrochemical water splitting under solar light [62]. As example,
Sheng et al. [63] develop ZnO nanowires array on silicon microwires by vapor–
liquid-solid method and used as a photoanode for PEC water splitting. The hier-
archical structure was further sensitized with CdS, CdSe and IrOx quantum dots.
The SEM image of the sensitized array structure has been shown in Fig. 23.5c,
where hierarchical ZnO wires are fully covered by the layer of colloid QDs. They
demonstrated that the tree-like structure promotes the photoelectrochemical reac-
tions because of large surface area with proper contact of electrode and electrolyte.
The schematic of charge separation and transfer has been presented in Fig. 23.5d,
where the core–shell structure of ZnO nanowire branches may help in charge
separation and collection, and the Si-nanowire used as the carrier transfer channel.
As a result, 23-fold enhancement has been obtained for Si/ZnO hierarchical
structure compared to pure ZnO nanowires and improves the stability of the
as-prepared photoanode.

Similar kind of hierarchical structure has been reported by Kim et al. [64] for
PEC H2 generation. They fabricated branched 3D arrays of WO3/ZnO via the
epitaxial growth of the ZnO nanowires on the WO3 nanorods, which exhibited
dramatically increase light scattering capacity. The SEM image of the WO3/ZnO
arrays is represented in Fig. 23.5e, where it has been clearly shown that all of the
ZnO nanowires are well covered and decorated on the WO3 nanorods and formed a
hierarchical structure. The top view of the WO3/ZnO arrays has been shown in the
inset of Fig. 23.5e, which displays a beautiful flower like structure of ZnO nan-
odiscs which are surround WO3 nanorod from all directions. This branched
structure increases the surface area for more light utilization, faster the charge
transport through the brunches, which leads to enhancement in the photocurrent via
PEC water splitting. In addition, the needle like ZnO structure reduce the charge
recombination due to the availability of the large number of active sides and the
nanorods decrease the external potential bias which is required for PEC water
splitting by offering exposed polar facets compared to bare WO3 nanorods.
Consequently, five times higher power conversion efficiency has been achieved for
hierarchical structure compared to bare WO3 nanorods. It can be concluded that the
3D hierarchical morphology is suitable for high photocatalytic activity owing to
large surface areas, the existence of mesopores and suitable band gap.

23.4.4 Surface Engineering

Beside the size, shape and composition of a semiconducting catalyst, surface has a
great role in controlling the photocatalytic activity as the oxidation/reduction is
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mostly occurred on the surface of the catalyst. Thus, surface engineering is very
crucial to obtain the highest performance of a photocatalyst. Moreover, surface
modification would not change the crystal structure of catalyst and helps in
improving the conductivity and stability of the semiconductor counterparts.
Furthermore, the electronic properties can be regulated by the formation of inter-
mediate state which may enhance the light harvesting activity. Thus, for photo-
catalytic or electrocatalytic water splitting to generate H2 or O2, surface engineering
via modification or sensitization have attracted a great interest recently. For
example, Coelho et al. [65] modify the surface of WO3 thin film by the deposition
of metallic Bi to developed dendritic BiVO4/WO3 heterostructure. Figure 23.6a
shows the top view SEM image of BiVO4/WO3 photoanode. Interestingly, the band
gap has been reduced to 2.45 eV from 2.78 eV after formation of BiVO4 on the
WO3 surface (Fig. 23.6b). Very recently, A. Tofanello’s group [66] reported that
modification of the surface of the hematite photoanode by gold nanoparticles
promote visible light absorption and enhance the PEC performance. They also
investigated the changes of hematite surface with the concentration change of Au
nanoparticles and demonstrated that the lower Au amount leads to a higher pho-
tocurrent response (1.20 mA cm−2) at 1.23 Vs RHE. In presence of alkaline
electrolyte, a hydrated/oxidized gold phase has been formed at the electrode/
electrolyte interface for higher concentrations loading of Au nanoparticles on
hematite, which may decrease the charge transfer efficiency. The PEC water
splitting process and the limitation of high concentration of Au nanoparticle have
been schematically presented in Fig. 23.6c. In presence of light illumination, the
photogenerated electrons of Au nanoparticle directly transfer to the CB of hema-
tite’s surface and the photo-induced holes of semiconductor can be trapped at the
Au—hematite interface. Although, some electrons of Au nanoparticles can be
transferred to the electrolyte, which create an oxidized resistive surface around the
nanoparticles and accelerates the charge recombination rate, thereby reduce the
PEC activity. Therefore, suitable loading of metal nanoparticles is fruitful to
enhance the catalytic activity of semiconductor photocatalysts. Similarly, the metal
loading on the conjugated polymer or other carbon-based nanostructures enhances
the photocatalytic activity as well as stability [67]. As example, gold-based mul-
timetallic nanoalloys (Au50Pt24Pd26/PPy) decorated polypyrrol (PPy) nanofibers
showed enhanced light absorption under visible and near-IR region because of the
surface plasmonic effect of Au. Moreover, the alloy formation with Pd or Pt may
increase the active sites for catalysis which results in almost six-fold enhanced H2

generation rate compared to pure PPy [68]. Therefore, it can be concluded that
surface modification has a very crucial role in improving the photocatalytic activity
as well as stability of the catalyst.
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23.4.5 Heterostructure Formation

Heterostructure architecture between two semiconductors can reduce the charge
diffusion length and the fast recombination rate and improve the overall photo-
catalytic efficiency by separating the charge carriers and transfer to the redox
reaction center. In addition, an internal electric field created at the interface between
two semiconductors when equilibrium of Fermi levels happened which resulted in
band bending and promote the charge separation ability, thus leading improved
photocatalytic and PEC activity toward H2 generation. The formation of
heterostructure further changes the electronic properties of the semiconductors via
changing the effective band gap and band edge potentials. Therefore, development
of heterostructures has been regarded as most effective way to enhance the elec-
tron–hole pair separation as well as make a balance between light absorption and
redox reactions. Conventionally, type-II heterostructures are considered as efficient
system for photocatalytic water splitting because of suitable band alignments. For
example, Khan et al. [20] fabricated conventional type-II heterostructures between
graphitic carbon nitrides (g-C3N4) and Nb2O5, which effectively lower the bandgap

Fig. 23.6 a Top view SEM image of metallic Bi modified WO3 photoanode. b The Tauc plot of
pure WO3 and WO3/BiVO4 photoanodes. c Schematic representation of the Au decorated hematite
electrode and 1 M NaOH electrolyte interface during the PEC reactions and the band diagram at
the Schottky junction. (Reproduced from Refs. [65] and [66] with permission from Elsevier and
The Royal Society of Chemistry, 2020)
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(2.82 eV) compared to bare Nb2O5 (3.25 eV) with substantial redshift and
enhancement in visible light absorption (Fig 23.7a). Further, Mott − Schottky
analysis confirms a significant shifting of flat band potential toward lower hydrogen
evolution reaction. As a result, three-fold enhancement in PEC photocurrent has
been achieved for g-C3N4/Nb2O5 heterojunctions (−0.17 mA/cm-1 at a potential
1.0 V vs RHE) compared to bare oxide. The photocatalytic water splitting mech-
anism has been presented in Fig 23.7b. Due to the large band gap (3.25 eV), Nb2O5

is unable to generate excited electron and holes under visible light. Thus, pho-
toexcited electrons from the CB of g-C3N4 may transfer to the CB of Nb2O5 via
interface of the heterojunction, which further take part in water reduction to gen-
erate H2. The effective charge separation in Type-II configuration suppresses the
fast recombination rate and significantly enhances the PEC efficiency. However,
due to the charge transfer to the lower potential, the redox ability of the electrons
may reduce in Type-II heterostructures. Thus, an advanced type photocatalytic
system is needed which can satisfy both the requirements of fast charge separation
and strong thermodynamic driving force for oxidation/reduction simultaneously.

Recently, significant attention has been paid to develop Z-scheme architecture
due to unique electronic band alignments which can meets the aforesaid require-
ments of high redox potentials with effective charge separation. However, liquid
phase and all-solid-state Z-scheme systems have some limitations, including long
term stability and availability of redox mediator, cost-effectiveness, energy loss due
to backward reaction. Therefore, development of direct Z-scheme system has been
attracted recent research focus, where no electron mediator is required for charge
transfer. Moreover, lower energy electrons and holes are directly recombine with
each other through the junction interface to make free the higher energetic electrons
and holes for oxidation/reduction reactions. In this way, the effective band gap of
the system also tuned to harness more solar light under visible region. For example,
Zou et al. [69] fabricated direct Z-scheme CdS/BiVO4 heterostructures, where
� 20 nm CdS nanoparticles are homogeneously deposited on the BiVO4 nanosh-
eets (Fig. 23.8a).

Fig. 23.7 a Tauc’s plots of g-C3N4 and g-C3N4/Nb2O5 Type-II heterostructures from UV−Vis
DRS spectra, Inset: DRS spectra of the synthesized materials. b Proposed Type-II charge transfer
mechanism over g-C3N4/Nb2O5 heterostructures for PEC water splitting. (Reproduced from Ref.
[20] with permission from The American Chemical Society, 2019)
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The formation of Z-scheme heterostructure promotes the visible light absorption
compared to bare BiVO4 (Fig. 23.8b). Notably, the bang gaps of the heterostruc-
tures change with the loading of more CdS on the BiVO4. The H2 generation rate
has been enhanced with the increase of CdS loading and CSBVO-75 exhibits
highest rate of *0.57 mmol h−1 which is almost 5.2 times of pure CdS
(Fig. 23.8c). However, H2 generation rate decreases further loading of CdS because
of agglomeration. A direct Z-scheme charge transfer mechanism has been proposed
to demonstrate the higher photocatalytic activity of CdS/BiVO4 heterostructures as
shown in Fig. 23.8d. Under the visible light, both CdS and BiVO4 can generate
electron–hole pairs due to the band gaps <3 eV. The photoexcited electrons of CdS
may transfer to the co-catalyst Pt and react with the adsorbed H+ ions to form H2. At
the same time, the photo-induced holes of BiVO4 would be engaged in oxidation of
methanol. Now, the CB electrons of BiVO4 and the VB holes of CdS could not
occur reduction or oxidation of water molecules because of insufficient potentials.
Meanwhile, an Ohmic contact is formed at the CdS/BiVO4 which can act as

Fig. 23.8 a TEM image of CdS/BiVO4 heterostructure. b UV–Vis DRS spectra of bare CdS, bare
BiVO4 and the CdS/BiVO4 with different loading concentration of CdS. c The comparison of
photocatalytic H2 generation under visible light. d The schematic band alignment and direct
Z-scheme charge transfer mechanism for CdS/BiVO4 heterostructures. (Reproduced from Ref.
[69] with permission from The American Chemical Society, 2019)
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electron mediator. Thus, effective charge separations as well as suitable potential for
the redox reactions have been achieved by this direct Z-scheme system. However,
stability remains an issue for the Cd-based heterostructures. Therefore, more
attention has been paid on development of Cd-free heterostructures, such as
Bi-based, TiO2-based, and ferrite-based with other semiconductor or carbon
structures.

23.5 Conclusion and Future Prospect

Semiconductor-based heterostructures have been widely used to enhance the light
absorption range, charge separation ability and catalytic activity for H2 generation,
PEC water splitting, etc. However, the quantum efficiency of the conventional
heterostructures is not satisfactory for large scale applications. Thus, various types
of engineering have been deliberated to overcome the limitations of single semi-
conductors, such as poor light absorption ability, low active sites and stability. In
this chapter, band gap engineering of heterostructures has been thoroughly dis-
cussed via atomic doping, alloying, and hybridization, structural and morphological
modification. Further, the effect of band gap engineering for visible light-driven
photocatalytic H2 generation has been summarized. The tunable band structure can
be achieved by structural engineering method which can effectively promote the
photoexcited charge separation, reduce the undesirable recombination rate, accel-
erates the redox ability of excited electrons and holes with prolong lifetime.
Moreover, surface engineering benefits the availability of active sites with large
surface to volume ratio, which is critical for achieving the high photocatalytic
efficiency. However, the comprehensive thermodynamics and kinetics of charge
transfer at the interface of heterostructures are not clear. So, future efforts should be
focused on understanding of photocatalytic mechanisms at fundamental level. At
the same time, the characterization techniques for charge separations and transfer
have to be explored in future. Moreover, the effect of band bending and position of
the apparent Fermi level at the junction interface as well as electrode–electrolyte
interface is not properly considered during explaining the proposed mechanism.
Thus, there are lots of challenges and scopes to explore the band gap engineering
and its effect in photocatalytic water splitting.
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Chapter 24
Novel Solid Photocatalysts for Hydrogen
Generation from Aqueous Phases

Eike S. Welter and Roger Gläser

Abstract A sustainable economy requires technologies and materials for conver-
sion and storage of renewable energy, ideally from sunlight. Photocatalytic
hydrogen production offers an attractive solution for the transformation of sunlight
into chemical energy and, thus, the simultaneous energy storage in the form of
hydrogen. The efficiency of photocatalytic hydrogen production not only depends
on technological factors but on the choice of suitable photocatalysts. In this chapter,
key aspects of materials used as solid photocatalysts for hydrogen evolution from
aqueous phases including metal oxides, metal sulfides, and carbon-based semi-
conductors, are treated. With respect to the multitude of existing principles for the
enhancement of the photocatalytic material properties, the specific manipulation,
and introduction of defects as well as the combination of semiconductors to form
Z-schemes is discussed. Finally, an overview of the mechanisms and reaction
pathways of hydrogen formation by heterogeneous photocatalysis, both for pho-
toreforming of organic substrates and water splitting, is given.

Keywords Solar energy � Hydrogen evolution � Water splitting � Heterogeneous
photocatalysis � Semiconductor photocatalysts � Defect engineering � Z-scheme �
Aqueous phase

24.1 Introduction and Scope

Hydrogen is considered a promising (carbon-free) energy carrier to satisfy the
ever-growing energy demand of the world. Simultaneously it could help replace the
use of conventional fossil fuels for the energy generation and transportation.
Furthermore, in view of concepts to avoid the use of fossil resources for carbon–
neutral synthesis of chemicals, it could be utilized together with CO2 and N2 as a
feedstock to obtain the vast majority of the currently used chemicals in a renewable
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way. For hydrogen to be truly sustainable, it needs to be produced from environ-
mentally friendly sources like water, biomass, or other organic compounds from
renewable sources. Today a handful of different approaches exist, to supply H2

directly from water or aqueous organic solutions as a feedstock. These can be
divided, according to the form of energy input, into thermal, electrical, biochemical,
and photonic hydrogen production.

Since neither water, nor most of the organic compounds used for the purpose of
hydrogen production directly interact with radiation in the infrared, visible or near
ultraviolet region to a sufficient degree, typically the use of a photocatalyst is
required. Both homogenous and heterogeneous photocatalysts are studied to an
extensive degree. However, in this book chapter, only solid semiconductors for
purely photocatalytic hydrogen formation in form of particulate suspension reaction
systems are discussed. Also, photoelectrocatalytic systems, which are often linked
to photocatalytic systems, are not covered, as these are part of another Chap. 22.

Despite the fact, that a multitude of semiconductors exists that are capable of the
hydrogen evolution from both water and aqueous solutions containing organic
compounds, the observed activities fall behind the expectations of technical
application. That is especially the case for semiconductors utilized without addi-
tional modifications or extensions to enhance the photocatalytic activity. By now a
great number of modifications has been developed ranging from doping with dif-
ferent cations (Chaps. 9 and 11), formation of composites (Chaps. 4, 5, 6 and 8),
loading with sensitizers (Chap. 11) or co-catalysts to crystal facet and defect
engineering (Chap. 12). Along with these, a multitude of different working prin-
ciples exist, which include the extension of the light absorption (Chaps. 9 and 10),
the improvement of charge carrier transportation and recombination, as well as the
introduction of new active sites.

In the present Chapter, the main focus is placed on the use of defect-modified
photocatalysts as well as direct Z-scheme photocatalysts from the material classes
of metal oxides, metal sulfides, and carbon-based semiconductors, mainly in the
form of graphitic carbon nitride (g-C3N4), for purely photocatalytic hydrogen
production from aqueous phases. The chapter is divided into three sections. In the
first section, key properties of photocatalytic active materials are briefly presented,
with a focus on the electronic properties and charge carrier processes (trapping,
recombination, interfacial charge transfer). In the following section, the two
selected design strategies for the enhancement of the activity, i.e., defect engi-
neering and Z-scheme construction, are presented. First, defect engineering is
treated with respect to the classification of defects, their synthesis, and the impli-
cations for photocatalytic conversions. This is followed by Z-scheme construction,
starting with an overview of the different types and developments of Z-scheme
systems. Then, direct Z-schemes are discussed in more detail with focus on the
advantages and the role of the interface. The section is finished by looking into the
role of defects and the most recent developments in the field of Z-scheme photo-
catalysts. The final part of the Chapter deals with the formation of hydrogen from
aqueous phases. In this section, first, the two basic forms of hydrogen generation,
i.e., photoreforming using sacrificial agents (SAs) and overall water splitting, are
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introduced. Then, the mechanism of overall water splitting and the performance of
solid photocatalysts presented in section two in this reaction are dealt with. This is
followed by a discussion of the available types of sacrificial agents for hydrogen
generation from aqueous phases, with a focus on alcohols and biomass-derived
molecules. For the decomposition of pollutants from aqueous phase, which can also
be applied for hydrogen production, the reader is referred to another Chap. 21. The
section concludes by comparing the performance of the different design strategies
for the enhancement of hydrogen generation by photoreforming.

24.2 Key Aspects of Photocatalytically Active Materials

The materials applied in heterogeneous photocatalysis depend on a variety of
properties. Since the basic principles and most important material properties have
already been discussed in detail in introductory chapters, only selected material
characteristics with particular relevance for the further topics of this chapter will be
discussed here. The focus of this section is on the electronic properties, the
importance of which becomes clear, when looking at the processes occurring during
a photocatalytic reaction. The typical steps of a photocatalytic reaction over a solid
semiconductor are displayed in Fig. 24.1 together with the superordinate processes
described below. In short, light is absorbed in a first step, and an exciton (electron–
hole pair) is generated. This exciton is separated, and the individual charge carriers
are transferred to the semiconductor-co-catalyst interface or to the
semiconductor-solution interface, where the chemical reaction takes place.
According to Takanabe [1] a photocatalytic reaction can be divided into six
superordinate processes:

1 Photon absorption,
2 Exciton separation,
3 Carrier diffusion,
4 Carrier transportation,
5 Catalytic efficiency,
6 Mass transfer of reactants.

The steps one to four mainly depend on the electronic properties of the semi-
conductor. Also in step five, the electronic properties in form of the exchange
current density and charge transfer resistance partially govern the process.
Evidently, the electronic processes such as excitation, exciton separation, and
charge carrier transfer in the semiconductor and at interfaces precede the classical
mass transfer processes of reactants. As a consequence charge transfer processes are
major limitations for the photocatalytic activity of a given material [2]. However, a
photocatalyst is only highly active if all the processes displayed above occur at a
high rate.
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Among the many ways to modify a solid photocatalyst towards specific pro-
cesses and properties to enhance the efficiency of energy utilization within the
semiconductor, the first and most apparent is the elemental composition of the
material. The periodic table of the elements shown in Fig. 24.2 visualizes the roles
of different elements, and how they can be used to construct the electronic structure
of a semiconductor. Typically, elements from groups 15 to 17 are used as a
foundation for the valence band (VB) with the main contribution being the
p-orbitals. The groups four to six and 12 to 14 are primarily used for the electronic
structure of the conduction band (CB) with either d0- or d10-configuration. Other
elements like the alkaline, earth alkaline, and many of the lanthanides typically do
not contribute directly to the band structure of the semiconductor, but are important
in composing the crystal structure of non-binary metal oxides and metal sulfides
which in return directly influences the band structure and band edge positions [4, 5].
Furthermore, many elements throughout the periodic table are used as dopants to
modify the electronic structure or co-catalysts to enhance the charge transfer and
separation. However, for these aspects the reader may refer to Chaps. 9 and 11.

Fig. 24.1 Schematic display of the processes occurring during heterogeneous photocatalysis over
a semiconductor. The assigned numbers refer to the superordinate processes, which are given in
the text according to [2, 3]
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24.2.1 The Impact of the Electronic Structure

The electronic structure of a given semiconductor originates from the interactions of
the orbitals of the different atoms in the semiconductor and the periodic arrange-
ment in the given crystal structure. The resulting electronic energy bands, the sum
of which corresponds to the electronic structure, are typically determined using a
combination of different experimental techniques [7] and the calculation with dif-
ferent theories and approximations. The electronic structure of a semiconductor is
therefore often referred to as the electronic band structure, which is the basis for the
categorization into metal, semiconductor, and insulator. In this respect, semicon-
ductors have their highest occupied band completely filled and the energy distance
to the next band can be overcome by thermal excitation of electrons (band
gap < 5 eV).

The band structure has implications for several material properties when used in
photocatalytic reactions. Above all, the energetic position of the band edges of VB
and CB determines the thermodynamic driving force of the charge carriers for a
given reaction. Figure 24.3 shows the band edge positions for several different
semiconductors in comparison to the redox potentials needed for the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER). It becomes
clear, that without any adjustments or modifications of the semiconductors not all of

Fig. 24.2 Elements used in the construction of photocatalysts with application for photocatalytic
water splitting and their respective purpose according to [6] and [4]
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them are capable to carry out both reactions. For example, the reductive potential of
the CB of a-Fe2O3, WO3, BiVO4, Ag3PO4 or BiOI is too low with respect to the
redox potential needed for H2 formation from water at pH = 0. On the other side,
the oxidative potential of the VB of CuO, CuFe2O4 or CuInS2 is not suitable to
catalyze the OER and form O2 from H2O [8]. However, as will be pointed out in
later sections (Sects. 24.4.1.2 and 24.4.2.4) these kinds of materials can, through
modifications, still be applied for photocatalytic hydrogen generation.

Furthermore, the mobility of the charge carriers in a semiconductor is dependent
on the band structure. The charge carrier mobility and the effective mass of the
charge carrier are inversely proportional to each other, meaning a high effective
mass leads to a small charge carrier mobility and vice versa. Since the effective
mass of the charge carrier depends, according to the effective mass theory, on the
curvature of the bands, also the charge carrier mobility is directly related to the band
curvature. Narrow or flat bands (energy wise) have a small curvature and thus a low
carrier mobility (high effective mass), while wide or disperse bands have a stronger
curvature and thus a high carrier mobility (low effective mass). This can also be
seen as the result of stronger interactions of adjacent orbitals in the more dispersed
bands [10]. Typically, a high charge carrier mobility is beneficial for photocatalytic
reactions, as this results in a higher diffusion length of charge carriers before they
recombine. For example, a-Fe2O3 has a charge carrier mobility
of *0.1 cm2 V−1 s−1 and a charge carrier diffusion length of *4 nm, while WO3

has a charge carrier mobility of up to 10 cm2 V−1 s−1 resulting in a diffusion length
of up to 700 nm. However, this generalization is not valid for all systems. For
instance, BiVO4 has a charge carrier mobility of *0.2 cm2 V−1 s similar to that of
a-Fe2O3, but a diffusion length of 70 nm due to the higher charge carrier life-
time [11]. Table 24.1 gives an overview of the range of charge carrier mobility,
lifetime, and diffusion length in some selected semiconductors to illustrate typical
ranges of these properties in semiconductors relevant for hydrogen generation.

In addition, light absorption is largely governed by the electronic structure. The
band gap, resulting from the distance of VB and CB position, determines the part of
the light spectrum that can be absorbed by a semiconductor. Figure 24.3 includes
the band gap energies for a set of different semiconductors that are used in pho-
tocatalysis. As a result of the band gap energy the wide band gap semiconductors
(>3.0 eV) in Fig. 24.3a are either not capable at all to absorb visible light or can
only utilize a minor part of the visible spectrum. This is typical for metal oxides
containing only metal cations in electron configuration d0 (Ti4, V5+, Zr5+, Nb5+,
Ta5+, W6+) or d10 (Zn2+, In3+, Ga3+, Sn4+, Sb5+), because, in this case, the VB is
merely formed by the O 2p orbitals positioned around +3 eV against NHE [10]. In
the case of semiconductors consisting of multiple different cations or anions, other
orbitals come into play and the contributions become more complex [5].
Figure 24.4 illustrates the effect of the band gap for the utilization of solar light,
based on the AM 1.5G solar spectrum [42]. It becomes clear, that with a band gap
of 3.2 eV, which is typical for the most widely applied photocatalyst TiO2 (ana-
tase), less than 2.6% of the introduced energy can be utilized at best to generate
charge carriers for the photocatalytic reaction.
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Fig. 24.3 Band gap values and band edge positions of a wide band gap (Eg > 3.0 eV) n-type;
b narrow band gap (Eg < 3.0 eV) n-type and c p-type semiconductors used as photocatalysts,
according to [6, 9]
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Likewise, the mode of light absorption is defined by the position of VB maxi-
mum and CB minimum. If these two positions have the same k-value (crystal
momentum), meaning they are directly above each other in the electronic band
structure diagram, the band gap is considered as “direct”. In the other case, when

Table 24.1 Charge carrier mobility (l), lifetime (s), and diffusion length of selected
semiconductors

Semiconductor µ/cm2 V−1 s−1 s/ns Diffusion length/nm

Ta2O5 0.00001 [12] – –

TaON 0.01 [12] 1.83 ns [13] –

a-Fe2O3 0.01–0.1 [14, 15] 0.36–4.3 ps [16] 2–4 [17]

Ta3N5 0.1–4.4 [12, 18] 3.1–8.7 ps [18] –

BiVO4 0.04–0.2 [11, 19] 40 ns [11] 70–147 [11, 20]

TiO2 (rutile) 0.5 [21] 24–28 ns [22, 23] 100 [23]

SrTiO3 1–8 [24] 50 ns [25] 300–600 [26]

WO3 3–10 [27, 28] 1.62 ns [29] 530–700 [20]

TiO2 (anatase) 17 [30] 1000 ns [23] 10,000 [23]

ZnS 80–160 [31] 18 ns [32] –

CdS 15–265 [33, 34] 3.6 ns [35] 60–440 [36]

ZnO 111–440 [37, 38] 2.8 ns [32, 39] 200–438 [40, 41]

Fig. 24.4 AM 1.5G solar spectrum based on the SMARTS2 model [42]. The vertical lines
indicate the band gap position of selected semiconductors used in photocatalysis to visualize the
usable part of the solar spectrum for a given semiconductor in dependence of the band gap
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the position of VB maximum and CB minimum are not aligned, the semiconductor
has an “indirect” band gap [43]. This fact has implications on both light absorption
and charge carrier recombination. In an indirect band gap, the transition from VB to
CB and vice versa requires the change of crystal momentum, which cannot be
provided by a photon itself. Therefore, either a phonon or a defect has to participate
in these processes, making them less likely to occur. This also causes light to
penetrate deeper into the semiconductor before it is absorbed. In turn, the charge
carriers have to travel a longer distance through the semiconductor, eventually not
being able to reach the external surface.

24.2.2 The Fate of Charge Carriers

After the initial generation of charge carriers through excitation with light, their fate
depends on the competition between several reactions. To understand the efficiency
and limitations of semiconductor photocatalysts as well as the mechanisms behind
semiconductor photocatalysis, it is essential to consider these fundamental reac-
tions. As these phenomena occur on a timescale of femto- to microseconds, the
work that has been done so far in the investigation of particulate semiconductors is
in large parts limited to TiO2.

Figure 24.5 shows the timescale of the reactions that follow charge carrier
excitation in TiO2 starting from trapping at shallow and deep trapping sites and the
recombination of charge carriers in different positions to the interfacial charge
transfer. The process of charge carrier recombination competes on two different
timescales with the other two processes. Initially, on the timescale of pico- to
nanoseconds trapping and recombination compete against each other. This is fol-
lowed by the competition of the interfacial charge transfer of the initially trapped
charge carriers and the recombination, in range of nano- to microseconds.

The relationships discussed here can in most parts be applied to other semi-
conducting materials, although it should be noted that the exact nature of the
reaction states and the equilibrium of the individual reactions can differ from that
for TiO2 as shown in several studies, e.g., for g-C3N4 [44], BiVO4 [45–47],
Fe2O3 [48].

24.2.2.1 Recombination

The recombination of charge carriers is mainly responsible for poor energy uti-
lization. For example, in TiO2 typically only 10% of the generated charge carriers
are utilized for the redox reaction, while the rest is lost to recombination processes.
Recombination can be categorized into three types, which are visualized in
Fig. 24.6. An extensive description of the processes can be found in [51].
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Fig. 24.5 Time scale of photoinduced processes in TiO2 according to [49, 50]

Fig. 24.6 Illustration of
charge carrier recombination
types in semiconductor
materials

732 E. S. Welter and R. Gläser



• Band-to-band recombination
• Auger recombination [52]
• Shockley–Read–Hall recombination [53, 54].

Band-to-band recombination occurs when an electron in the CB falls back into
an empty state (hole) in the VB. This transition is usually a radiative process and
dominating in direct band gap semiconductors (see Sect. 24.2.1), while in indirect
band gap semiconductors, the necessary participation of a phonon makes this type
of recombination negligible. Similarly, the Auger recombination requires the par-
ticipation of a third particle (electron or hole), thus making it only likely to occur in
semiconductors with a high charge carrier density. In contrast to the other types of
recombination the Shockley–Read–Hall recombination occurs only in the presence
of defect levels (both in the bulk and on the surface) and is, therefore, most
important in heavily defective semiconductors. It can be envisioned in two ways,
either as the annihilation of electron and hole that meet at the defect state or as the
stepwise transition of the electron to a trap state followed by the transition into the
VB.

24.2.2.2 Trapping

Trapping describes the (partial) localization of charge carriers in a semiconductor at
disordered or defective positions in the semiconductor framework (for the different
defect types see Sect. 24.3.1.1). A visualization of this charge carrier localization is
given in Fig. 24.7. The corresponding positions are called trap states and can be
divided into shallow and deep trap states. The shallow traps are energetically close
to the characteristic energy of CB (electrons) or VB (holes), while the energetic
position of the deep traps differs much more than the thermal energy of electrons
and holes (*26 meV at 300 K) from CB and VB [55].

Fig. 24.7 Illustration of the
energetic effect of defects
(trap states) on the charge
carrier localization according
to [56]
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For TiO2 different groups were experimentally identified which can act as trap
states or correspond to the trapped charge carriers, using techniques like transient
absorption spectroscopy or electron paramagnetic resonance spectroscopy. The
holes are most likely trapped close to the surface at bridging O2− or OH− groups at
the surface, while the electrons are trapped at Ti3+ both at the surface and in the
bulk [49].

Similar to TiO2, trapping of holes in hydroxyl groups close to the surface was
reported for ZnO [57]. In g-C3N4 heteroatoms and dangling bonds act as shallow
traps, while interstitial atoms and vacancies act as deep traps [44]. For BiVO4 the
presence of shallow and deep traps has been reported, even though no specific
groups or structures were identified so far [45, 58]. Generally, the existence of
certain trap states is material and even crystal phase-dependent, thus, materials need
to be studied individually [59]. However, it should be noted that typically the
presence of crystal defects and lattice imperfections is responsible for the presence
of trap states.

As already discussed in Sect. 24.2.2.1, charge carrier trapping influences
recombination, as it allows the Shockley–Read–Hall recombination mode. Besides,
charge carrier trapping also has an impact on charge carrier migration, lifetime, and
reactivity. The former is affected, as trapped charge carriers cannot move freely
through the semiconductor. In case of deep trap states, the charge carriers tend to
stay in the trapped position. However, in shallow traps, two possible migration
mechanisms are known. Either the trapped charge carriers are excited by thermal
energy or light back into the band and become free charge carriers again or they
move from trap to trap state, which is called polaronic hopping [60]. The impact on
the charge carrier migration can also be expressed as the change of the carrier
mobility of the free charge carriers without trapping (µ0) corrected for the fraction
of the average time (s) they spent in the trapped or free state, as expressed in
Eq. (24.1). The result is the effective charge carrier mobility (µeff) [56].

leff ¼ l0
s freeð Þ

s freeð Þþ s trapð Þ
� �

ð24:1Þ

Even though the charge carrier mobility might be reduced due to trapping, the
lifetime is drastically increased by several orders of magnitude compared to free
charge carriers in VB and CB (micro- to milliseconds for trapped electrons vs. pico-
to nanoseconds for free electrons) (see Fig. 24.5). Directly connected to the charge
carrier lifetime, trapping can also affect the reactivity of charge carriers, as charge
carriers trapped close to the surface are more likely to participate in the subsequent
redox reactions. Due to the increased lifetime, the trapped charge carriers might
even facilitate reactions that require the participation of multiple charge carriers at
once, like in water oxidation [61, 62]. However, deeply trapped charge carriers are
considered to be lost for the reaction, thus reducing the photocatalytic activity [49,
55]. Therefore, in general, active photocatalysts require a high density of shallow
traps, while the density of deep traps is kept to a minimum.

734 E. S. Welter and R. Gläser



24.2.2.3 Interfacial Charge Transfer

The behavior of the interfacial charge transfer is related to the interactions of the
components involved at the interface. The components that have to be considered in
photocatalysis depend on the composition of the photocatalyst and the reaction to
be investigated and can range from metals and semiconductors to various molecules
[63, 64] and even cells. This concept is therefore of special importance for sensi-
tizers (Chap. 11), any form of junctions (Chaps. 6 and 11) and surface interactions.
Since interface engineering is already covered in the previous chapter, interfacial
charge transfer for semiconductor–semiconductor junctions is only briefly dis-
cussed here. Furthermore, charge transfer processes connected to reactions involved
in photocatalytic hydrogen evolution are discussed in Sect. 24.4.

Since the most relevant semiconductor–semiconductor interactions to facilitate
charge transfer are of either type-II or direct Z-scheme, the focus will be put on
these two. As can be seen from Fig. 24.8, the main difference between type-II
heterojunction and direct Z-scheme is the band bending that occurs upon contact of
the semiconductor interfaces. This band bending is the result of the difference in the
chemical potential of semiconductor one and two and leads to the formation of an
in-built electric field, which is the driving force for the interfacial charge transfer. In
both cases, this also results in the spatial separation of charge carriers [65].
However, the band bending in a type-II heterojunction causes both CBs of semi-
conductor one and two as well as the VBs to be closer in terms of their energetic
potential, leading to the migration of charge carriers to the respective band with the
lower potential. This results in a lower reduction and oxidation potential that can be
utilized for the reaction. In contrast, in a Z-Scheme the charge carriers in the band
with the higher potential stay, while the electrons in the semiconductor with the
lower CB and the holes in the semiconductor with the higher VB migrate to
recombine and prevent photodegradation. The advantage of this charge transfer is
that the higher redox potential of both semiconductors can be utilized. However, in
this process, half of the charge carriers are lost to recombination. It should be
mentioned, that the charge transfer in a Z-scheme can also be facilitated by met-
als [66] through the formation of as a Schottky junction that acts a channel for the
electrons, or trap states [67] in between the bands of both semiconductors that allow
for a trap assisted charge carrier transfer.

24.3 Design Strategies to Enhance Photocatalytic Activity
for Hydrogen Generation

The previous section has highlighted the implications of selected properties for
photocatalytic reactions. Often a given semiconductor has disadvantages in certain
areas, like the light absorption or redox potential. However, through modifications,
these drawbacks might be overcome and, thus, the photocatalytic activity can be
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improved. In this respect, a multitude of strategies exists that can be utilized to
enhance the photocatalytic activity ranging from changes in the material compo-
sition and construction of heterostructures to the control of particle morphologies
and crystal facets. The first part of this section will be limited to the design strategy
of defect introduction with a focus on point defects. The second part deals with the
well-known construction of Z-schemes in its newest form as direct Z-schemes.

24.3.1 Defect Engineering

Defects are the imperfections within crystalline solids, that interrupt the periodic
arrangement of a crystal structure. For a long time, defects were considered to be
only detrimental to photocatalytic reactions. This is because defects can act as trap
states and increase the charge carrier recombination. Additionally, defects lead to
scattering of charge carriers and thus reduce the charge carrier mobility. Eventually,
the positive effects of defects on photocatalytic reactions were recognized leading to
the development of controlled defect introduction into photocatalysts and the
investigation of the operating principle and more profound mechanisms of the
involvement of defects in photocatalysis [68]. In this respect, a multitude of dif-
ferent types of defects exist, which will be introduced in the following section. The
more detailed discussion will be focused on the most frequently reported point
defects. An overview of common methods of defect generation will be given and

Fig. 24.8 Schematic energy diagram of type-II heterojunctions (left) and Z-schemes (right) during
band alignment. The black arrows indicate the direction of charge carrier transportation from one
semiconductor to another
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the influence on aspects of photocatalytic processes like light absorption, electronic
properties, and surface interactions will be discussed.

24.3.1.1 Classification of Defect Types

Defects in crystals can be divided according to their dimensionality and structure, to
their position in the material, or whether they are of intrinsic or extrinsic nat-
ure [68–70]. For the former, four different types can be distinguished, with further
sub-division into particular types, which are listed in the following:

• 0D: Point defects (vacancy, interstitial, doping),
• 1D: Line defects (screw dislocation, edge dislocation),
• 2D: Planar defects (grain boundary, twin boundary),
• 3D: Volume defects (lattice disorder, void).

These types can also be sorted according to their position, which is of impor-
tance to the actual effect a defect will have in a photocatalyst, as we will see in
Sect. 24.3.1.5. Point (0D) and volume (3D) defects can both exist at the external
surface or in the bulk, while line (1D) and planar (2D) defects tend to originate in
the bulk, but terminate at the surface, thus they can also be considered surface
defects. For an illustration, the different types of defects are visualized in Fig. 24.9.

For the formal description of defects, the widely known Kröger-Vink valence
notation is frequently used, which is helpful to specify the exact framework position
and nature of a defect. However, this notation is only useful for point-defects and
requires the knowledge of the position and relative charge of the defect [72].

The defect types have different origins. Point defects result from the replace-
ment, insertion, or removal of atoms in the framework and are often accompanied
by the change of the material stoichiometry. Line defects result from a plastic
deformation of the crystal lattice, while planar defects are caused by stacking or
antiphase boundaries corresponding to a full inversion of the atom arrangement in
the framework. Both line and planar defects do not cause a change in the material
composition. Volume defects are the result of a clustering of multiple defects and
are typically accompanied by the presence of point defects [68, 73]. Furthermore,
multiple defect types can co-exist in a single material.

In addition, special types of defects exist, like Frenkel- or Schottky-defects.
However, as the defects in photocatalysts are generally not further investigated
regarding these special defect-types, a detailed discussion of these defects will not
be provided here. For further information on this matter, the interested reader is
referred to textbooks on the chemistry of solids, e.g., Refs. [74, 75].
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24.3.1.2 Synthesis Approaches for Defect Introduction

To understand and effectively utilize defects, methods are necessary to introduce
them in a controlled fashion into solid photocatalysts. By now a vast number of
different synthesis routes have been developed, which are summarized in
Fig. 24.10. Additionally, Table 24.2 gives an overview of the resulting defects and
their role in photocatalytic hydrogen evolution. The influence of the synthesis route
on the resulting defects and their properties has been reviewed by Yang et al. [76]
for black TiO2. This review points out that the influence of the synthesis route itself
and the experimental parameters applied are often neglected and, thus, can be
hardly understood. However, a quantitative approach regarding defect concentra-
tion and distribution, which is so far often missing, might be helpful to compare
defective materials and to understand the impact of defects in more depth.

Fig. 24.9 Schematic overview of defect types according to [70, 71]
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The synthesis routes can be divided according to their nature into chemical and
physical methods or whether the defects are introduced during the synthesis of the
material or as a post-treatment step. The main difference is that the post-treatment
typically leads to a preferential defect introduction at or close to the surface. The
different synthesis approaches have been summarized and described in several
reviews. In this respect, the reviews of Bai et al. [68], which gives insight by which
synthesis routes certain defects can be obtained, and that of Su et al. [72], who focus
on TiO2 and black TiO2, but give a broad overview of the present synthesis routes
in the field, should be highlighted.

Fig. 24.10 Schematic overview of typical synthesis routes for the introduction of defects into
semiconductors
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24.3.1.3 Defects for Enhancing Semiconductor Properties
for Photocatalytic Reactions

The presence of defects will alter the material properties, especially if they are
present in high density. Using the concept of defect engineering, the density of
defects, and to some extent their physical appearance, e.g. point or volume defects,
can be controlled. This in return provides the possibility to control different
properties of a photocatalyst and increase its photocatalytic performance. As can
directly be seen from Table 24.2, depending on the type of defect and the position
inside the material the light absorption, charge transfer, separation, and recombi-
nation behavior as well as active sites on the photocatalyst surface can be affected.
In many cases, more than one property is affected simultaneously.

In this respect, the most often reported defects in the field of photocatalysis are
either vacancies (Chap. 12) low valence cations or dopants (Chaps. 9 and 11), all
belonging into the group of point defects. In this Chapter, the focus is placed on the
effects of vacancies and low valence cations, as these are known from metal oxides
and sulfides, but can also occur in carbonaceous materials like g-C3N4 (see
Table 24.2).

Besides the defect type, the concentration or density of defects inside a photo-
catalyst plays a crucial role. In many studies, the negative effects of too high defect
concentrations are mentioned, which is often ascribed to the recombination of
charge carriers at the defect sites. This shows that for defects to be useful in
photocatalysis the balance of the different charge carrier processes (excitation,
separation, transport, and recombination) needs to be kept.

24.3.1.4 Light Absorption

One of the key aspects of semiconductors that is changed by the introduction of
defects is light absorption. This may occur by either sub-band gap states leading to
the formation of a band-tail or the development of mid-gap states not directly
connected to VB or CB. The two effects are schematically illustrated in Fig. 24.11.
While the band-tails simply decrease the band gap, the mid-gap states allow for
transitions into the band gap to newly formed defect levels. The resulting effect of
either band-tail or defect-states is the extension of the absorption to larger
wavelengths.

Both anion and cation defects can lead to the formation of mid-gap states and
band tailing, often even acting together due to hybridization. For example, in black
TiO2, it is widely accepted that the presence of Ti3+ cations lead to the formation of
mid-gap states with a transition of 0.75 eV to 1.64 eV. Additionally, the Ti3+

cations can form a CB tail in combination with oxygen vacancies. [111, 112] It
should be noted that the formation of the VB tail in black TiO2 is typically due to
hydrogen doping. In other materials (ZnmCdnS—S-vacancies [108], Bi3O4Br—
O-vacancies [77], g-C3N4—N-vacancies [93]), the presence of mid-gap states or the
shift of the VB due to the formation of anion vacancies are reported as well.
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The example of ZrO2 illustrates the effectiveness of defects for light absorption.
Pristine ZrO2 has a band gap of around 5 eV and is, thus, on the edge of being a
semiconductor. Sinhamahapatra et al. [110] used chemical reduction with Mg to
introduce both O-vacancies and low valent Zr. The presence of these vacancies
lowered the band gap to 1.52 eV due to the formation of VB and CB tails, which
allowed for visible light photocatalytic hydrogen evolution (see Sect. 24.4.2.4).

The position and thus the extent of the increased light absorption can be tuned by
the location and density of defect states inside the semiconductor. However, as
discussed in Sect. 24.2.2.1, the presence of defects allows for Shockley–Read–Hall
recombination and as a consequence with an increased concentration of defects the
probability of recombination increases, eventually leading to prevailing recombi-
nation [68]. Furthermore, the increased light absorption due to the presence of
defects is spatially limited. Thus, effective light absorption in the whole photo-
catalyst can only happen in the presence of bulk defects, otherwise the extended
light absorption is limited to the surface region. However, the distribution of defects
has additional implications, which will be discussed in the next section.

24.3.1.5 Charge Carrier Dynamics and the Influence of Defect
Location

Following charge carrier generation through light absorption, the charge carriers
need to be separated to prevent immediate recombination. Table 24.2 shows that
this separation is often affected by the introduction of defects. Experimentally, the
improvement of charge carrier separation is often observed in form of an increased
charge carrier lifetime, for example by transient absorption spectroscopy. Further
information on characterization techniques suitable to investigate the changes

Fig. 24.11 Illustration of changes in the density of states due to defect introduction
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discussed here may be found in the reviews of Rajaraman et al. [113] and Qian et al.
[61].

The enhancement of charge separation can be explained in several ways and
strongly depends on the location of the defect. Defects in the bulk tend to act as
recombination centers, as they trap charge carriers inside the photocatalyst, without
the possibility for a reaction, eventually leading to recombination. On the other side,
the defects on the surface and sub-surface can act as traps that facilitate the reaction.
As reacted charge carriers cannot recombine this leads to an increased charge carrier
separation. Therefore, in this case, the efficiency to facilitate the charge transfer
depends on whether the charge carriers are consumed by adsorbed reactants. If the
trapped charge carriers do not react fast enough, the surface defects become
recombination centers like their counterparts in the bulk. In this respect, the defects
show similarities to metal and metal oxide co-catalysts, that act as charge carrier
sinks [68, 114].

Another possibility is the formation of a “built-in” electric field. This is espe-
cially the case, if oxygen is removed, as the remaining vacancies are charged
positively due to the high electron negativity of the surrounding oxygen atoms. Due
to the local charge imbalance, electrons are attracted, while holes are repelled,
leading to charge carrier separation on the atomic scale [87, 115]. This built-in
electrical field simultaneously enhances the migration of the charge carriers within
the semiconductor [68].

Interestingly, vacancies can even lead to the formation of heterojunctions inside
a material, like in the solid solution of ZnmCdnS. In this material, the presence of
S-vacancies leads to the formation of two defects states which are either close to the
VB or to the CB. As the S-vacancies are located at the surface, inside the bulk no
such defect states exist resulting in a type-I heterojunction between bulk and sur-
face [107]. As shortly discussed in Sect. 24.2.2.3, heterojunctions facilitate both
charge carrier separation and migration.

Another aspect that can affect charge carrier separation is a change in the Fermi
level, which leads to a shift of the built-in electric field of semiconductors. For
example, anion vacancies act as electron donors and, thus, shift the Fermi level
closer to the CB to fulfill charge neutrality, while, vice versa, low valence cations or
cation vacancies act as electron acceptors shifting the Fermi level in the direction of
the VB. Directly linked to that, there is also a change in the charge carrier density
[84, 87]. The effects on the location of the Fermi level in both n-type and p-type
semiconductors are displayed in Fig. 24.12.

However, changes in the Fermi level in metal oxide, metal sulfide, and organic
semiconductors are limited by polaron formation, which in case of an excessive
increase or decrease of the electron density prevents a further shift of the Fermi
level, leading to Fermi level pinning. This topic has been summarized very well by
Lohaus et al. [116] and will not be discussed in detail here. It should just be
mentioned that also in this case the location of defects has a large impact, as the
crystal periodicity near the surface is broken and, thus, the band gap no longer
exists, instead many discrete energy levels are formed. In this case, the Fermi level
becomes even more important, as it directly governs the occupation of these states.
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Therefore, in some cases, the position of the Fermi level can explain the drop in
activity above a certain defect concentration in a material, due to increased charge
carrier recombination. With respect to the question “how much is too much”, we
want to refer the reader to the review of Maarisetty and Bara [73], who have
discussed this in detail.

Furthermore, the defect location can also affect the interaction between photo-
catalyst and reactants. However, this requires, that the defects are positioned at the
external (accessible) semiconductor surface. The effects of defects on these inter-
actions will be discussed in the next section.

24.3.1.6 Photocatalyst Reactant Interactions

Many studies have shown the importance of defects for the interaction of solids
with molecules. In this respect, the sorption process of reactants and, upon contact,
the structure of the adsorbed reactants are affected, but also the transfer of charge
carriers can be influenced. Here, the main focus lies on the adsorption and acti-
vation of water and alcohols on TiO2. For the interaction of oxygenates with other
materials, the reader may refer to the excellent review of Vohs [117].

Upon contact, the photocatalyst can affect the reactant and change, for instance,
the bond length or angle and deform the structure of the molecule, ultimately
leading to bond cleavage. This process is called dissociative adsorption and is one
of the major contributions of defects to the reactant activation on (photo)catalyst
surfaces, as it is typically absent on defect-free surfaces [120]. In fact, Schaub et al.
[118] have shown for rutile that dissociative adsorption of water is only possible on

Fig. 24.12 Changes in the Fermi level position (EF) due to electron donors (EF-n) and electron
acceptors (EF-p) and the effect of Fermi level pinning (EF-pinned) in both cases
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oxygen vacancies, leading to the formation of two hydroxyl groups due to the
interaction with neighboring oxygen atoms (Fig. 24.13a). In addition, Das et al.
[121] could demonstrate that O-vacancies in TiO2 lower the change in the free
energy for both HER and OER, thus making the reactions more likely to proceed.
Nowotny et al. [119] proposed that Ti-vacancies can interact with H2O molecules
and form stabilized adsorbate-complexes, that allow surrounding oxygen ions to
transfer holes to split water into protons and an adsorbed oxygen atom
(Fig. 24.13b). For both O- and Ti-vacancies, it is likely that surface dipoles are
formed due to the difference in electron density of defects and the surrounding
atoms. These dipoles can reduce the steric exclusion between H2O and the pho-
tocatalyst surface by altering the surface potential, thus drastically increasing the
water adsorption capability [73].

Besides TiO2, the effects of defects on the interaction of photocatalyst and
reactant have also been investigated for other materials. One of the most interesting
material in this respect is BiOCl. It is one of the few examples for overall photo-
catalytic water splitting on a semiconductor with defects not introduced by doping.
The study of Zhang et al. [78] shows by means of density functional theory
(DFT) calculations that a surface with oxygen vacancies has a higher adsorption
energy for water adsorption and therefore is favorable. The reaction of the adsorbed
water on surface oxygen vacancies proceeds then similar to the description of
Schaub et al. [118] for TiO2.

The interaction of alcohols (mainly methanol and ethanol) with TiO2 has been
studied by many groups [122–124] both experimentally and theoretically. Guo et al.
[125] have published an extensive review on this topic, which also covers the
interaction of TiO2 with a broader range of molecules. Therefore, in the present
Chapter, the discussion will be limited to the interactions of TiO2 with methanol.
Lang et al. [122] have calculated the behavior of methanol on anatase with DFT and
reached the conclusion that methanol adsorbs molecularly on defect-free surfaces,
whereas in the presence of oxygen surface and sub-surface vacancies, dissociative
adsorption occurs leading to the formation of an alkoxide and a hydroxyl
group. Additionally, the resulting alkoxides were found to be more reactive, thus
helping to scavenge the holes from the photocatalyst [120].

24.3.2 Z-Scheme Photocatalysts

The conceptual idea of Z-scheme photocatalytic systems is already more than
40 years old. It is based on the photosynthesis mechanism known from plants
[126]. The history, developments, and principles of Z-scheme systems have been
recently reviewed in detail by Ng et al. [127], while the photocatalyst synthesis
approaches were reviewed by Xu et al. [128]. Therefore, only the general proper-
ties of Z-scheme systems will be covered followed by an overview of the newest
generation of Z-schemes, i.e., direct Z-schemes.
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Z-scheme systems are comprised of a combination of two semiconductors, each
catalyzing one half-reaction (oxidation or reduction). These two semiconductors are
often connected via a redox mediator. The typical arrangement in a Z-scheme is
shown in Fig. 24.14. From here on, the semiconductor with the higher reduction
potential will be referred to as PC-I. Likewise, the semiconductor with the higher
oxidation potential will be referred to as PC-II. The role of the redox mediator is to
enable a pathway for electron transfer from PC-II to PC-I and to prevent
photo-corrosion or the formation of a heterojunction.

Fig. 24.13 a Interaction of oxygen vacancies (VO) and b titanium vacancies (VTi) with water on
TiO2 leading to dissociative adsorption according to [118, 119]
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In the first Z-scheme generation, liquid redox mediators in form of ion redox
couples such as IO3

−/I−, Fe3+/Fe2+ or [Co(bpy)3]
3+/2+ were used. However, these

redox mediators were limited in their efficiency to transfer charge carriers and
susceptible to the photocatalytic backreaction. Furthermore, they were prone to
changes in the pH-value and had a tendency to absorb part of the visible light
spectrum [127]. In the second generation of Z-schemes, the all-solid-state
Z-schemes, the redox couple was substituted for a conducting material like a
noble metal or a conductive carbon resulting in an Ohmic contact between semi-
conductors. These Z-scheme types have a reduced susceptibility for the backward
reaction and a less intense light-shielding effect. However, even with all-solid-state
Z-schemes several drawbacks (backwards reaction, light-shielding,
photo-corrosion) remained, as the conductor is still exposed to the reaction envi-
ronment. This led to the development of direct Z-schemes, which omit the use of an
additional redox mediator or conductive material. Instead, the built-in electric field
of semiconductor interfaces is utilized as shown in Fig. 24.8 [129].

Nevertheless, all the above-mentioned Z-scheme variations come with several
advantages for photocatalytic reactions, which make them promising systems in the
field of photocatalytic hydrogen generation. These advantages include, but are not
limited to

1. simultaneous preservation of the higher reduction and oxidation potential,
2. high efficiency for charge carrier separation,
3. spatial separation of active sites of half reactions,
4. extended light absorption range,
5. wide spectrum of photocatalyst combinations.

It should be emphasized here that a careful evaluation of the Z-scheme mech-
anism of semiconductor composites is necessary as these can easily be confused
with type II heterojunctions. Typical approaches to differentiate between the
Z-schemes and type II heterojunctions include radical species trapping experiments,

Fig. 24.14 Schematic band energy diagram of a Z-scheme system for photocatalytic water
splitting
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metal loading tests, XPS characterization under illumination, as well as DFT
simulations of the internal electric field. For further details, the reader may refer to
the review of Low et al. [130].

24.3.2.1 Direct Z-Scheme Systems

In contrast to first- and second-generation Z-schemes, the third-generation direct
Z-schemes exclusively rely on the built-in electric field of the semiconductors,
making them the first binary Z-scheme systems. This latest generation further
improves the resistance towards the backwards reaction and photo-corrosion and
significantly reduces the light-shielding as no additional component on or around
the photocatalyst is present. Furthermore, the effort and costs to synthesize such
systems can be reduced [129].

In the case of direct Z-schemes, the electron flow from PC-II to PC-I can be
understood as the accumulation of opposite charge carriers near the interface of
both semiconductors, which leads to strong electrostatic attraction. Simultaneously,
electrostatic repulsion prevents the formation of a type II heterojunction and, thus,
the transfer of electrons from the CB of PC-I to PC-II and holes from the VB of
PC-II to PC-I [127]. This behavior originates from a difference in the Fermi level of
the semiconductors that are brought together. Upon contact electrons will flow from
PC-I to PC-II until the Fermi levels are in thermodynamic equilibrium. This leads to
an electric charge at the interface. PC-I will be positively charged, while PC-II will
be negatively charged, resulting in an electric field acting as the driving force for the
Z-scheme charge carrier recombination mode [128].

Even though synthesis methods for Z-scheme construction will not be discussed
here, it should be highlighted that the synthesis procedure can affect the mode of
charge carrier transfer between two semiconductors. The work of Jiang et al. [131]
demonstrates this clearly. In this work, a composite of CdS and g-C3N4 was pre-
pared in two different ways. Using chemical-deposition to place CdS on g-C3N4

resulted in the formation of a Z-scheme, while the photo-deposition of CdS resulted
in a type II heterojunction. The reason for this different behavior was that the
photo-deposition led to a selective growth of CdS on g-C3N4 at electron transfer
sites, as the S2− needed for CdS formation had to be formed by reduction of
elemental sulfur. The main geometrical configurations for Z-scheme construction
and their respective advantages and disadvantages are treated in a review of Xu
et al. [128].

(i) Defect-Free Direct Z-Scheme Photocatalyst Systems

In the previous section, the example of CdS on g-C3N4 was discussed to show the
importance of the interface formation and mode of contact between PC-I and PC-II.
Even though physical formation of the interface is possible, especially in systems
with opposite surface charge, most often the chemical formation of the interface is
used as can be seen in Table 24.3. This is due to the more stable interface as a result
of chemical bond formation compared to their counterparts derived from physical
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interaction. Furthermore, chemical synthesis strategies allow for improved control
of the distribution of the semiconductors.

Another important point to consider for the synthesis of direct Z-schemes is the
choice of semiconductors to be combined. As the charge recombination pathway is
governed by the internal electric field that is generated upon contact of PC-I and
PC-II, besides the staggered band gap typical for Z-schemes, the semiconductors
require proper Fermi levels. Only if the Fermi level of PC-I is above the Fermi level
of PC-II the alignment of the work functions upon contact can lead to the accu-
mulation of electrons in PC-I and holes in PC-II [132]. It should be noted that
coupling of p- and n-type semiconductors can result in the formation of p–n
junction, which induces an electric field opposite to that needed for the electron
flow in Z-scheme mode.

Despite these additional restrictions the advantage of a multitude of semicon-
ductor combinations also remains for the third-generation Z-scheme systems as
evident from Table 24.3. Among these are many semiconductors that are not
capable of performing overall photocatalytic water splitting alone due to their
unsuitable redox potential, e.g.,WO3, a-Fe2O3, BiVO4, or semiconductors that are
prone to photo-corrosion, e.g., CdS, ZnS, ZnIn2S4. This shows the remarkable
capabilities of Z-Scheme photocatalytic systems for overcoming material limita-
tions. The respective performance for hydrogen generation will be discussed in
Sects. 24.4.1.2 and 24.4.2.4.

(ii) Defects in Direct Z-Scheme Photocatalyst Systems

The utilization of defects to construct redox mediator free Z-schemes, which utilize
the electric field that is created when two semiconductors are brought into contact,
was recently reported for the first time [151]. Since for the electron transfer in a
Z-scheme-like manner, the semiconductor interface is vital, mainly surface, and
sub-surface defects play a role for the Z-scheme formation. Besides, the presence of
defects of course also influence other properties that were discussed in
Sect. 24.3.1.3 as well. This section will, therefore, focus on the role of defects as
redox mediator substitutes.

Table 24.4 gives an overview of the reported Z-scheme combinations, whose
mode of charge transfer involves the presence of defects. Additionally, the syn-
thesis approach for the interface formation is given and their respective perfor-
mance for hydrogen evolution. Again, the latter will be discussed in Sects. 24.4.1.2
and 24.4.2.4. It should be mentioned that all photocatalysts displayed in Table 24.4
were investigated according to the Z-scheme mechanism and can, thus, be clearly
distinguished from heterojunctions.

The main role of the defects is the adjustment of the position of either VB [153,
154, 160] or CB [152, 157, 158] by the insertion of mid-gap defect levels. The
defect levels are closer in energy to their corresponding counterpart, which facili-
tates the transfer between these bands. The other two possible modes of action are
the formation of a redox couple [156, 159] quite similar to the first generation
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through the presence of defects and the formation of an Ohmic contact due to the
generation of quasi-continuous states at the interface [151]. It should be mentioned
that most of the studies included in Table 24.4 do not specifically mention the
formation of an Ohmic contact. Still, it is likely that this is also the case in these
works, as defects near the surface promote the formation of continuous states at the
surface. Note also that in all studies reported so far, the defects were only intro-
duced into PC-II.

Even though defects can enable the formation of direct Z-schemes that function
without an additional redox mediator, the control of the defect distribution in the
semiconductor is difficult. This is even more true, since the local distribution for the
formation of the interface needs to be controlled in addition to the bulk-surface
distribution to keep the balance between the inner charge transfer of the weak
charge carriers and the outer charge transfer of the strong charge carriers to the
reactants of the photocatalytic conversion [129].

24.3.2.2 Recent Developments

Numerous Z-scheme photocatalysts are already known. However, it is
time-consuming to unambiguously assess experimentally whether a given semi-
conductor combination will lead to the successful formation of Z-scheme charge
transfer. In this respect, the trend to investigate material combinations via com-
putational approaches is emerging to predict the material properties and the pre-
ferred charge-transfer modes in order to select promising semiconductors for novel
Z-scheme-based photocatalysts [161, 162].

Another emerging trend is the expansion of Z-schemes towards
multi-component systems including heterojunctions and Z-schemes in one photo-
catalytic system [163, 164] or dual Z-scheme charge transfer [165, 166]. These new
photocatalysts allow to further improve the utilization of charge carriers and the
expansion of light absorption. For example, Hezam et al. [163] used Cs2O–Bi2O3–

ZnO in overall photocatalytic water splitting, combining a type II heterojunction
between Bi2O3 and ZnO and the Z-scheme mode between Cs2O and Bi2O3 as well
as Cs2O and ZnO. The three-component system reached a H2 evolution rate of
149.5 µmol g−1 h−1, while without Cs2O no activity was observed. This concept is
therefore promising for new generations of Z-scheme photocatalysts.

24.3.3 Other Design Strategies

Apart from defect engineering and Z-scheme construction dealt with above, many
other design strategies for the enhancement of the photocatalytic activity of par-
ticulate photocatalysts have been investigated. These include, inter alia,
crystal-facet engineering [167], dye sensitization [168], doping [169], nanostruc-
turing [170], heterostructure and composite formation [171], and surface plasmon
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resonance [172]. Among these design strategies, co-catalyst deposition is especially
worth mentioning as it is a universal tool to enhance the photocatalytic activity of
semiconductors and as it can be combined with most other design strategies. In this
context, the reviews of Bai et al. [173, 174] are recommended that explain in detail
the peculiarities of co-catalysts and the corresponding interface design, also for the
more recent and complex hybrid co-catalysts consisting of several components.

24.4 Photocatalytic Hydrogen Generation from Aqueous
Media

The formation of hydrogen from aqueous media can be categorized by the presence
or absence of components in the aqueous phase that are consumed during the
photocatalytic reaction. A more sophisticated view would consider the products of
the photocatalytic conversion and divide the systems according to the origin of the
hydrogen atoms formed. In this respect true photocatalytic water splitting, also
called overall photocatalytic water splitting, would require that all the hydrogen and
oxygen is formed from water, resulting in a stoichiometric molar ratio of 2:1 (nH2:
nO2). If this is not the case, the reaction should be referred to as photoreforming or
sacrificial agent-assisted water splitting. Figure 24.15 illustrates the half reactions
taking place in the case of overall photocatalytic water splitting and
photoreforming.

Fig. 24.15 Representation of the redox reactions occurring on photocatalyst surfaces in the case
of overall photocatalytic water splitting (left) and photoreforming (right)
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Typical additives that are used to generate hydrogen via photoreforming from
aqueous media are organic substances like alcohols (CH3OH, C2H5OH), carboxylic
acids, amines, or biomass-derived chemicals (glucose, cellulose, glycerole).
Especially for metal sulfides, inorganic substances like Na2S or Na2SO3 are used as
well. The purpose of sacrificial agents is to act as hole scavengers, to reduce the
potential of the oxidative reaction, and utilize semiconductors with an otherwise
unsuitable VB. Additionally, these additives can prevent photo-corrosion due to
charge carrier accumulation.

In this section, both overall photocatalytic water splitting and photoreforming
will be treated. Therefore, first the reactions are introduced and, if possible, the
mechanisms for the reactions are mentioned. In case of photoreforming, only
alcohols and biomass-derived sacrificial agents are included. The utilization of
wastewater and organic contaminants for the purpose of hydrogen evolution is
discussed in a separate Chap. 21 and will, therefore, not be covered here.

24.4.1 Hydrogen Generation from Water

Overall photocatalytic water splitting is a multi-electron transfer process that
requires the transfer of two electrons per molecule of water, as we can see from
Eqs. (24.2) and (24.3). The overall reaction requires a potential of 1.23 V
(Eq. 24.4) and an energy of 2.458 eV per molecule of H2 and is thus an
endothermic reaction [175].

2Hþ þ 2e� ! H2 E;
red ¼ 0 eV ð24:2Þ

H2O ! 2Hþ þ 2e� þ 1
2
O2 E;

ox ¼ 1:23 eV ð24:3Þ

H2O ! 1
2
O2 þH2

E; ¼ 1:23 eV
DG; ¼ þ 237 kJ mol�1 ð24:4Þ

Resulting from the potential of water splitting two thermodynamic requirements
arise. First, the band gap in case of single photocatalyst systems cannot be smaller
than 1.23 eV resulting in a maximum utilizable wavelength of 1008 nm. Second,
the band positions need to be at or above +1.23 eV against NHE at pH = 0 for the
VB and at or below 0 eV against NHE at pH = 0 for the CB to provide the
necessary redox potential. However, often the reaction is kinetically hindered and
therefore requires a higher oxidation and reduction potential [6].

The driving force for a reaction of electrons and hole inside a semiconductor
under light irradiation with energy greater than the band gap can be calculated from
the position of the quasi Fermi levels (Fn—electrons—Eq. (24.5), Fp—holes—
Eq. (24.6)) according to Eq. (24.7), with ECB and EVB being the minimum and
maximum of CB and VB respectively, kB the Boltzmann constant, T the absolute
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temperature, NCB and NVB the effective densities of states in CB and VB, n and p
the carrier concentration of electrons and holes [176].

Fn ¼ ECB þ kBT ln
n

NCB
ð24:5Þ

Fp ¼ EVB þ kBT ln
p

NVB
ð24:6Þ

nG ¼ � Fn � Fp

�� �� ¼ �Eg � kBT ln
np

NCBNVB
ð24:7Þ

24.4.1.1 Reaction Mechanism

Numerous studies were devoted to investigate the reaction mechanism for overall
photocatalytic water splitting. However, the mechanism has not yet been fully
elucidated. Therefore, the most widely accepted mechanisms for both HER and
OER will be presented here.

Meanwhile, it is generally accepted that the overall photocatalytic water split-
ting, not only over TiO2, but also over other solid photocatalysts, is limited by the
OER, as this reaction requires the transfer of four electrons to generate one O2

molecule compared to the two electrons required in HER for the evolution of one
H2 molecule. HER is assumed to proceed similar to the reaction mechanisms, either
the Volmer-Heyrovsky mechanism or the Volmer-Tafel mechanism, found for
purely electrocatalytic hydrogen generation [177]. Both reactions mechanisms are
shown in Fig. 24.16. The main difference between the two is the reduction of the
second proton and subsequent bond formation [178]. However, often the actually
occurring reaction mechanism is not clear and just the reduction step of a single
proton is considered [179].

Fig. 24.16 Volmer-Heyrovsky and Volmer-Tafel reaction mechanism of the hydrogen evolution
reaction, according to [178]
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As the OER is considered the rate-limiting reaction in overall photocatalytic
water splitting, numerous studies are focused on the investigation of the reaction
mechanism of water oxidation. In many reports, it is assumed that the reaction
proceeds in four steps, which can be connected to form a catalytic cycle like that
exemplified in Fig. 24.17 [180–182]. However, other mechanisms are suggested as
well. For example Durran et al. [183] put forward two OER mechanisms on Fe2O3

under alkaline conditions, which require the simultaneous accumulation of three
holes for the rate-determining step (oxygen–oxygen bond formation). Hu et al.
[184] proposed a dual pathway reaction mechanism on TiO2, which involves two
catalytic cycles on different active sites that are connected.

Important for both HER and OER is the fact, that the rate-limiting step varies,
depending on the photocatalyst used for the reaction [180], the crystal struc-
ture [181], crystal facet [182] and coordination of the active site in case of a
co-catalyst [186].

24.4.1.2 Semiconductor Performance in Hydrogen Generation
from Water

The evaluation of the photocatalytic performance can be done using a broad set of
different figures of merit. For the most often used quantities and their meaning,
together with the implications of the experimental procedure, the reader may refer
to the detailed review of Muhammad and Takanabe [187]. Here, the discussion will
be predominantly based on the reaction rate and the apparent quantum efficiency
(AQE). It should be mentioned that a direct comparison of different photocatalytic
systems is often difficult due to the variety of reaction conditions applied and
experimental setups used. Furthermore, only photocatalysts who have been shown
to produce hydrogen and oxygen simultaneously in a stoichiometric ratio close to

Fig. 24.17 Oxygen evolution
reaction mechanism
according to [185]
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2:1 will be considered, photocatalysts that do not meet these conditions are dealt
with in Sect. 24.4.2.4.

Although defect engineering is a powerful tool to enhance the photocatalytic
activity, only few defects engineered photocatalysts have been reported to be active
for overall photocatalytic water splitting, even in combination with other design
strategies like Z-scheme construction (compare Tables 24.2 and 24.4). For example,
Zhang et al. [78] prepared nanosheets of BiOCl with low valence Bi-atoms and
O-vacancies. The authors have shown that the nanostructuring of the BiOCl pro-
motes O-vacancy formation. Simultaneously, the nanostructure enforces a surface
or sub-surface position of the defects, which reduces the recombination induced by
bulk defects. Furthermore, they investigated the presence of defects on the reaction
experimentally via loading of NiOx co-catalyst and theoretically via DFT calcula-
tion. The DFT calculation showed, that the presence of O-vacancies reduces the
energy needed to split water. The photocatalytic water splitting with NiOx

co-catalyst supported this, as the presence of the co-catalyst reduced the photo-
catalytic activity from 35 lmol h−1 g−1 (8.4 lmol in 24 h) to 10 lmol h−1 g−1

(2.4 lmol in 24 h). In another example Mo et al. [156] deposited MnO2 on g-C3N4

to form a Z-scheme photocatalyst that utilizes defects for the charge transfer. In this
case low valence Mn cations in the MnO2 allowed for transfer of the charge carriers
between MnO2 and g-C3N4. The material was capable of overall photocatalytic
water splitting using visible light with a hydrogen evolution rate of
60.6 lmol h−1 g−1.

In contrast to the defect photocatalysts, the direct Z-scheme photocatalysts show
a higher performance for overall photocatalytic water splitting. Correspondingly
more reports on the use of direct Z-schemes for photocatalytic water splitting can be
found in the literature (see Table 24.3). The reported photocatalytic reaction rates
range over two orders of magnitude making a direct comparison difficult. For
example, She et al. [138] combined a-Fe2O3, a semiconductor known for its high
recombination rate (see Table 24.1), with g-C3N4 to form a Z-scheme photocatalyst.
In their work, they could not detect any activity towards hydrogen evolution for
pure a-Fe2O3 even in the presence of triethanolamine as sacrificial agent. However,
the Z-scheme photocatalyst showed activity for overall photocatalytic water split-
ting with a reaction rate of 38.2 lmol h−1 g−1. This shows how Z-scheme catalysts
can enhance the performance of semiconductors by facilitating charge carrier
separation and thus lowering recombination. In another work, Yuan et al. [137]
used Cu7S4 and c-MnS as a Z-scheme photocatalyst. The material exhibits a
photocatalytic activity of 209 lmol h−1 g−1 under full light spectrum and an AQE
of 5.5% at 420 nm. With a band gap of 0.77 eV Cu7S4 absorbs a large part of the
light spectrum, but is not capable for overall water splitting as the reaction would
require a potential of 1.23 eV. This example demonstrates the capability of
Z-schemes to overcome the restrictions for the light absorption in single
semiconductor-based photocatalysts. Yang et al. [141] report an even higher pho-
tocatalytic activity using WO3 � H2O/g-C3N4. The photocatalytic system reached a
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hydrogen evolution rate of 482 lmol h−1 g−1 under visible light (k > 420 nm) and
an AQE of 6.2% at 420 nm. The activity for hydrogen evolution is 4.4 times higher
than that of pure g-C3N4 and the amount of evolved oxygen is fourfold that of pure
WO3 � H2O.

24.4.2 Hydrogen Generation from Sacrificial Agents

The photocatalytic activity for overall water splitting is often low compared to other
photocatalytic reactions. Some catalysts are even inactive for this reaction, which
can be due to a mismatch in the band position and the potential needed for the
reaction (see Fig. 24.3), or high recombination rates and slow charge carrier transfer
(see Table 24.1). Therefore, the photoreforming of inorganic and organic sub-
stances can be a viable alternative for the photocatalytic generation of hydrogen, as
the oxidation reaction requires a lower potential and can, thus, more readily con-
sume holes and prevents charge carrier recombination. Furthermore, in the con-
version of sacrificial agents, a process called “current doubling” can occur in which
unstable radicals are formed that can inject additional electrons into the CB of the
photocatalyst. This effect results in an increased hydrogen evolution. However, this
is not due to the action of electrons generated by light absorption of the semi-
conductor, but by the reaction of holes with the sacrificial agent. Therefore, the
evolved hydrogen only originates in part from water while a considerable fraction
of hydrogen is directly or indirectly formed from the sacrificial agent. Hence, the
resulting activities should not be mistaken for water splitting [188, 189].

The reactions of sacrificial agents with an excited photocatalyst system can be
categorized based on whether the sacrificial agent functions as an electron donor
(ED), i.e., as oxidative quenching (Eq. 24.8), or as an electron acceptor (EA), i.e.,
as reductive quenching (Eq. 24.9). In the case of hydrogen evolution, only the
oxidative quenching has to be considered, as the generation of hydrogen is a
reductive process and consumers electrons. Typical reactions occurring in the
presence of various sacrificial agents were recently reviewed by Kumaravel et al.
[190].

Oxidative Quenching PC� þED ! PC� þEDþ ð24:8Þ

Reductive Quenching PC� þEA ! PCþ þEA� ð24:9Þ

In consideration of the vast amount of sacrificial agents available, it should be
noted that the suitability of sacrificial agents for a given photocatalyst may vary. For
example, metal oxide photocatalysts tend to work well with alcohols, while metal
sulfides often require Na2S or Na2SO3 to prevent photo-corrosion, and g-C3N4

shows the highest activity in the presence of amines. The results of Wang et al.
[191] indicate that the presence of similar functional groups in the photocatalyst and
the sacrificial agent enhance the resulting photocatalytic activity for hydrogen
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evolution. In this respect, the following discussion will focus on alcohols and
biomass-derived substrates as sacrificial agents.

24.4.2.1 Alcohols as Sacrificial Agents

When sacrificial agents are used, the photocatalytic activity strongly depends on the
nature of the sacrificial agent. As Christoforidis and Fornasiero [192] pointed out,
the structure and complexity of the sacrificial agents play an important role for the
photocatalytic activity. In this regard, the presence of OH-groups in the sacrificial
agent molecule may be beneficial due to enhanced chemical adsorption and transfer
of holes. With respect to the complexity in the case of alcohols as sacrificial agents,
it was observed that at high sacrificial agent concentrations the reactivity drops in
the order primary > secondary > tertiary [193]. However, at low concentrations the
trend is inverted [194]. This behavior was linked to the polarity of the different
alcohols, the acidity of the respective OH-groups in the alcohols, and steric hin-
drance due to the size of the molecules.

However, it needs to be mentioned that the activity for hydrogen generation form
sacrificial agents depends in addition on other factors like the pH-value, reactant
concentration, and utilized co-catalyst. Often this is due to the formation of inter-
mediate products that differ in their reactivity. Shiragami et al. [195] have shown
that the molecular structure is highly important when using alcohols as the products
of polyols with discontinuous hydroxyl groups along the carbon chain and
longer-chain alcohols carrying only one hydroxyl group were often stable and did
not lead to the formation of CO2 and H2, thus limiting the photocatalytic hydrogen
evolution. This fact led to the development of a different process strategy in which
the photocatalytic generation of hydrogen is linked to the formation of value-adding
chemicals by selective oxidation of organic compounds. This strategy will be
addressed in Sect. 24.4.2.2, as it is more relevant for the conversion of
biomass-derived molecules.

The most often used alcohol in photocatalytic hydrogen evolution is methanol.
From an economic perspective, methanol currently offers the lowest cost per
consumed hole [196]. The reaction of methanol can, in principle, occur via two
pathways either involving the direct transfer of a hole to methanol or the indirect
oxidation via •OH formed by the oxidation of adsorbed water molecules. Guzman
et al. [197] investigated the reaction on TiO2 (S-doped with Cu co-catalyst) with the
help of isotope labeling experiments, from which they concluded that the indirect
oxidation via •OH shown in Eqs. (24.10–24.15) dominates the photocatalytic
conversion of methanol [].

H2O + hþ ! � OH + Hþ ð24:10Þ

CH3OHþ �OH ! � CH2OH + H2O ð24:11Þ
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�CH2OH ! HCHO + Hþ þ e� ð24:12Þ

2Hþ þ 2e� ! H2 ð24:13Þ

HCHO + H2O ! HCOOH + H2 ð24:14Þ

HCOOH ! CO2 þH2 ð24:15Þ

The conversion of methanol proceeds via formaldehyde and formic acid as
intermediate products to CO2 and H2. It is important to notice that for TiO2 in the
absence of oxygen, the reaction only proceeds to HCHO and no electron injection
into the CB occurs [189].

CH3OH ! HCHOþH2 DG; ¼ þ 64:1 kJ mol�1 ð24:16Þ

HCHOþH2O ! HCOOHþH2 DG; ¼ þ 47:8 kJ mol�1 ð24:17Þ

HCOOH ! CO2 þH2 DG; ¼ �95:8 kJ mol�1 ð24:18Þ

CH3OHþH2O ! CO2 þ 3H2 DG; ¼ þ 16:1 kJ mol�1 ð24:19Þ

From the viewpoint of energy storage of light in form of chemical energy, the
overall process (Eq. 24.19) can only store 16.1 kJ mol−1 which is an order of
magnitude lower than in overall photocatalytic water splitting (237 kJ mol−1).
While the formation of intermediate reaction products (Eqs. 24.16 and 24.17)
requires energy, the final conversion to CO2 (Eq. 24.18) is a thermodynamically
favorable reaction with a large negative Gibbs energy. On the other side, the
formation of CO2 as an energy sink acts as a barrier for the undesired backwards
reaction [189].

24.4.2.2 Biomass-Derived Substrates as Sacrificial Agents

Biomass is regarded as a promising and abundant resource for the production of
renewable energy and chemicals. Its conversion and upgrading are expected to play
an important role in the transition of the current chemical and energy-producing
industries towards a more sustainable future. Recently, biomass has also found its
way into the field of photochemistry. With respect to hydrogen generation, two
routes have been established. This is, on the one side, photoreforming similar to the
already presented use of alcohols as sacrificial agents (Sect. 24.4.2.1), and on the
other side the so-called photobiorefinery approach in which biomass-derived
chemicals are selectively converted to value-added products.

Looking at photoreforming of biomass, both raw biomass and already refined
feedstocks have been used to generate hydrogen photocatalytically. Huang et al.
[198] have summarized the different compounds used so far and noted that with
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refined feedstocks higher rates for hydrogen generation due to the higher solubility
compared to raw biomass are achieved. However, as most biomass-derived sub-
strates are valuable chemicals themselves, the use of crude feedstocks or even raw
biomass should be preferred, if only used for hydrogen generation. In this respect,
the further discussion will focus on selected results dealing with the conversion of
glycerol and lignocellulose. For the conversion of raw biomass, the reader may
refer to the reviews of Kuehnel and Reisner [199] and Huang et al. [198].

In contrast to other biomass-derived substrates, glycerol is a by-product of
biodiesel and vegetable oil production with limited use and thus available in vast
amounts making it an ideal candidate for use as sacrificial agent. Lakshmana Reddy
et al. [200] have summarized the most important studies available on glycerol
photoreforming. The reaction follows a mechanism similar to that of other alcohols
and proceeds via the formation of radical species leading to the formation of
glyceraldehyde as an intermediate product, which is then converted to a CO radical
before finally resulting in the formation of CO2. The overall reaction can be
summarized according to Eq. (24.20). Reddy et al. [201] have compared glycerol
with other sacrificial agents (methanol, ethanol, ethylene glycol) and have shown
that the use of activity drops in the order glycerol > ethylene gly-
col > ethanol > methanol, which was attributed to the polarity of the different
molecules. Additionally, they also used crude glycerol for photoreforming, which
resulted in a three times lower hydrogen evolution rate (H2 from crude glycerol
15.5 mmol g−1 h−1; H2 from glycerol 48.0 mmol g−1 h−1). This observation is
likely due to residues of the industrial process like long-chain fatty acids. However,
the activity is still comparable to the use of methanol (16.1 mmol h−1 g−1), which
makes glycerol a promising sacrificial agent for hydrogen generation.

C3H8O3 þ 3H2O ! 7H2 þ 3CO2 DG; ¼ þ 5:3 kJ mol�1 ð24:20Þ

The most abundant form of biomass is lignocellulose, which is like glycerol
mostly a waste product and therefore an interesting compound for photoreforming
in the aqueous phase. The use of lignocellulose in photocatalysis has been recently
reviewed in depth by Liu et al. [202] and with the focus on hydrogen generation by
Kuehnel and Reisner [199]. As lignocellulose is a complex mixture of cellulose,
hemicellulose, and lignin, the full conversion to CO2 and H2 is difficult and has so
far not been achieved. In this context, especially the complex chemical structure of
the feedstock poses a particular challenge for the photoreforming process.
Therefore, lignocellulose is the ideal candidate for the photobiorefinery concept,
which has just recently been reviewed in great detail by Butburee et al. [203]. In this
concept, biomass is converted photocatalytically to useful products including a
wide range from aromatic compounds, carbonyl compounds, and alcohols to H2

and CO. Often the lignocellulose is digested in a pretreatment step into its major
compounds, which are then further converted via photocatalytic reaction. While
lignin and hemicellulose typically results in the formation of a wide spectrum of
aromatic compounds, cellulose can be converted fully or partially into hydrogen
[202]. In this regard the work of Wakerley et al. [204] needs to be highlighted. They
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converted unprocessed lignocellulose from different sources into H2 using a CdS/
CdOx photocatalyst under AM 1.5G irradiation with a photocatalytic activity of up
to *5.3 mmol g−1 h−1. They explain these results with a combination of the
employed in-situ digestion via basic treatment, the wide light absorption of the CdS
core and the protection against photocatalyst degradation by the CdOx shell. Their
results show, that even unprocessed lignocellulose might be an effective sacrificial
agent for a sustainable photocatalytic hydrogen generation.

24.4.2.3 Other Sacrificial Agents

In the discussion of photoreforming for hydrogen generation, other sacrificial
agents besides the already discussed alcohols and biomass-derived substrates must
be considered as well. Pellegrin and Odobel [205] have extensively reviewed the
already investigated organic compounds that are used in the context of solar fuel
production. A detailed discussion on the photocatalytic hydrogen evolution using
Na2S and Na2SO3, the most commonly used inorganic sacrificial agents, can be
found in the work of Li et al. [206].

24.4.2.4 Semiconductor Performance in Hydrogen Generation
from Sacrificial Agents

In a previous Sect. (24.4.1.2) the performance of photocatalysts capable of overall
photocatalytic water splitting was already discussed. Thus, this section is concerned
with photocatalytic systems that are used for hydrogen generation in combination
with an additional compound other than water and the photocatalyst itself. We will
again mainly rely on the reaction rate and the AQE to compare different photo-
catalytic systems. An overview of the performance of defect engineered photo-
catalysts (Table 24.2, Sect. 24.3.1.3), direct Z-schemes (Table 24.3, Sect. (i)), or a
combination of both (Table 24.4, Sect. (ii)) can be found in the tables presented in
the respective sections.

In contrast to overall photocatalytic water splitting the reported photocatalytic
hydrogen evolution rates in photoreforming cover a range of several orders of
magnitude from the lower micromolar range up to tens of millimoles. Due to
differences in experimental conditions a direct comparison is however difficult.
Nevertheless, it shows that the presence of co-catalysts in addition to the presented
design strategies often remains necessary to obtain H2 evolution rates above
1 mmol h−1 g−1. Interestingly, many of the studies referred to in Tables 24.2–24.4
use visible or simulated solar light for their photocatalytic reactions with the highest
reported activity, both for defect engineered and Z-scheme-based materials, for
photocatalysts without an additional co-catalyst. In this respect, the highest reported
H2 evolution rate we found for defect containing photocatalysts and
Z-scheme-based photocatalysts were 31.3 mmol g−1 h−1 for a NiS@g-C3N4 pho-
tocatalyst [97] and 38.93 mmol g−1 h−1 for Zn0.67Cd0.33S/ZnO photocatalyst [148]
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respectively. In this respect, both design strategies seem to be comparable in terms
of enhancing photocatalytic activity of photoreforming for hydrogen generation.

Even though many studies focus on the utilization of visible or solar light,
occasionally lamps without restriction of the light spectrum are used. This can
enhance the observed photocatalytic activity, as more photons with suitable energy
are introduced into the system. For example Pan et al. [102] used defective TiO2

with a Pt co-catalyst in combination with a 300 W Xe-arc lamp. They reported a
photocatalytic reaction rate for methanol photoreforming of 50.3 mmol h−1 g−1.

Closely connected to the pure amount of hydrogen evolved is the utilization of
the incident light, often expressed in terms of AQE, which gives the ratio of the
number of reacted electrons over the number of incident photons. One of the main
advantages of both defects engineered and Z-scheme-based photocatalysts are the
extension of the usable light spectrum and the efficient use of the generated charge
carriers for a given photocatalytic reaction. This can be seen for example in the
work of She et al. [148]. The Z-scheme comprised of Zn0.67Cd0.33S solid solution
and ZnO nanoparticles reached an AQE of 40.97% at 420 nm, which was 2.2 times
higher than of the pure solid solution. In another example She et al. [138]
demonstrated for a-Fe2O3/g-C3N4 an AQE of 44.35% at 420 nm. Considering the
limitations of low charge carrier lifetime and diffusion length (see Table 24.1)
typically present in a-Fe2O3 this work shows the capabilities of Z-scheme con-
struction for the enhancement of the photocatalytic activity. On a side note it should
be mentioned that due to the charge carrier transfer mode in Z-scheme systems half
of the electrons are lost due to recombination, thus theoretically limiting the AQE to
50%, if effects like current doubling are neglected.

Likewise, Yu et al. [109] reported for defect engineered Zn1-xCdxS on SiO2

containing sulfur vacancies an AQE of 48.6% at 420 nm. In addition, Li et al. [82]
reported an AQE of 76.2% at 365 nm for mesoporous black TiO2 containing
O-vacancies and Ti3+-cations. However, at 420 nm the AQE dropped to 8.4%,
correlating with the band gap shift to 2.93 eV (423 nm) induced by the defects
present within the material. Another example showing the capabilities to increase or
even induce photocatalytic activity using defect engineering was published by
Sinhamahapatra et al. [110] on ZrO2. They introduced O-vacancies and Zr3+-cation
point defects by Mg-treatment in combination with high-temperature Ar/H2-treat-
ment. The resulting material had a band gap of 1.52 eV and was active for
hydrogen evolution (0.505 mmol g−1 h−1) under simulated solar light by pho-
toreforming of methanol due to the extension of light absorption.

In contrast, several studies [85, 87, 88] based on defect-engineered black TiO2

for photoreforming of methanol show that the extension of the light absorption to
the whole visible range induced by the increased defect density does not correlate
with the visible light photocatalytic activity. For example, Sinhamahapatra et al.
[85] obtained a remarkable activity of 43 mmol g−1 h−1 using the full solar spec-
trum, while the activity dropped to 0.440 mmol h−1 g−1 when the lamp spectrum
was limited to the range of 400–780 nm. This behavior was attributed to increased
charge carrier recombination. Similar, Tan et al. [87] reported a decrease in activity
in black TiO2 from 6.5 mmol g−1 h−1 under UV/visible light irradiation with a
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300 W Xe lamp to 0.180 mmol g−1 h−1 when the light spectrum was cut off below
400 nm. These studies illustrate the importance of the balance between activity
increase and recombination in defect engineering. But they also show the limita-
tions for enhancement of the photocatalytic activity by extension of the light
absorption, especially in materials with high defect concentration.

24.5 Conclusions and Perspectives

Hydrogen is a valuable option for the contemporary challenge of energy transition
and a sustainable, carbon–neutral chemical industry. In this respect, photocatalysis
might play a vital role, as it allows to utilize light as an energy source. In contrast to
conventional heterogeneous catalysis, the efficiency, both from the economic and
the reaction perspective, remains a major challenge in photocatalyzed reactions. As
a result, semiconductor photocatalysts are now available in a large variety of
compositions to overcome major obstacles like limited stability and activity. Over
time and driven by the desire to create more active photocatalysts, large parts of the
scientific work has focused on the development and continuous improvement of a
wide range of design strategies for solid photocatalysts. A major point of most
material design strategies is to enhance light absorption for increasing the density of
generated excited charge carriers and to prevent their recombination. As the trend
goes to multi-component photocatalysts, design strategies can be expected to
become more complex and include a combination of approaches towards the
preparation of new types of photocatalysts. The design strategies introduced in this
chapter provide examples, how such combinations might be achieved. Certainly,
however, other strategy combinations, like the connection of Z-schemes or defects
to heterojunctions hold promise for future developments.

Also, the comparison of different catalysts remains difficult, as the conditions for
photocatalytic reactions are often not comparable and existing figures of merit can
only partly represent the differences of the photocatalysts. An agreement on how to
reliably carry out and report photocatalytic data would help in this respect.

Despite the large number of studies dedicated to the overall photocatalytic water
splitting reaction, the reported activity towards hydrogen generation is so far still
rather low and falls significantly behind those of photoreforming. However, a direct
comparison reveals that the oxygen evolution reaction (OER) is typically the lim-
iting reaction step for the photocatalytic water splitting reaction. Therefore, the
OER has to move closer into the focus of current research efforts and should receive
more attention in the further development of solid photocatalysts.

One of the key challenges remaining in photoreforming for hydrogen generation
from aqueous phases is the cost, availability, and sustainability of converted sub-
strates, as these are major driving factors for the economical supply of hydrogen via
this process. However, this also provides an opportunity for new concepts such as
the photo-biorefinery, which target the conversion of chemicals available from
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renewable feedstocks like biomass in its various forms or waste from the food or
paper processing industry.

Moreover, the number of tools available to study photocatalytic reactions has
increased. New techniques like the (time-resolved) transient absorption spec-
troscopy or in-situ and operando spectroscopy have been developed. But also, the
growing use of computational methods to study aspects like the formation of
electric fields inside solid photocatalysts, which are hardly explored by experi-
mental techniques, will contribute to a deeper understanding of photocatalysts and
photocatalytic reactions.

In addition, biocatalysts like living cells or enzymes, as well as hybrid materials
combining semiconductors with bio-based materials are an emerging field for
photocatalytic hydrogen generation from aqueous media. Also, other interdisci-
plinary processes like photo-electrochemical hydrogen generation will be important
in the future of this research field and will likely contribute to the understanding of
existing and the development of new photocatalysts. Vice versa the implementation
of photocatalysts as electrode materials should be considered in the fields of electro-
and photo-electrocatalysis. Without doubt, hydrogen generation via photocatalysis
may develop into a sustainable pathway in addition to those based on direct
application of electro(cata)lytic water splitting, if (and when) more active catalysts
can be identified and prepared.

References

1. Takanabe K (2016) Solar water splitting using semiconductor photocatalyst powders. Top
Curr Chem 371:73–103. https://doi.org/10.1007/128_2015_646

2. Takanabe K (2017) Photocatalytic water splitting: quantitative approaches toward photo-
catalyst by design. ACS Catal 7:8006–8022. https://doi.org/10.1021/acscatal.7b02662

3. Nurlaela E, Ziani A, Takanabe K (2016) Tantalum nitride for photocatalytic water splitting:
concept and applications. Mater Renew Sustain Energy 5:1–21. https://doi.org/10.1007/
s40243-016-0083-z

4. Kudo A, Miseki Y (2009) Heterogeneous photocatalyst materials for water splitting. Chem
Soc Rev 38:253–278. https://doi.org/10.1039/b800489g

5. Inoue Y (2009) Photocatalytic water splitting by RuO2-loaded metal oxides and nitrides with
d0- and d10 -related electronic configurations. Energy Environ Sci 2:364. https://doi.org/10.
1039/B816677N

6. Wang Q, Domen K (2020) Particulate Photocatalysts for Light-Driven Water Splitting:
Mechanisms, Challenges, and Design Strategies. Chem Rev 120:919–985. https://doi.org/10.
1021/acs.chemrev.9b00201

7. Zhang L, Ran J, Qiao S-Z et al (2019) Characterization of semiconductor photocatalysts.
Chem Soc Rev 48:5184–5206. https://doi.org/10.1039/c9cs00172g

8. Li J, Wu N (2015) Semiconductor-based photocatalysts and photoelectrochemical cells for
solar fuel generation: a review. Catal Sci Technol 5:1360–1384. https://doi.org/10.1039/
C4CY00974F

9. Marschall R (2014) Semiconductor composites: strategies for enhancing charge carrier
separation to improve photocatalytic activity. Adv Funct Mater 24:2421–2440. https://doi.
org/10.1002/ADFM.201303214

774 E. S. Welter and R. Gläser

http://dx.doi.org/10.1007/128_2015_646
http://dx.doi.org/10.1021/acscatal.7b02662
http://dx.doi.org/10.1007/s40243-016-0083-z
http://dx.doi.org/10.1007/s40243-016-0083-z
http://dx.doi.org/10.1039/b800489g
http://dx.doi.org/10.1039/B816677N
http://dx.doi.org/10.1039/B816677N
http://dx.doi.org/10.1021/acs.chemrev.9b00201
http://dx.doi.org/10.1021/acs.chemrev.9b00201
http://dx.doi.org/10.1039/c9cs00172g
http://dx.doi.org/10.1039/C4CY00974F
http://dx.doi.org/10.1039/C4CY00974F
http://dx.doi.org/10.1002/ADFM.201303214
http://dx.doi.org/10.1002/ADFM.201303214


10. Grundmann M (2016) The physics of semiconductors: an introduction including
nanophysics and applications, Third edn. Graduate Texts in Physics. Springer, Cham,
Heidelberg, New York, Dordrecht, London

11. Abdi FF, Savenije TJ, May MM et al (2013) The origin of slow carrier transport in BiVO4

thin film photoanodes: a time-resolved microwave conductivity study. J Phys Chem Lett
4:2752–2757. https://doi.org/10.1021/JZ4013257

12. de Respinis M, Fravventura M, Abdi FF et al (2015) Oxynitrogenography: controlled
synthesis of single-phase tantalum oxynitride photoabsorbers. Chem Mater 27:7091–7099.
https://doi.org/10.1021/acs.chemmater.5b02938

13. Zhou Y, Chen G, Liu Y et al (2016) Surface natrotantite phase induced efficient charge
carrier separation and highly active surface of TaON for superior enhanced photocatalytic
performance. Adv Mater Interfaces 3:1600429. https://doi.org/10.1002/admi.201600429

14. Gardner RFG, Sweett F, Tanner DW (1963) The electrical properties of alpha ferric oxide—
II. J Phys Chem Solids 24:1183–1196. https://doi.org/10.1016/0022-3697(63)90235-X

15. Morin FJ (1954) Electrical properties of a-Fe2O3. Phys Rev 93:1195–1199. https://doi.org/
10.1103/PHYSREV.93.1195

16. Joly AG, Williams JR, Chambers SA et al (2006) Carrier dynamics in a-Fe2O3 (0001) thin
films and single crystals probed by femtosecond transient absorption and reflectivity. J Appl
Phys 99:53521. https://doi.org/10.1063/1.2177426

17. Mulmudi HK, Mathews N, Dou XC et al (2011) Controlled growth of hematite (a-Fe2O3)
nanorod array on fluorine doped tin oxide: synthesis and photoelectrochemical properties.
Electrochem commun 13:951–954. https://doi.org/10.1016/j.elecom.2011.06.008

18. Ziani A, Nurlaela E, Dhawale DS et al (2015) Carrier dynamics of a visible-light-responsive
Ta3N5 photoanode for water oxidation. Phys Chem Chem Phys 17:2670–2677. https://doi.
org/10.1039/c4cp05616g

19. Rettie AJE, Lee HC, Marshall LG et al (2013) Combined charge carrier transport and
photoelectrochemical characterization of BiVO4 single crystals: intrinsic behavior of a
complex metal oxide. J Am Chem Soc 135:11389–11396. https://doi.org/10.1021/ja405550k

20. Pala RA, Leenheer AJ, Lichterman M et al (2014) Measurement of minority-carrier diffusion
lengths using wedge-shaped semiconductor photoelectrodes. Energy Environ Sci 7:3424–
3430. https://doi.org/10.1039/C4EE01580K

21. Henderson MA (2011) A surface science perspective on TiO2 photocatalysis. Surf Sci Rep
66:185–297. https://doi.org/10.1016/J.SURFREP.2011.01.001

22. Kato M, Kohama K, Ichikawa Y et al (2015) Carrier lifetime measurements on various
crystal faces of rutile TiO single crystals. Mater Lett 160:397–399. https://doi.org/10.1016/j.
matlet.2015.08.018

23. Yamada Y, Kanemitsu Y (2012) Determination of electron and hole lifetimes of rutile and
anatase TiO2 single crystals. Appl Phys Lett 101:133907. https://doi.org/10.1063/1.4754831

24. Trier F, Christensen DV, Pryds N (2018) Electron mobility in oxide heterostructures.
J Phys D Appl Phys 51:293002. https://doi.org/10.1088/1361-6463/AAC9AA

25. Yamakata A, Vequizo JJM, Kawaguchi M (2015) Behavior and energy state of
photogenerated charge carriers in single-crystalline and polycrystalline powder SrTiO3

studied by time-resolved absorption spectroscopy in the visible to mid-infrared region.
J Phys Chem C 119:1880–1885. https://doi.org/10.1021/jp510647b

26. Kennedy JH, Frese KW (1978) Photooxidation of water at a-Fe2O3 electrodes.
J Electrochem Soc 125:709–714. https://doi.org/10.1149/1.2131532

27. Butler MA (1977) Photoelectrolysis and physical properties of the semiconducting electrode
WO2. J Appl Phys 48:1914–1920. https://doi.org/10.1063/1.323948

28. Lin R, Wan J, Xiong Y et al (2018) Quantitative study of charge carrier dynamics in
well-defined WO3 nanowires and nanosheets: insight into the crystal facet effect in
photocatalysis. J Am Chem Soc 140:9078–9082. https://doi.org/10.1021/jacs.8b05293

29. Xiao T, Tang Z, Yang Y et al (2018) In situ construction of hierarchical WO3/g-C3N4

composite hollow microspheres as a Z-scheme photocatalyst for the degradation of

24 Novel Solid Photocatalysts for Hydrogen Generation … 775

http://dx.doi.org/10.1021/JZ4013257
http://dx.doi.org/10.1021/acs.chemmater.5b02938
http://dx.doi.org/10.1002/admi.201600429
http://dx.doi.org/10.1016/0022-3697(63)90235-X
http://dx.doi.org/10.1103/PHYSREV.93.1195
http://dx.doi.org/10.1103/PHYSREV.93.1195
http://dx.doi.org/10.1063/1.2177426
http://dx.doi.org/10.1016/j.elecom.2011.06.008
http://dx.doi.org/10.1039/c4cp05616g
http://dx.doi.org/10.1039/c4cp05616g
http://dx.doi.org/10.1021/ja405550k
http://dx.doi.org/10.1039/C4EE01580K
http://dx.doi.org/10.1016/J.SURFREP.2011.01.001
http://dx.doi.org/10.1016/j.matlet.2015.08.018
http://dx.doi.org/10.1016/j.matlet.2015.08.018
http://dx.doi.org/10.1063/1.4754831
http://dx.doi.org/10.1088/1361-6463/AAC9AA
http://dx.doi.org/10.1021/jp510647b
http://dx.doi.org/10.1149/1.2131532
http://dx.doi.org/10.1063/1.323948
http://dx.doi.org/10.1021/jacs.8b05293


antibiotics. Appl Catal B (Applied Catalysis B: Environmental) 220:417–428. https://doi.
org/10.1016/j.apcatb.2017.08.070

30. Forro L, Chauvet O, Emin D et al (1994) High mobility n-type charge carriers in large single
crystals of anatase (TiO2). J Appl Phys 75:633–635. https://doi.org/10.1063/1.355801

31. Era K, Katayama H, Shionoya S (1968) Drift mobilities of electrons and holes in ZnS
crystals. J Phys Soc Jpn 24:1180–1181. https://doi.org/10.1143/JPSJ.24.1180

32. Zhang X, Fang H, Tang S et al (1997) Determination of two-photon-generated free-carrier
lifetime in semiconductors by a single-beam Z-scan technique. Appl Phys B 65:549–554.
https://doi.org/10.1007/s003400050312

33. Spear WE, Mort J (1963) Electron and hole transport in CdS crystals. Proc Phys Soc
81:130–140. https://doi.org/10.1088/0370-1328/81/1/319

34. Bradberry GW, Spear WE (1964) Electron mobility and edge emission in CdS crystals. Br J
Appl Phys 15:1127–1129. https://doi.org/10.1088/0508-3443/15/9/419

35. Li HP, Kam CH, Lam YL et al (2001) Optical nonlinearities and photo-excited carrier
lifetime in CdS at 532 nm. Opt Commun 190:351–356. https://doi.org/10.1016/S0030-4018
(01)01066-5

36. Oakes JJ, Greenfield IG, Partain LD (1977) Diffusion length determination in thin-film
CuxS/CdS solar cells by scanning electron microscopy. J Appl Phys 48:2548–2555. https://
doi.org/10.1063/1.323971

37. Özgür Ü, Alivov YI, Liu C et al (2005) A comprehensive review of ZnO materials and
devices. J Appl Phys 98:41301. https://doi.org/10.1063/1.1992666

38. Yang X, Xu C, Giles NC (2008) Intrinsic electron mobilities in CdSe, CdS, ZnO, and ZnS
and their use in analysis of temperature-dependent Hall measurements. J Appl Phys
104:73727. https://doi.org/10.1063/1.2996032

39. Zhang XJ, Ji W, Tang SH (1997) Determination of optical nonlinearities and carrier lifetime
in ZnO. J Opt Soc Am B 14:1951. https://doi.org/10.1364/JOSAB.14.001951

40. Hwang J-S, Donatini F, Pernot J et al (2011) Carrier depletion and exciton diffusion in a
single ZnO nanowire. Nanotechnology 22:475704. https://doi.org/10.1088/0957-4484/22/
47/475704

41. Lopatiuk O, Chernyak L, Osinsky A et al (2005) Electron-beam-induced current and
cathodoluminescence studies of thermally activated increase for carrier diffusion length and
lifetime in n-type ZnO. Appl Phys Lett 87:162103. https://doi.org/10.1063/1.2106001

42. Gueymard C (1995) SMARTS2, a simple model of the atmospheric radiative transfer of
sunshine: algorithms and performance assessment. Florida Solar Energy Center, Florida

43. López R, Gómez R (2012) Band-gap energy estimation from diffuse reflectance measure-
ments on sol-gel and commercial TiO2: a comparative study. J Sol-Gel Sci Technol 61:1–7.
https://doi.org/10.1007/s10971-011-2582-9

44. Rahman MZ, Mullins CB (2019) Understanding charge transport in carbon nitride for
enhanced photocatalytic solar fuel production. Acc Chem Res 52:248–257. https://doi.org/
10.1021/acs.accounts.8b00542

45. Ravensbergen J, Abdi FF, van Santen JH et al (2014) Unraveling the carrier dynamics of
BiVO4: a femtosecond to microsecond transient absorption study. J Phys Chem C
118:27793–27800. https://doi.org/10.1021/jp509930s

46. Suzuki Y, Murthy DHK, Matsuzaki H et al (2017) Rational interpretation of correlated
kinetics of mobile and trapped charge carriers: analysis of ultrafast carrier dynamics in
BiVO4. J Phys Chem C 121:19044–19052. https://doi.org/10.1021/acs.jpcc.7b05574

47. Selim S, Pastor E, García-Tecedor M et al (2019) Impact of oxygen vacancy occupancy on
charge carrier dynamics in BiVO4 photoanodes. J Am Chem Soc 141:18791–18798. https://
doi.org/10.1021/jacs.9b09056

48. Wheeler DA, Wang G, Ling Y et al (2012) Nanostructured hematite: synthesis,
characterization, charge carrier dynamics, and photoelectrochemical properties. Energy
Environ Sci 5:6682. https://doi.org/10.1039/C2EE00001F

49. Schneider J, Matsuoka M, Takeuchi M et al (2014) Understanding TiO2 photocatalysis:
mechanisms and materials. Chem Rev 114:9919–9986. https://doi.org/10.1021/cr5001892

776 E. S. Welter and R. Gläser

http://dx.doi.org/10.1016/j.apcatb.2017.08.070
http://dx.doi.org/10.1016/j.apcatb.2017.08.070
http://dx.doi.org/10.1063/1.355801
http://dx.doi.org/10.1143/JPSJ.24.1180
http://dx.doi.org/10.1007/s003400050312
http://dx.doi.org/10.1088/0370-1328/81/1/319
http://dx.doi.org/10.1088/0508-3443/15/9/419
http://dx.doi.org/10.1016/S0030-4018(01)01066-5
http://dx.doi.org/10.1016/S0030-4018(01)01066-5
http://dx.doi.org/10.1063/1.323971
http://dx.doi.org/10.1063/1.323971
http://dx.doi.org/10.1063/1.1992666
http://dx.doi.org/10.1063/1.2996032
http://dx.doi.org/10.1364/JOSAB.14.001951
http://dx.doi.org/10.1088/0957-4484/22/47/475704
http://dx.doi.org/10.1088/0957-4484/22/47/475704
http://dx.doi.org/10.1063/1.2106001
http://dx.doi.org/10.1007/s10971-011-2582-9
http://dx.doi.org/10.1021/acs.accounts.8b00542
http://dx.doi.org/10.1021/acs.accounts.8b00542
http://dx.doi.org/10.1021/jp509930s
http://dx.doi.org/10.1021/acs.jpcc.7b05574
http://dx.doi.org/10.1021/jacs.9b09056
http://dx.doi.org/10.1021/jacs.9b09056
http://dx.doi.org/10.1039/C2EE00001F
http://dx.doi.org/10.1021/cr5001892


50. Kohtani S, Kawashima A, Miyabe H (2017) Reactivity of trapped and accumulated electrons
in titanium dioxide photocatalysis. Catalysts 7:303. https://doi.org/10.3390/catal7100303

51. Böer KW, Pohl UW (eds) (2019) Semiconductor physics. Springer International Publishing,
Cham

52. Kao KC (2004) Optical and electro-optic processes. In: Dielectric phenomena in solids.
Elsevier, pp 115–212

53. Shockley W, Read WT (1952) Statistics of the recombinations of holes and electrons. Phys
Rev 87:835–842. https://doi.org/10.1103/PHYSREV.87.835

54. Hall RN (1952) Electron-hole recombination in Germanium. Phys Rev 87:387. https://doi.
org/10.1103/PHYSREV.87.387

55. Ohtani B (2013) Titania photocatalysis beyond recombination: a critical review. Catalysts
3:942–953. https://doi.org/10.3390/catal3040942

56. Jin H, Debroye E, Keshavarz M et al (2020) It’s a trap! On the nature of localised states and
charge trapping in lead halide perovskites. Mater Horiz 7:397–410. https://doi.org/10.1039/
C9MH00500E

57. Micic OI, Zhang Y, Cromack KR et al (1993) Trapped holes on titania colloids studied by
electron paramagnetic resonance. J Phys Chem 97:7277–7283. https://doi.org/10.1021/
j100130a026

58. Pattengale B, Huang J (2017) Implicating the contributions of surface and bulk states on
carrier trapping and photocurrent performance of BiVO4 photoanodes. Phys Chem Chem
Phys 19:6831–6837. https://doi.org/10.1039/c6cp08564d

59. Wang X, Feng Z, Shi J et al (2010) Trap states and carrier dynamics of TiO2 studied by
photoluminescence spectroscopy under weak excitation condition. Phys Chem Chem Phys
12:7083–7090. https://doi.org/10.1039/b925277k

60. Guo Q, Zhou C, Ma Z et al (2019) Fundamentals of TiO2 photocatalysis: concepts,
mechanisms, and challenges. Adv Mater 31:e1901997. https://doi.org/10.1002/adma.
201901997

61. Qian R, Zong H, Schneider J et al (2019) Charge carrier trapping, recombination and transfer
during TiO2 photocatalysis: an overview. Catal Today 335:78–90. https://doi.org/10.1016/j.
cattod.2018.10.053

62. Tang J, Durrant JR, Klug DR (2008) Mechanism of photocatalytic water splitting in TiO2.
Reaction of water with photoholes, importance of charge carrier dynamics, and evidence for
four-hole chemistry. J Am Chem Soc 130:13885–13891. https://doi.org/10.1021/ja8034637

63. Creutz C, Brunschwig BS, Sutin N (2006) Interfacial charge-transfer absorption: 3.
Application to semiconductor-molecule assemblies. J Phys Chem B 110:25181–25190.
https://doi.org/10.1021/jp063953d

64. Bertoluzzi L, Lopez-Varo P, Jiménez Tejada JA et al (2016) Charge transfer processes at the
semiconductor/electrolyte interface for solar fuel production: insight from impedance
spectroscopy. J Mater Chem A 4:2873–2879. https://doi.org/10.1039/C5TA03210E

65. Wang Y, Wang Q, Zhan X et al (2013) Visible light driven type II heterostructures and their
enhanced photocatalysis properties: a review. Nanoscale 5:8326–8339. https://doi.org/10.
1039/c3nr01577g

66. Ding Y, Wei D, He R et al (2019) Rational design of Z-scheme PtS-ZnIn2S4/WO3-MnO2 for
overall photo-catalytic water splitting under visible light. Appl Catal B (Applied Catalysis B:
Environmental) 258:117948. https://doi.org/10.1016/j.apcatb.2019.117948

67. Liu Y, Zhou Y, Yu S et al (2020) Defect state assisted Z-scheme charge recombination in
Bi2O2CO3/graphene quantum dot composites for photocatalytic oxidation of NO. ACS Appl
Nano Mater 3:772–781. https://doi.org/10.1021/ACSANM.9B02276

68. Bai S, Zhang N, Gao C et al (2018) Defect engineering in photocatalytic materials. Nano
Energy 53:296–336. https://doi.org/10.1016/j.nanoen.2018.08.058

69. Dong B, Liu T, Li C et al (2018) Species, engineering and characterizations of defects in
TiO2-based photocatalyst. Chin Chem Lett 29:671–680. https://doi.org/10.1016/j.cclet.2017.
12.002

24 Novel Solid Photocatalysts for Hydrogen Generation … 777

http://dx.doi.org/10.3390/catal7100303
http://dx.doi.org/10.1103/PHYSREV.87.835
http://dx.doi.org/10.1103/PHYSREV.87.387
http://dx.doi.org/10.1103/PHYSREV.87.387
http://dx.doi.org/10.3390/catal3040942
http://dx.doi.org/10.1039/C9MH00500E
http://dx.doi.org/10.1039/C9MH00500E
http://dx.doi.org/10.1021/j100130a026
http://dx.doi.org/10.1021/j100130a026
http://dx.doi.org/10.1039/c6cp08564d
http://dx.doi.org/10.1039/b925277k
http://dx.doi.org/10.1002/adma.201901997
http://dx.doi.org/10.1002/adma.201901997
http://dx.doi.org/10.1016/j.cattod.2018.10.053
http://dx.doi.org/10.1016/j.cattod.2018.10.053
http://dx.doi.org/10.1021/ja8034637
http://dx.doi.org/10.1021/jp063953d
http://dx.doi.org/10.1039/C5TA03210E
http://dx.doi.org/10.1039/c3nr01577g
http://dx.doi.org/10.1039/c3nr01577g
http://dx.doi.org/10.1016/j.apcatb.2019.117948
http://dx.doi.org/10.1021/ACSANM.9B02276
http://dx.doi.org/10.1016/j.nanoen.2018.08.058
http://dx.doi.org/10.1016/j.cclet.2017.12.002
http://dx.doi.org/10.1016/j.cclet.2017.12.002


70. Ran L, Hou J, Cao S et al (2020) Defect engineering of photocatalysts for solar energy
conversion. Sol RRL 2241:1900487. https://doi.org/10.1002/solr.201900487

71. Liu J, Wei Z, Shangguan W (2019) Defects engineering in photocatalytic water splitting
materials. ChemCatChem 11:6177–6189. https://doi.org/10.1002/cctc.201901579

72. Su Z, Liu J, Li M et al (2020) Defect engineering in titanium-based oxides for
electrochemical energy storage devices. Electrochem Energ Rev 7:321. https://doi.org/10.
1007/s41918-020-00064-5

73. Maarisetty D, Baral SS (2020) Defect engineering in photocatalysis: formation, chemistry,
optoelectronics, and interface studies. J Mater Chem A 8:18560–18604. https://doi.org/10.
1039/D0TA04297H

74. Tilley RJD (2013) Understanding solids: the science of materials, 2nd edn. John Wiley &
Sons Inc., Chichester, West Sussex, United Kingdom

75. Ibach H, Lüth H (2009) Solid-state physics: an introduction to principles of materials
science, 4, extensively updated and enl. ed. Physics and astronomy online library. Springer,
Dordrecht

76. Yang Q, Dong L, Su R et al (2019) Nanostructured heterogeneous photo-catalysts for
hydrogen production and water splitting: a comprehensive insight. Appl Mater Today
17:159–182. https://doi.org/10.1016/j.apmt.2019.07.016

77. Di J, Xia J, Chisholm MF et al (2019) Defect-tailoring mediated electron-hole separation in
single-unit-cell Bi3O4Br nanosheets for boosting photocatalytic hydrogen evolution and
nitrogen fixation. Adv Mater 31:e1807576. https://doi.org/10.1002/adma.201807576

78. Zhang L, Han Z, Wang W et al (2015) Solar-light-driven pure water splitting with ultrathin
BiOCl nanosheets. Chemistry 21:18089–18094. https://doi.org/10.1002/chem.201503778

79. Wang Z, Yang C, Lin T et al (2013) Visible-light photocatalytic, solar thermal and
photoelectrochemical properties of aluminium-reduced black titania. Energy Environ Sci
6:3007. https://doi.org/10.1039/c3ee41817k

80. Zhou W, Li W, Wang J-Q et al (2014) Ordered mesoporous black TiO(2) as highly efficient
hydrogen evolution photocatalyst. J Am Chem Soc 136:9280–9283. https://doi.org/10.1021/
ja504802q

81. Negi SS (2019) Enhanced light harvesting and charge separation over wormhole
mesoporous TiO2−X nanocrystallites towards efficient hydrogen generation. Sustain
Energy Fuels 3:1191–1200. https://doi.org/10.1039/C8SE00580J

82. Li H, Sun B, Yang F et al (2019) Homojunction and defect synergy-mediated electron–hole
separation for solar-driven mesoporous rutile/anatase TiO2 microsphere photocatalysts. RSC
Adv 9:7870–7877. https://doi.org/10.1039/C9RA00633H

83. Lu H, Zhao B, Pan R et al (2014) Safe and facile hydrogenation of commercial Degussa P25
at room temperature with enhanced photocatalytic activity. RSC Adv 4:1128–1132. https://
doi.org/10.1039/C3RA44493G

84. Zhang K, Zhou W, Zhang X et al (2016) Large-scale synthesis of stable mesoporous black
TiO2 nanosheets for efficient solar-driven photocatalytic hydrogen evolution via an
earth-abundant low-cost biotemplate. RSC Adv 6:50506–50512. https://doi.org/10.1039/
C6RA06751D

85. Sinhamahapatra A, Jeon J-P, Yu J-S (2015) A new approach to prepare highly active and
stable black titania for visible light-assisted hydrogen production. Energy Environ Sci
8:3539–3544. https://doi.org/10.1039/C5EE02443A

86. Wang Z, Yang C, Lin T et al (2013) H-Doped black titania with very high solar absorption
and excellent photocatalysis enhanced by localized surface plasmon resonance. Adv Funct
Mater 23:5444–5450. https://doi.org/10.1002/adfm.201300486

87. Tan H, Zhao Z, Niu M et al (2014) A facile and versatile method for preparation of colored
TiO2 with enhanced solar-driven photocatalytic activity. Nanoscale 6:10216–10223. https://
doi.org/10.1039/c4nr02677b

88. Zhao Z, Tan H, Zhao H et al (2014) Reduced TiO2 rutile nanorods with well-defined facets
and their visible-light photocatalytic activity. Chem Commun 50:2755–2757. https://doi.org/
10.1039/c3cc49182j

778 E. S. Welter and R. Gläser

http://dx.doi.org/10.1002/solr.201900487
http://dx.doi.org/10.1002/cctc.201901579
http://dx.doi.org/10.1007/s41918-020-00064-5
http://dx.doi.org/10.1007/s41918-020-00064-5
http://dx.doi.org/10.1039/D0TA04297H
http://dx.doi.org/10.1039/D0TA04297H
http://dx.doi.org/10.1016/j.apmt.2019.07.016
http://dx.doi.org/10.1002/adma.201807576
http://dx.doi.org/10.1002/chem.201503778
http://dx.doi.org/10.1039/c3ee41817k
http://dx.doi.org/10.1021/ja504802q
http://dx.doi.org/10.1021/ja504802q
http://dx.doi.org/10.1039/C8SE00580J
http://dx.doi.org/10.1039/C9RA00633H
http://dx.doi.org/10.1039/C3RA44493G
http://dx.doi.org/10.1039/C3RA44493G
http://dx.doi.org/10.1039/C6RA06751D
http://dx.doi.org/10.1039/C6RA06751D
http://dx.doi.org/10.1039/C5EE02443A
http://dx.doi.org/10.1002/adfm.201300486
http://dx.doi.org/10.1039/c4nr02677b
http://dx.doi.org/10.1039/c4nr02677b
http://dx.doi.org/10.1039/c3cc49182j
http://dx.doi.org/10.1039/c3cc49182j


89. Tian J, Hu X, Yang H et al (2016) High yield production of reduced TiO2 with enhanced
photocatalytic activity. Appl Surf Sci 360:738–743. https://doi.org/10.1016/j.apsusc.2015.
11.056

90. Liu N, Häublein V, Zhou X et al (2015) “Black” TiO2 nanotubes formed by high-energy
proton implantation show Noble-Metal-co-Catalyst free photocatalytic H2-evolution. Nano
Lett 15:6815–6820. https://doi.org/10.1021/acs.nanolett.5b02663

91. Chen X, Liu L, Yu PY et al (2011) Increasing solar absorption for photocatalysis with black
hydrogenated titanium dioxide nanocrystals. Science 331:746–750. https://doi.org/10.1126/
science.1200448

92. Cai J, Cao A, Huang J et al (2020) Understanding oxygen vacancies in disorder-engineered
surface and subsurface of CaTiO3 nanosheets on photocatalytic hydrogen evolution. Appl
Catal B (Applied Catalysis B: Environmental) 267:118378. https://doi.org/10.1016/j.apcatb.
2019.118378

93. Yu H, Shi R, Zhao Y et al (2017) Alkali-assisted synthesis of nitrogen deficient graphitic
carbon nitride with tunable band structures for efficient Visible-Light-Driven hydrogen
evolution. Adv Mater 29. https://doi.org/10.1002/adma.201605148

94. Kang Y, Yang Y, Yin L-C et al (2015) An amorphous carbon nitride photocatalyst with
greatly extended visible-light-responsive range for photocatalytic hydrogen generation. Adv
Mater 27:4572–4577. https://doi.org/10.1002/adma.201501939

95. Bi W, Ye C, Xiao C et al (2014) Spatial location engineering of oxygen vacancies for
optimized photocatalytic H2 evolution activity. Small 10(2820–5):2742. https://doi.org/10.
1002/smll.201303548

96. Wang Y, Xu X, Lu W et al (2018) A sulfur vacancy rich CdS based composite photocatalyst
with g-C3N4 as a matrix derived from a Cd-S cluster assembled supramolecular network for
H2 production and VOC removal. Dalton Trans 47:4219–4227. https://doi.org/10.1039/
c7dt04912a

97. Lu L, Xu X, An K et al (2018) Coordination polymer derived NiS@g-C3N4 composite
photocatalyst for sulfur vacancy and photothermal effect synergistic enhanced H2

production. ACS Sustain Chem Eng 6:11869–11876. https://doi.org/10.1021/
ACSSUSCHEMENG.8B02153

98. Tan H, Zhao Z, Zhu W-B et al (2014) Oxygen vacancy enhanced photocatalytic activity of
pervoskite SrTiO(3). ACS Appl Mater Interfaces 6:19184–19190. https://doi.org/10.1021/
am5051907

99. Gu L, Wei H, Peng Z et al (2017) Defects enhanced photocatalytic performances in SrTiO3

using laser-melting treatment. J Mater Res 32:748–756. https://doi.org/10.1557/jmr.2016.
461

100. Wierzbicka E, Zhou X, Denisov N et al (2019) Self-Enhancing H2 Evolution from TiO2

nanostructures under Illumination. Chemsuschem 12:1900–1905. https://doi.org/10.1002/
cssc.201900192

101. Wang S, Pan L, Song J-J et al (2015) Titanium-defected undoped anatase TiO2 with p-type
conductivity, room-temperature ferromagnetism, and remarkable photocatalytic perfor-
mance. J Am Chem Soc 137:2975–2983. https://doi.org/10.1021/ja512047k

102. Pan L, Wang S, Xie J et al (2016) Constructing TiO2 p-n homojunction for photoelectro-
chemical and photocatalytic hydrogen generation. Nano Energy 28:296–303. https://doi.org/
10.1016/J.NANOEN.2016.08.054

103. Zou X, Liu J, Su J et al (2013) Facile synthesis of thermal- and photostable titania with
paramagnetic oxygen vacancies for visible-light photocatalysis. Chemistry 19:2866–2873.
https://doi.org/10.1002/chem.201202833

104. Zhao Z, Zhang X, Zhang G et al (2015) Effect of defects on photocatalytic activity of rutile
TiO2 nanorods. Nano Res 8:4061–4071. https://doi.org/10.1007/S12274-015-0917-5

105. Fang Z, Weng S, Ye X et al (2015) Defect engineering and phase junction architecture of
wide-bandgap ZnS for conflicting visible light activity in photocatalytic H2 evolution. ACS
Appl Mater Interfaces 7:13915–13924. https://doi.org/10.1021/acsami.5b02641

24 Novel Solid Photocatalysts for Hydrogen Generation … 779

http://dx.doi.org/10.1016/j.apsusc.2015.11.056
http://dx.doi.org/10.1016/j.apsusc.2015.11.056
http://dx.doi.org/10.1021/acs.nanolett.5b02663
http://dx.doi.org/10.1126/science.1200448
http://dx.doi.org/10.1126/science.1200448
http://dx.doi.org/10.1016/j.apcatb.2019.118378
http://dx.doi.org/10.1016/j.apcatb.2019.118378
http://dx.doi.org/10.1002/adma.201605148
http://dx.doi.org/10.1002/adma.201501939
http://dx.doi.org/10.1002/smll.201303548
http://dx.doi.org/10.1002/smll.201303548
http://dx.doi.org/10.1039/c7dt04912a
http://dx.doi.org/10.1039/c7dt04912a
http://dx.doi.org/10.1021/ACSSUSCHEMENG.8B02153
http://dx.doi.org/10.1021/ACSSUSCHEMENG.8B02153
http://dx.doi.org/10.1021/am5051907
http://dx.doi.org/10.1021/am5051907
http://dx.doi.org/10.1557/jmr.2016.461
http://dx.doi.org/10.1557/jmr.2016.461
http://dx.doi.org/10.1002/cssc.201900192
http://dx.doi.org/10.1002/cssc.201900192
http://dx.doi.org/10.1021/ja512047k
http://dx.doi.org/10.1016/J.NANOEN.2016.08.054
http://dx.doi.org/10.1016/J.NANOEN.2016.08.054
http://dx.doi.org/10.1002/chem.201202833
http://dx.doi.org/10.1007/S12274-015-0917-5
http://dx.doi.org/10.1021/acsami.5b02641


106. Hao X, Wang Y, Zhou J et al (2018) Zinc vacancy-promoted photocatalytic activity and
photostability of ZnS for efficient visible-light-driven hydrogen evolution. Appl Catal B
(Applied Catalysis B: Environmental) 221:302–311. https://doi.org/10.1016/j.apcatb.2017.
09.006

107. Zhang X, Zhao Z, Zhang W et al (2016) Surface defects enhanced visible light
photocatalytic H2 production for Zn-Cd-S solid solution. Small 12:793–801. https://doi.
org/10.1002/smll.201503067

108. Zhang G, Ling X, Liu G et al (2020) Construction of defective Zinc-Cadmium-Sulfur
nanorods for Visible-Light-Driven hydrogen evolution without the use of sacrificial agents
or cocatalysts. Chemsuschem 13:756–762. https://doi.org/10.1002/cssc.201902889

109. Yu G, Zhang W, Sun Y et al (2016) A highly active cocatalyst-free semiconductor
photocatalyst for visible-light-driven hydrogen evolution: synergistic effect of surface
defects and spatial bandgap engineering. J Mater Chem A 4:13803–13808. https://doi.org/
10.1039/C6TA03803D

110. Sinhamahapatra A, Jeon J-P, Kang J et al (2016) Oxygen-deficient Zirconia (ZrO2-x): a new
material for solar light absorption. Sci Rep 6:27218. https://doi.org/10.1038/srep27218

111. Ullattil SG, Narendranath SB, Pillai SC et al (2018) Black TiO2 nanomaterials: a review of
recent advances. Chem Eng J 343:708–736. https://doi.org/10.1016/j.cej.2018.01.069

112. Fang W, Xing M, Zhang J (2017) Modifications on reduced titanium dioxide photocatalysts:
a review. J Photochem Photobiol C 32:21–39. https://doi.org/10.1016/j.jphotochemrev.2017.
05.003

113. Rajaraman TS, Parikh SP, Gandhi VG (2019) Black TiO2: a review of its properties and
conflicting trends. Chem Eng J 123918. https://doi.org/10.1016/j.cej.2019.123918

114. Zhang Y-C, Afzal N, Pan L et al (2019) Structure-activity relationship of defective
metal-based photocatalysts for water splitting: experimental and theoretical perspectives.
Adv Sci 6:1900053. https://doi.org/10.1002/advs.201900053

115. Zhou W, Fu H (2018) Defect-mediated electron–hole separation in semiconductor
photocatalysis. Inorg Chem Front 5:1240–1254. https://doi.org/10.1039/C8QI00122G

116. Lohaus C, Klein A, Jaegermann W (2018) Limitation of Fermi level shifts by polaron defect
states in hematite photoelectrodes. Nat Commun 9:4309. https://doi.org/10.1038/s41467-
018-06838-2

117. Vohs JM (2013) Site requirements for the adsorption and reaction of oxygenates on metal
oxide surfaces. Chem Rev 113:4136–4163. https://doi.org/10.1021/cr300328u

118. Schaub R, Thostrup P, Lopez N et al (2001) Oxygen vacancies as active sites for water
dissociation on rutile TiO2(110). Phys Rev Lett 87:266104. https://doi.org/10.1103/
PhysRevLett.87.266104

119. Nowotny J, Bak T, Nowotny MK et al (2006) TiO2 surface active sites for water splitting.
J Phys Chem B 110:18492–18495. https://doi.org/10.1021/jp063699p

120. Pan X, Yang M-Q, Fu X et al (2013) Defective TiO2 with oxygen vacancies: synthesis,
properties and photocatalytic applications. Nanoscale 5:3601–3614. https://doi.org/10.1039/
c3nr00476g

121. Das T, Chakraborty S, Ahuja R et al (2019) Functionalization and defect-driven water
splitting mechanism on a quasi-two-dimensional TiO2 hexagonal nanosheet. ACS Appl
Energy Mater 2:5074–5082. https://doi.org/10.1021/acsaem.9b00745

122. Lang X, Liang Y, Sun L et al (2017) Interplay between methanol and anatase TiO2

(101) surface: the effect of subsurface oxygen vacancy. J Phys Chem C 121:6072–6080.
https://doi.org/10.1021/acs.jpcc.6b11356

123. Guo Q, Xu C, Ren Z et al (2012) Stepwise photocatalytic dissociation of methanol and water
on TiO2 (110). J Am Chem Soc 134:13366–13373. https://doi.org/10.1021/ja304049x

124. Zhou C, Ren Z, Tan S et al (2010) Site-specific photocatalytic splitting of methanol on TiO2

(110). Chem Sci 1:575. https://doi.org/10.1039/c0sc00316f
125. Guo Q, Zhou C, Ma Z et al (2016) Elementary photocatalytic chemistry on TiO2 surfaces.

Chem Soc Rev 45:3701–3730. https://doi.org/10.1039/c5cs00448a

780 E. S. Welter and R. Gläser

http://dx.doi.org/10.1016/j.apcatb.2017.09.006
http://dx.doi.org/10.1016/j.apcatb.2017.09.006
http://dx.doi.org/10.1002/smll.201503067
http://dx.doi.org/10.1002/smll.201503067
http://dx.doi.org/10.1002/cssc.201902889
http://dx.doi.org/10.1039/C6TA03803D
http://dx.doi.org/10.1039/C6TA03803D
http://dx.doi.org/10.1038/srep27218
http://dx.doi.org/10.1016/j.cej.2018.01.069
http://dx.doi.org/10.1016/j.jphotochemrev.2017.05.003
http://dx.doi.org/10.1016/j.jphotochemrev.2017.05.003
http://dx.doi.org/10.1016/j.cej.2019.123918
http://dx.doi.org/10.1002/advs.201900053
http://dx.doi.org/10.1039/C8QI00122G
http://dx.doi.org/10.1038/s41467-018-06838-2
http://dx.doi.org/10.1038/s41467-018-06838-2
http://dx.doi.org/10.1021/cr300328u
http://dx.doi.org/10.1103/PhysRevLett.87.266104
http://dx.doi.org/10.1103/PhysRevLett.87.266104
http://dx.doi.org/10.1021/jp063699p
http://dx.doi.org/10.1039/c3nr00476g
http://dx.doi.org/10.1039/c3nr00476g
http://dx.doi.org/10.1021/acsaem.9b00745
http://dx.doi.org/10.1021/acs.jpcc.6b11356
http://dx.doi.org/10.1021/ja304049x
http://dx.doi.org/10.1039/c0sc00316f
http://dx.doi.org/10.1039/c5cs00448a


126. Bard AJ (1979) Photoelectrochemistry and heterogeneous photo-catalysis at semiconductors.
J Photochem 10:59–75. https://doi.org/10.1016/0047-2670(79)80037-4

127. Ng B-J, Putri LK, Kong XY et al (2020) Z-scheme photocatalytic systems for solar water
splitting. Adv Sci 7:1903171. https://doi.org/10.1002/advs.201903171

128. Xu Q, Zhang L, Yu J et al (2018) Direct Z-scheme photocatalysts: Principles, synthesis, and
applications. Mater Today 21:1042–1063. https://doi.org/10.1016/j.mattod.2018.04.008

129. Xia X, Song M, Wang H et al (2019) Latest progress in constructing solid-state Z scheme
photocatalysts for water splitting. Nanoscale 11:11071–11082. https://doi.org/10.1039/
c9nr03218e

130. Low J, Jiang C, Cheng B et al (2017) A review of direct Z-scheme photocatalysts. Small
Methods 1:1700080. https://doi.org/10.1002/smtd.201700080

131. Jiang W, Zong X, An L et al (2018) Consciously constructing heterojunction or direct
Z-scheme photocatalysts by regulating electron flow direction. ACS Catal 8:2209–2217.
https://doi.org/10.1021/acscatal.7b04323

132. Di T, Xu Q, Ho W et al (2019) Review on metal sulphide-based Z-scheme photocatalysts.
ChemCatChem 11:1394–1411. https://doi.org/10.1002/cctc.201802024

133. Zhu M, Sun Z, Fujitsuka M et al (2018) Z-scheme photocatalytic water splitting on a 2D
heterostructure of black phosphorus/bismuth vanadate using visible light. Angew Chem Int
Ed 57:2160–2164. https://doi.org/10.1002/anie.201711357

134. Kolivand A, Sharifnia S (2020) Enhanced photocatalytic hydrogen evolution from water
splitting by Z-scheme CdS/BiFeO3 heterojunction without using sacrificial agent. Int J
Energy Res. https://doi.org/10.1002/er.5966

135. Zeng C, Hu Y, Zhang T et al (2018) A core–satellite structured Z-scheme catalyst
Cd0.5Zn0.5S/BiVO4 for highly efficient and stable photocatalytic water splitting. J. Mater.
Chem. A 6:16932–16942. https://doi.org/10.1039/C8TA04258F

136. Rauf A, Ma M, Kim S et al (2018) Mediator- and co-catalyst-free direct Z-scheme
composites of Bi2WO6-Cu3P for solar-water splitting. Nanoscale 10:3026–3036. https://doi.
org/10.1039/c7nr07952d

137. Yuan Q, Liu D, Zhang N et al (2017) Noble-metal-free Janus-like structures by cation
exchange for Z-scheme photocatalytic water splitting under broadband light irradiation.
Angew Chem 129:4270–4274. https://doi.org/10.1002/ange.201700150

138. She X, Wu J, Xu H et al (2017) High efficiency photocatalytic water splitting using 2D
a-Fe2O3/g-C3N4 Z-scheme catalysts. Adv Energy Mater 7:1700025. https://doi.org/10.1002/
aenm.201700025

139. Sepahvand H, Sharifnia S (2019) Photocatalytic overall water splitting by Z-scheme g-C3N4/
BiFeO3 heterojunction. Int J Hydrogen Energy 44:23658–23668. https://doi.org/10.1016/j.
ijhydene.2019.07.078

140. Xie H, Zhao Y, Li H et al (2019) 2D BiVO4/g-C3N4 Z-scheme photocatalyst for enhanced
overall water splitting. J Mater Sci 54:10836–10845. https://doi.org/10.1007/s10853-019-
03664-9

141. Yang Y, Qiu M, Li L et al (2018) A direct Z-scheme Van Der Waals heterojunction
(WO3�H2O/g-C3N4) for high efficient overall water splitting under visible-light. Sol RRL
2:1800148. https://doi.org/10.1002/solr.201800148

142. Zhang S, Wang J, Chen S et al (2019) Construction of Ag2S/WO3 direct Z-scheme
photocatalyst for enhanced charge separation efficiency and H2 generation activity. Ind Eng
Chem Res 58:14802–14813. https://doi.org/10.1021/acs.iecr.9b02335

143. Hu T, Li P, Zhang J et al (2018) Highly efficient direct Z-scheme WO3/
CdS-diethylenetriamine photocatalyst and its enhanced photocatalytic H2 evolution under
visible light irradiation. Appl Surf Sci 442:20–29. https://doi.org/10.1016/j.apsusc.2018.02.
146

144. Wang S, Zhu B, Liu M et al (2019) Direct Z-scheme ZnO/CdS hierarchical photocatalyst for
enhanced photocatalytic H2-production activity. Appl Catal B (Applied Catalysis B:
Environmental) 243:19–26. https://doi.org/10.1016/j.apcatb.2018.10.019

24 Novel Solid Photocatalysts for Hydrogen Generation … 781

http://dx.doi.org/10.1016/0047-2670(79)80037-4
http://dx.doi.org/10.1002/advs.201903171
http://dx.doi.org/10.1016/j.mattod.2018.04.008
http://dx.doi.org/10.1039/c9nr03218e
http://dx.doi.org/10.1039/c9nr03218e
http://dx.doi.org/10.1002/smtd.201700080
http://dx.doi.org/10.1021/acscatal.7b04323
http://dx.doi.org/10.1002/cctc.201802024
http://dx.doi.org/10.1002/anie.201711357
http://dx.doi.org/10.1002/er.5966
http://dx.doi.org/10.1039/C8TA04258F
http://dx.doi.org/10.1039/c7nr07952d
http://dx.doi.org/10.1039/c7nr07952d
http://dx.doi.org/10.1002/ange.201700150
http://dx.doi.org/10.1002/aenm.201700025
http://dx.doi.org/10.1002/aenm.201700025
http://dx.doi.org/10.1016/j.ijhydene.2019.07.078
http://dx.doi.org/10.1016/j.ijhydene.2019.07.078
http://dx.doi.org/10.1007/s10853-019-03664-9
http://dx.doi.org/10.1007/s10853-019-03664-9
http://dx.doi.org/10.1002/solr.201800148
http://dx.doi.org/10.1021/acs.iecr.9b02335
http://dx.doi.org/10.1016/j.apsusc.2018.02.146
http://dx.doi.org/10.1016/j.apsusc.2018.02.146
http://dx.doi.org/10.1016/j.apcatb.2018.10.019


145. Li X, Xie K, Song L et al (2017) Enhanced photocarrier separation in hierarchical
graphitic-C3N4-supported CuInS2 for Noble-Metal-Free Z-scheme photocatalytic water
splitting. ACS Appl Mater Interfaces 9:24577–24583. https://doi.org/10.1021/acsami.
7b06030

146. Yu W, Chen J, Shang T et al (2017) Direct Z-scheme g-C3N4/WO3 photocatalyst with
atomically defined junction for H2 production. Appl Catal B (Applied Catalysis B:
Environmental) 219:693–704. https://doi.org/10.1016/j.apcatb.2017.08.018

147. Huang Z-F, Song J, Wang X et al (2017) Switching charge transfer of C3N4/W18O49 from
type-II to Z-scheme by interfacial band bending for highly efficient photocatalytic hydrogen
evolution. Nano Energy 40:308–316. https://doi.org/10.1016/j.nanoen.2017.08.032

148. Shi J, Li S, Wang F et al (2018) In situ topotactic fabrication of direct Z-scheme 2D/2D ZnO/
ZnxCd1−xS single crystal nanosheet heterojunction for efficient photocatalytic water
splitting. Catal Sci Technol 8:6458–6467. https://doi.org/10.1039/C8CY01884G

149. Wang Z, Su B, Xu J et al (2020) Direct Z-scheme ZnIn2S4/LaNiO3 nanohybrid with
enhanced photocatalytic performance for H2 evolution. Int J Hydrogen Energy 45:4113–
4121. https://doi.org/10.1016/j.ijhydene.2019.12.077

150. Tan P, Zhu A, Qiao L et al (2019) Constructing a direct Z-scheme photocatalytic system
based on 2D/2D WO3/ZnIn2S4 nanocomposite for efficient hydrogen evolution under visible
light. Inorg Chem Front 6:929–939. https://doi.org/10.1039/C8QI01359D

151. Jia X, Tahir M, Pan L et al (2016) Direct Z-scheme composite of CdS and oxygen-defected
CdWO4: An efficient visible-light-driven photocatalyst for hydrogen evolution. Appl Catal B
(Applied Catalysis B: Environmental) 198:154–161. https://doi.org/10.1016/j.apcatb.2016.
05.046

152. Zhu S, Zhang Y, Qian X et al (2020) Zn defect-mediated Z-scheme electron-hole separation
in AgIn5S8/ZnS heterojunction for enhanced visible-light photocatalytic hydrogen evolution.
Appl Surf Sci 504:144396. https://doi.org/10.1016/j.apsusc.2019.144396

153. Li F, Hou Y, Yu Z et al (2019) Oxygen deficiency introduced to Z-scheme CdS/WO3-x

nanomaterials with MoS2 as the cocatalyst towards enhancing visible-light-driven hydrogen
evolution. Nanoscale 11:10884–10895. https://doi.org/10.1039/c8nr10230a

154. Ran Q, Zhong T, Li F et al (2020) CdS nanoparticles grown in situ on oxygen
deficiency-rich WO3−x nanosheets: direct Z-scheme heterojunction towards enhancing
visible light-driven hydrogen evolution. CrystEngComm 22:5818–5827. https://doi.org/10.
1039/D0CE00966K

155. Wei T, Zhu Y-N, An X et al (2019) Defect modulation of Z-scheme TiO2/Cu2O
photocatalysts for durable water splitting. ACS Catal 9:8346–8354. https://doi.org/10.1021/
acscatal.9b01786

156. Mo Z, Xu H, Chen Z et al (2019) Construction of MnO2/Monolayer g-C3N4 with Mn
vacancies for Z-scheme overall water splitting. Appl Catal B (Applied Catalysis B:
Environmental) 241:452–460. https://doi.org/10.1016/j.apcatb.2018.08.073

157. Kong L, Zhang X, Wang C et al (2018) Ti3+ defect mediated g-C3N4/TiO2 Z-scheme system
for enhanced photocatalytic redox performance. Appl Surf Sci 448:288–296. https://doi.org/
10.1016/j.apsusc.2018.04.011

158. Wang J, Xia Y, Zhao H et al (2017) Oxygen defects-mediated Z-scheme charge separation in
g-C3N4/ZnO photocatalysts for enhanced visible-light degradation of 4-chlorophenol and
hydrogen evolution. Appl Catal B (Applied Catalysis B: Environmental) 206:406–416.
https://doi.org/10.1016/j.apcatb.2017.01.067

159. Goud BS, Koyyada G, Jung JH et al (2020) Surface oxygen vacancy facilitated Z-scheme
MoS2/Bi2O3 heterojunction for enhanced visible-light driven photocatalysis-pollutant
degradation and hydrogen production. Int J Hydrogen Energy 45:18961–18975. https://
doi.org/10.1016/j.ijhydene.2020.05.073

160. Wang M, Huang S, Pang X et al (2019) Switching charge kinetics from type-I to Z-scheme
for g-C3N4 and ZnIn2S4 by defective engineering for efficient and durable hydrogen
evolution. Sustain Energy Fuels 3:3422–3429. https://doi.org/10.1039/C9SE00639G

782 E. S. Welter and R. Gläser

http://dx.doi.org/10.1021/acsami.7b06030
http://dx.doi.org/10.1021/acsami.7b06030
http://dx.doi.org/10.1016/j.apcatb.2017.08.018
http://dx.doi.org/10.1016/j.nanoen.2017.08.032
http://dx.doi.org/10.1039/C8CY01884G
http://dx.doi.org/10.1016/j.ijhydene.2019.12.077
http://dx.doi.org/10.1039/C8QI01359D
http://dx.doi.org/10.1016/j.apcatb.2016.05.046
http://dx.doi.org/10.1016/j.apcatb.2016.05.046
http://dx.doi.org/10.1016/j.apsusc.2019.144396
http://dx.doi.org/10.1039/c8nr10230a
http://dx.doi.org/10.1039/D0CE00966K
http://dx.doi.org/10.1039/D0CE00966K
http://dx.doi.org/10.1021/acscatal.9b01786
http://dx.doi.org/10.1021/acscatal.9b01786
http://dx.doi.org/10.1016/j.apcatb.2018.08.073
http://dx.doi.org/10.1016/j.apsusc.2018.04.011
http://dx.doi.org/10.1016/j.apsusc.2018.04.011
http://dx.doi.org/10.1016/j.apcatb.2017.01.067
http://dx.doi.org/10.1016/j.ijhydene.2020.05.073
http://dx.doi.org/10.1016/j.ijhydene.2020.05.073
http://dx.doi.org/10.1039/C9SE00639G


161. Fu C-F, Zhang R, Luo Q et al (2019) Construction of direct Z-Scheme photocatalysts for
overall water splitting using two-dimensional van der waals heterojunctions of metal
dichalcogenides. J Comput Chem 40:980–987. https://doi.org/10.1002/jcc.25540

162. Niu X, Bai X, Zhou Z et al (2020) Rational design and characterization of direct Z-scheme
photocatalyst for overall water splitting from excited state dynamics simulations. ACS Catal
10:1976–1983. https://doi.org/10.1021/acscatal.9b04753

163. Hezam A, Namratha K, Drmosh QA et al (2018) Direct Z-scheme Cs2O–Bi2O3–ZnO
heterostructures for photocatalytic overall water splitting. J Mater Chem A 6:21379–21388.
https://doi.org/10.1039/C8TA08033J

164. Xue C, Zhang P, Shao G et al (2020) Effective promotion of spacial charge separation in
direct Z-scheme WO3/CdS/WS2 tandem heterojunction with enhanced visible-light-driven
photocatalytic H2 evolution. Chem Eng J 398:125602. https://doi.org/10.1016/j.cej.2020.
125602

165. Wang N, Wu L, Li J et al (2020) Construction of hierarchical Fe2O3@MnO2 core/shell
nanocube supported C3N4 for dual Z-scheme photocatalytic water splitting. Sol Energy
Mater Sol Cells 215:110624. https://doi.org/10.1016/j.solmat.2020.110624

166. Subha N, Mahalakshmi M, Myilsamy M et al (2018) Direct Z-scheme heterojunction
nanocomposite for the enhanced solar H2 production. Appl Catal A 553:43–51. https://doi.
org/10.1016/j.apcata.2018.01.009

167. Tu W, Guo W, Hu J et al (2020) State-of-the-art advancements of crystal facet-exposed
photocatalysts beyond TiO2: design and dependent performance for solar energy conversion
and environment applications. Mater Today 33:75–86. https://doi.org/10.1016/j.mattod.
2019.09.003

168. Reginato G, Zani L, Calamante M et al (2020) Dye-sensitized heterogeneous photocatalysts
for green redox reactions. Eur J Inorg Chem 2020:899–917. https://doi.org/10.1002/ejic.
201901174

169. Shao W, Wang H, Zhang X (2018) Elemental doping for optimizing photocatalysis in
semiconductors. Dalton Trans 47:12642–12646. https://doi.org/10.1039/c8dt02613k

170. Xu C, Ravi Anusuyadevi P, Aymonier C et al (2019) Nanostructured materials for
photocatalysis. Chem Soc Rev 48:3868–3902. https://doi.org/10.1039/c9cs00102f

171. Low J, Yu J, Jaroniec M et al (2017) Heterojunction photocatalysts. Adv Mater 29. https://
doi.org/10.1002/adma.201601694

172. Reddy NL, Rao VN, Vijayakumar M et al (2019) A review on frontiers in plasmonic
nano-photocatalysts for hydrogen production. Int J Hydrogen Energy 44:10453–10472.
https://doi.org/10.1016/j.ijhydene.2019.02.120

173. Zhong S, Xi Y, Wu S et al (2020) Hybrid cocatalysts in semiconductor-based photocatalysis
and photoelectrocatalysis. J Mater Chem A 8:14863–14894. https://doi.org/10.1039/
D0TA04977H

174. Bai S, Yin W, Wang L et al (2016) Surface and interface design in cocatalysts for
photocatalytic water splitting and CO2 reduction. RSC Adv 6:57446–57463. https://doi.org/
10.1039/C6RA10539D

175. Pan H (2016) Principles on design and fabrication of nanomaterials as photocatalysts for
water-splitting. Renew Sust Energ Rev 57:584–601. https://doi.org/10.1016/j.rser.2015.12.
117

176. Fajrina N, Tahir M (2019) A critical review in strategies to improve photocatalytic water
splitting towards hydrogen production. Int J Hydrogen Energy 44:540–577. https://doi.org/
10.1016/j.ijhydene.2018.10.200

177. Chen Y, Ji S, Sun W et al (2020) Engineering the atomic interface with single platinum
atoms for enhanced photocatalytic hydrogen production. Angew Chem Int Ed 59:1295–
1301. https://doi.org/10.1002/anie.201912439

178. Ho Lee C, Uck Lee S (2018) Theoretical basis of electrocatalysis. In: Pati RK,
Mukhopadhyay I, Ray A (eds) Electrocatalysts for fuel cells and hydrogen evolution—
theory to design. IntechOpen

24 Novel Solid Photocatalysts for Hydrogen Generation … 783

http://dx.doi.org/10.1002/jcc.25540
http://dx.doi.org/10.1021/acscatal.9b04753
http://dx.doi.org/10.1039/C8TA08033J
http://dx.doi.org/10.1016/j.cej.2020.125602
http://dx.doi.org/10.1016/j.cej.2020.125602
http://dx.doi.org/10.1016/j.solmat.2020.110624
http://dx.doi.org/10.1016/j.apcata.2018.01.009
http://dx.doi.org/10.1016/j.apcata.2018.01.009
http://dx.doi.org/10.1016/j.mattod.2019.09.003
http://dx.doi.org/10.1016/j.mattod.2019.09.003
http://dx.doi.org/10.1002/ejic.201901174
http://dx.doi.org/10.1002/ejic.201901174
http://dx.doi.org/10.1039/c8dt02613k
http://dx.doi.org/10.1039/c9cs00102f
http://dx.doi.org/10.1002/adma.201601694
http://dx.doi.org/10.1002/adma.201601694
http://dx.doi.org/10.1016/j.ijhydene.2019.02.120
http://dx.doi.org/10.1039/D0TA04977H
http://dx.doi.org/10.1039/D0TA04977H
http://dx.doi.org/10.1039/C6RA10539D
http://dx.doi.org/10.1039/C6RA10539D
http://dx.doi.org/10.1016/j.rser.2015.12.117
http://dx.doi.org/10.1016/j.rser.2015.12.117
http://dx.doi.org/10.1016/j.ijhydene.2018.10.200
http://dx.doi.org/10.1016/j.ijhydene.2018.10.200
http://dx.doi.org/10.1002/anie.201912439


179. Park K-W, Kolpak AM (2019) Mechanism for spontaneous oxygen and hydrogen evolution
reactions on CoO nanoparticles. J Mater Chem A 7:6708–6719. https://doi.org/10.1039/
C8TA11087E

180. Xu S-M, Yan H, Wei M (2017) Band structure engineering of transition-metal-based layered
double hydroxides toward photocatalytic oxygen evolution from water: a
theoretical-experimental combination study. J Phys Chem C 121:2683–2695. https://doi.
org/10.1021/acs.jpcc.6b10159

181. Zhou X, Dong H, Ren A-M (2016) Exploring the mechanism of water-splitting reaction in
NiOx/b-Ga2O3 photocatalysts by first-principles calculations. Phys Chem Chem Phys
18:11111–11119. https://doi.org/10.1039/c5cp07260c

182. Muuronen M, Parker SM, Berardo E et al (2017) Mechanism of photocatalytic water
oxidation on small TiO2 nanoparticles. Chem Sci 8:2179–2183. https://doi.org/10.1039/
c6sc04378j

183. Le Formal F, Pastor E, Tilley SD et al (2015) Rate law analysis of water oxidation on a
hematite surface. J Am Chem Soc 137:6629–6637. https://doi.org/10.1021/jacs.5b02576

184. Wang D, Sheng T, Chen J et al (2018) Identifying the key obstacle in photocatalytic oxygen
evolution on rutile TiO2. Nat Catal 1:291–299. https://doi.org/10.1038/s41929-018-0055-z

185. Ma Z, Lin S, Sa R et al (2017) A comprehensive understanding of water photooxidation on
Ag3PO4 surfaces. RSC Adv 7:23994–24003. https://doi.org/10.1039/C7RA02853A

186. Gao G, Bottle S, Du A (2018) Understanding the activity and selectivity of single atom
catalysts for hydrogen and oxygen evolution via ab initial study. Catal Sci Technol 8:996–
1001. https://doi.org/10.1039/c7cy02463k

187. Qureshi M, Takanabe K (2017) Insights on measuring and reporting heterogeneous
photocatalysis: efficiency definitions and setup examples. Chem Mater 29:158–167. https://
doi.org/10.1021/acs.chemmater.6b02907

188. Kalamaras E, Lianos P (2015) Current doubling effect revisited: current multiplication in a
PhotoFuelCell. J Electroanal Chem 751:37–42. https://doi.org/10.1016/j.jelechem.2015.05.
029

189. Schneider J, Bahnemann DW (2013) Undesired role of sacrificial reagents in photocatalysis.
J Phys Chem Lett 4:3479–3483. https://doi.org/10.1021/jz4018199

190. Kumaravel V, Imam M, Badreldin A et al (2019) Photocatalytic hydrogen production: role
of sacrificial reagents on the activity of oxide, carbon, and sulfide catalysts. Catalysts 9:276.
https://doi.org/10.3390/catal9030276

191. Wang M, Shen S, Li L et al (2017) Effects of sacrificial reagents on photocatalytic hydrogen
evolution over different photocatalysts. J Mater Sci 52:5155–5164. https://doi.org/10.1007/
s10853-017-0752-z

192. Christoforidis KC, Fornasiero P (2017) Photocatalytic hydrogen production: a rift into the
future energy supply. ChemCatChem 9:1523–1544. https://doi.org/10.1002/cctc.201601659

193. Bowker M, Morton C, Kennedy J et al (2014) Hydrogen production by photoreforming of
biofuels using Au, Pd and Au–Pd/TiO2 photocatalysts. J Catal 310:10–15. https://doi.org/10.
1016/j.jcat.2013.04.005

194. Strataki N, Bekiari V, Kondarides DI et al (2007) Hydrogen production by photocatalytic
alcohol reforming employing highly efficient nanocrystalline titania films. Appl Catal B
(Applied Catalysis B: Environmental) 77:184–189. https://doi.org/10.1016/j.apcatb.2007.07.
015

195. Shiragami T, Tomo T, Matsumoto T et al (2013) Structural dependence of alcoholic
sacrificial agents on TiO2-photocatalytic hydrogen evolution. Bull Chem Soc Jpn 86:382–
389. https://doi.org/10.1246/bcsj.20120274

196. Zhao J, Shi R, Li Z et al (2020) How to make use of methanol in green catalytic hydrogen
production? Nano Select 1:12–29. https://doi.org/10.1002/nano.202000010

197. Guzman F, Chuang SSC, Yang C (2013) Role of methanol sacrificing reagent in the
photocatalytic evolution of hydrogen. Ind Eng Chem Res 52:61–65. https://doi.org/10.1021/
ie301177s

784 E. S. Welter and R. Gläser

http://dx.doi.org/10.1039/C8TA11087E
http://dx.doi.org/10.1039/C8TA11087E
http://dx.doi.org/10.1021/acs.jpcc.6b10159
http://dx.doi.org/10.1021/acs.jpcc.6b10159
http://dx.doi.org/10.1039/c5cp07260c
http://dx.doi.org/10.1039/c6sc04378j
http://dx.doi.org/10.1039/c6sc04378j
http://dx.doi.org/10.1021/jacs.5b02576
http://dx.doi.org/10.1038/s41929-018-0055-z
http://dx.doi.org/10.1039/C7RA02853A
http://dx.doi.org/10.1039/c7cy02463k
http://dx.doi.org/10.1021/acs.chemmater.6b02907
http://dx.doi.org/10.1021/acs.chemmater.6b02907
http://dx.doi.org/10.1016/j.jelechem.2015.05.029
http://dx.doi.org/10.1016/j.jelechem.2015.05.029
http://dx.doi.org/10.1021/jz4018199
http://dx.doi.org/10.3390/catal9030276
http://dx.doi.org/10.1007/s10853-017-0752-z
http://dx.doi.org/10.1007/s10853-017-0752-z
http://dx.doi.org/10.1002/cctc.201601659
http://dx.doi.org/10.1016/j.jcat.2013.04.005
http://dx.doi.org/10.1016/j.jcat.2013.04.005
http://dx.doi.org/10.1016/j.apcatb.2007.07.015
http://dx.doi.org/10.1016/j.apcatb.2007.07.015
http://dx.doi.org/10.1246/bcsj.20120274
http://dx.doi.org/10.1002/nano.202000010
http://dx.doi.org/10.1021/ie301177s
http://dx.doi.org/10.1021/ie301177s


198. Huang C-W, Nguyen B-S, Wu JC-S et al (2020) A current perspective for photocatalysis
towards the hydrogen production from biomass-derived organic substances and water. Int J
Hydrogen Energy 45:18144–18159. https://doi.org/10.1016/j.ijhydene.2019.08.121

199. Kuehnel MF, Reisner E (2018) Solar hydrogen generation from lignocellulose. Angew
Chem Int Ed 57:3290–3296. https://doi.org/10.1002/anie.201710133

200. Lakshmana Reddy N, Navakoteswara Rao V, Mamatha Kumari M et al (2018)
Nanostructured semiconducting materials for efficient hydrogen generation. Environ Chem
Lett 16:765–796. https://doi.org/10.1007/s10311-018-0722-y

201. Reddy NL, Kumar S, Krishnan V et al (2017) Multifunctional Cu/Ag quantum dots on TiO2

nanotubes as highly efficient photocatalysts for enhanced solar hydrogen evolution. J Catal
350:226–239. https://doi.org/10.1016/j.jcat.2017.02.032

202. Liu X, Duan X, Wei W et al (2019) Photocatalytic conversion of lignocellulosic biomass to
valuable products. Green Chem 21:4266–4289. https://doi.org/10.1039/C9GC01728C

203. Butburee T, Chakthranont P, Phawa C et al (2020) Beyond artificial photosynthesis:
prospects on photobiorefinery. ChemCatChem 34:26. https://doi.org/10.1002/cctc.
201901856

204. Wakerley DW, Kuehnel MF, Orchard KL et al (2017) Solar-driven reforming of
lignocellulose to H2 with a CdS/CdOx photocatalyst. Nat Energy 2. https://doi.org/10.
1038/nenergy.2017.21

205. Pellegrin Y, Odobel F (2017) Sacrificial electron donor reagents for solar fuel production.
C R Chim 20:283–295. https://doi.org/10.1016/j.crci.2015.11.026

206. Li C, Hu P, Meng H et al (2016) Role of sulfites in the water splitting reaction. J Solution
Chem 45:67–80. https://doi.org/10.1007/s10953-015-0422-1

24 Novel Solid Photocatalysts for Hydrogen Generation … 785

http://dx.doi.org/10.1016/j.ijhydene.2019.08.121
http://dx.doi.org/10.1002/anie.201710133
http://dx.doi.org/10.1007/s10311-018-0722-y
http://dx.doi.org/10.1016/j.jcat.2017.02.032
http://dx.doi.org/10.1039/C9GC01728C
http://dx.doi.org/10.1002/cctc.201901856
http://dx.doi.org/10.1002/cctc.201901856
http://dx.doi.org/10.1038/nenergy.2017.21
http://dx.doi.org/10.1038/nenergy.2017.21
http://dx.doi.org/10.1016/j.crci.2015.11.026
http://dx.doi.org/10.1007/s10953-015-0422-1


Chapter 25
Visible Range Activated Metal Oxide
Photocatalysts in New and Emerging
Energy Applications

Cigdem Sahin and Canan Varlikli

Abstract Metal oxide semiconductors are known to provide adequate activity in
most of the photocatalytic processes. Among them, visible active or activated ones
gain the highest attention because of their wide range of application areas induced
by light absorption and followed by charge transport. In this chapter, the focus of
potential application areas is limited to solar fuels and solar cells as they represent
two of the most studied fields of green photocatalytic semiconductors.

Keywords Photocatalyst � Metal oxide � Visible light � Solar fuel � Solar cell

25.1 Introduction

Worldwide energy consumption is rapidly increasing due to industrial develop-
ments and population growth. Over 80% of energy demand is derived from fossil
fuels which can cause environmental pollutions [94, 105, 114]. Solar energy is an
ideal source of clean and renewable energy. Photocatalysis has great interest due to
its potential for solar energy and environmental applications [42, 54].

Photocatalysis is mainly used in the fields of hydrogen production, solar cells,
self-cleaning surfaces, antibacterial agents, air and water purifications [26, 57, 89].
Although there are many efforts on photocatalyst materials and photocatalytic
applications, the development of visible light-activated photocatalyst materials is
still needed for commercial applications [21]. The photocatalytic process is initiated
by the light absorption, following the formation of electron–hole pairs in a semi-
conductor. Sunlight contains about 4% UV light and 43% visible light [86]. With
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the aim of the maximum use of solar light, a growing interest is observed in search
of visible light-activated photocatalysts. A search in Web of Science for the key-
words of “visible photocatalysis” have resulted over 18.000 publications since 2012
(Fig. 25.1).

Among photocatalytic materials, visible range activated metal oxide photocat-
alysts have attracted attention due to their light absorption, charge separation, and
transport properties. The visible light response of a metal oxide can be tuned
through many doping processes including metal doping, non-metal doping, dye
sensitization, etc. [8, 78]. In this chapter, the focus is on the visible range activated
metal oxides and their potential application areas which are limited to solar fuels
and solar cells.

25.2 Development/Preparation of Visible Active Metal
Oxide Photocatalysts

Metal oxides such as TiO2, ZnO, ZrO2 and SnO2 with wide band gap show pho-
tocatalytic activity under UV light for solar fuels and environmental applications.
For effective utilization of solar light, UV active metal oxides can be tuned to
visible range active metal oxides by using metal doping, non-metal doping, various
co-doped systems, dye sensitization, and composite semiconductors [8, 84, 99, 109,
127]. These approaches can also provide the optimization of morphology, surface
area, crystallinity, porosity, and energy levels of metal oxides which can improve
photocatalytic activity.

Non-metal doping of metal oxides with N, C, S, and F atoms can extend the
absorption response to visible range and improve photocatalytic activity. Nitrogen
is one of the most promising dopants for visible light active photocatalysts due to its
comparable atomic size with oxygen, small ionization energy, and stability [20, 24,
99]. Titanium dioxide (TiO2) is the most widely used metal oxide for photocatalytic
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publications versus years for
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applications due to its unique material properties; nontoxic, stabile, and low cost
[15, 30, 109]. Doping of TiO2 with the nitrogen sources can form a new N 2p band
above the O 2p valance band of TiO2 and lead to optical absorption in the visible
light region (Fig. 25.2) [3, 4, 23, 145]. Additionally, the formation of the oxygen
vacancies can be observed due to N-doping which also play an important role in the
red-shifted absorption band edge [49, 117, 145].

There are various physical and chemical techniques such as sputtering, ion
implantation, sol–gel, solvothermal, and hydrothermal methods for the preparation
of N-doped TiO2 [49, 79, 95, 136]. Diker et al. have prepared, N-doped TiO2

nanoparticles by using 1° and 2° alkyl and alcohol amines [n-propylamine
(nPRYL), ethanolamine (ETOH), propanolamine (PROH), diethylamine (DETYL),
dipropylamine (DPRYL), diethanolamine (DETOH), and ammonium hydroxide
(NH4OH)] as nitrogen sources through microwave and hydrothermal growth
methods. Their study showed that the nitrogen doping into the TiO2 lattice depends
on the preparation conditions and nature of nitrogen source; alkyl chain length
differences of amine sources did not make a significant effect on the doping process
[18]. Some of the other nitrogen sources used for N-doped TiO2 are ammonium
chloride, ammonium hydroxide, urea, and hydrazine [14, 49, 68, 145]. These
studies showed that the morphology and crystallinity of TiO2 with anatase/brookite
structure can be improved with N-doping method using solvothermal process by
hydrazine as nitrogen source. While SEM image of the undoped TiO2 shows
quasi-spherical nanoparticles, the formation of uniform TiO2 nanorods are observed
by nitrogen doping in TiO2 (Fig. 25.3). The high crystallinity of N-doped TiO2

nanorods can decrease charge recombination, resulting in higher photocatalytic
activity under visible light compared to undoped TiO2 [31].

One of the other non-metals utilized in doping of TiO2 is fluorine which causes
oxygen vacancies due to the reduction of Ti4+ to Ti3 +by charge compensation
between F− and Ti4+. These Ti3+ donor surface states can place close the conduction
band of TiO2 which might result in visible light absorption [63, 99, 109, 137].
S-doping is also one of the useful strategies for improving the visible light

Visible light

CB

VB

Visible light

CB

VB

Band gap
3.2 eV

Band gap
2.5 eVDoping

TiO2 N-doped TiO2

Fig. 25.2 Energy level diagrams for undoped and N-doped TiO2
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photocatalytic activity of TiO2. S-doping TiO2 can also provide small crystallite
size, high porosity, and uniform surface [38, 99].

An important improvement was observed with the use of B/N co-doping which
resulted in red anatase TiO2 microspheres. Formation of red TiO2 is attributed to the
synergetic effect of both B and N atoms in co-doped titania. In this process, sub-
stitution of oxygen by nitrogen is facilitated through the pre-doping of TiO2 with
boron to weaken the Ti–O bonds. The absorption edge of the red anatase TiO2 has
been extended up to 700 nm [70]. Figure 25.4 shows the absorption and Raman
spectra of the white TiO2 and red TiO2.

The doping of metal oxides with transition metals such as Fe, Cu, Co, Cr, Ru, Pt,
and Au may form a new energy level between valance and conduction bands,

Fig. 25.3 SEM images of the samples: undoped TiO2 (a); N-doped TiO2, N2H4�H2O
concentration 12.3 mol/L (b); 10.3 mol/L (c); 8.2 mol/L (d); 6.2 mol/L (e); 4.1 mol/L (f)
(Reprinted from Ref. [31] with permission from Royal Society of Chemistry)
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resulting in a red shift in the absorption edge of metal oxide [16, 133, 151, 152]. It
is showed that Co transition metal doping in ZnO significantly enhances visible
light-responsive of the photocatalyst. Smaller ionic radius of Co2+ than Zn2+

facilitated the incorporation of Co2+ in ZnO and lead to the s-d and p-d interactions
between the localized d electrons of the Co2+ ions and ZnO band electrons,
resulting in the formation of new charge-transfer bands in visible-light region [41,
66, 102, 106, 114]

The adsorption of dye molecules such as organic or organometallic compounds
to metal oxides such as TiO2 and ZnO enhances photoresponse in visible light
region as well. Under visible light, the excited electrons are transferred from the
LUMO energy level of the dyes to the conduction band of metal oxide. In this
system, electron injection in a femtosecond scale forms faster than the recombi-
nation of electron–hole pairs in nanoseconds to milliseconds scale which may
reduce recombination rate [25, 39, 80]. The higher surface area of the photocatalyts
is desired for the high amount of dye adsorption on metal oxide which may improve
photocatalytic activity [25].

To extend the light absorption to the visible range, another effective strategy is
the formation of composite semiconductors. This can be achieved by the coupling
metal oxide such as TiO2, ZnO and CeO2 with large band gap and a semiconductor
of narrow band gap such as CdS, Bi2S3 and V2O5 [5, 88, 115]. In electron transfer

Fig. 25.4 a SEM image of a red TiO2 microsphere; b optical photograph of the prepared red TiO2

sample; c and d UV–visible absorption and Raman spectra of the white TiO2 and red TiO2

(Reprinted from Ref. [70] with permission from Royal Society of Chemistry)
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mechanism of composite semiconductor, electron is injected from the conduction
band of semiconductor with small band gap to the large band gap semiconductor
[25]. Samal et al. have demonstrated that UV light active ZnO and CeO2 semi-
conductors with wide band gap (3.2 eV) can be tuned to visible light active pho-
tocatalyst by combining reduced graphene oxide (rGO) (band gap 2.5 eV) [115].
Sivasakthi et al. have reported that the morphology of g-C3N4–CuO/ZnO composite
semiconductor play an important role in visible light absorption [120]. The com-
bination of micron-size flower-like CuO/ZnO with g-C3N4 thin sheets can lead to
broad absorption peak in the range of 300 and 570 nm (Fig. 25.5). Formation of
composite semiconductor using CoO with narrow band gap and TiO2 can enhance
visible light absorption and charge-transfer for photocatalytic applications [27].

The use of any of the above-mentioned strategies makes significant contributions
on the development of visible active metal oxide photocatalysts by either chaining
the electronic band structure or by acting as co-light absorbers.

Fig. 25.5 FESEM images of a bulk g-C3N4, b DMSO-g-C3N4, c and d CuO/ZnO, e–g g-C3N4–

CuO, f UV–VIS spectra of g-C3N4, DMSO-g-C3N4, CuO/ZnO and g-C3N4–CuO/ZnO (Adapted
from Ref. [120], Copyright (2020), with permission from Elsevier)

792 C. Sahin and C. Varlikli



25.3 Solar Fuel Applications

Photocatalytic H2 production and CO2 reduction processes have attracted attention
in solar fuel applications for clean energy [121, 141]. After [29] discovered
semiconductor-based photocatalytic water-splitting in a photoelectrochemical cell,
there are many efforts on the synthesis of photocatalytic materials for H2 production
as clean energy fuel [29, 90, 105]. Among photocatalytic materials, visible range
activated metal oxide photocatalysts have gained importance as photoanode in H2

production technology [160]. Metal oxides can allow the optimization of their
properties such as the morphology, surface area, crystallinity, and particle size by
modifications using metal doping, non-metal doping, various co-doped systems,
dye sensitization, and composite semiconductors [42, 78]. For the use of metal
oxides in H2 production, it is desirable that metal oxides have certain properties
such as suitable band gap, suitable energy levels for H2 generation, high quantum
yield, corrosion-resistant, and stability [78, 90]. The basic mechanism of photo-
catalytic water-splitting for hydrogen production involves the following steps; the
generation of electron–hole pairs under light irradiation, charge separation, and
surface chemical reactions between generated carriers with water (Fig. 25.6) [146].

TiO2 is widely studied as photocatalyst for H2 production due to its chemical
stability, nontoxic, and corrosion-resistant. It is known that N-doped TiO2 can
generally show high crystallinity and small particle size which can improve the H2

generation efficiency [72, 92, 128]. Recently, Kong et al. have reported a
nanolayered heterostructure based on N-doped TiO2 and N-doped carbon (N–TiO2/
NC) by using both doping and compositing in TiO2 for hydrogen evolution [59].
The obtained N–TiO2/NC nanocomposite exhibits enhanced visible light absorp-
tion, superior charge separation and transport ability due to N-doping of TiO2 and
superior conductivity due to N-doped carbon. Furthermore, the use of both doping
and compositing in TiO2 can increase the surface area and affect the morphology of
TiO2 (Fig. 25.7). Therefore, the nanolayered N–TiO2/NC heterostructure shows

-
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H2
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E/V vs. NHEFig. 25.6 Mechanism of
photocatalytic water-splitting
for hydrogen production
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effective water-splitting under visible light with H2 evolution rate up to
102.6 lmol g−1 h−1 [59].

Park et al. have shown that doping Ag ions on TiO2 surface affects hydrogen
production by photocatalytic water-splitting using liquid phase plasma (LPP) [98].
Ag-doped TiO2 exhibits small crystal size and uniform surface which can increase
visible light absorption and hydrogen evolution rate. In this process, the use of LLP
method and CH3OH as a sacrificial reagent shows an increase in hydrogen evo-
lution rate [98]. To increase the efficiency of hydrogen production, one of other
strategies is synthesis of reduced graphene oxide (rGO) supported InVO4–TiO2

nanocomposite by the hydrothermal method. rGO/InVO4–TiO2 nanocomposites
show high surface area, small particle size, strong Ti–C band interaction. The
loading of InVO4 and rGO to TiO2 can provide high electron mobility, efficient
charge carrier separation, and transportation, resulting in high H2 evolution rate of
1699 lmol h−1 (Fig. 25.8) [150].

CuO is considered a photocatalyst for H2 production due to narrow band gap and
earth abundance [28, 45, 138]. However, the use of CuO as photocatalyst may
cause rapid recombination of charge carriers, photocorrosion, low water adsorption
capacity and large intrinsic over-potential for water reduction which may limit
photocatalytic hydrogen evolution application [130]. Recently, a variety of strate-
gies have been developed to overcome these shortcomings [17, 130, 147]. Wang
et al. have reported the synthesis of C-doped CuO hollow spheres to increase water
adsorption capability and efficiency of photocatalytic hydrogen evolution. The

Fig. 25.7 a, b SEM images, and c–e TEM images of N–TiO2/NC Reprinted with permission from
Ref. [59]. Copyright (2020) American Chemical Society
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hollow and porous structure of C-doped CuO can provide large surface area which
results in good water adsorption capability and abundant reactive sites. The pres-
ence of single-phase and highly crystalline CuO was observed in the as-prepared C–
CuO hollow spheres (Fig. 25.9) which can affect charge separation and trans-
portation. Doping C atoms to CuO can decrease the reaction energy barrier for H2

production. In this approach, C-doped CuO hollow spheres show efficient hydrogen
production under visible light with the H2 evolution rate of 67.3 mmol/g/h [130].
Cots et al. have shown that the addition of iron by impregnation method facilitates
the external conversion of the CuO nanowires into a ternary copper iron oxide
which can decrease the corrosion of the CuO as photocathodes [17].

ZnO is a good candidate for hydrogen production due to its low cost and
chemical stability. The light absorption, charge carriers mobility, and recombination
processes of ZnO can be tuned by using metal doping, non-metal doping, and
composite semiconductors [10, 46, 77]. Many successful methods have been
reported to improve the efficiency of hydrogen production. One of strategies is the
doping ZnO with Cu and Ni transition metals. In this strategy, there is no important
change in the morphologies of ZnO:Cu and ZnO:Ni (Fig. 25.10). However, the
formation of oxygen vacancies was observed in ZnO:Cu and ZnO:Ni which
improves the charge separation and reduces recombination of electron and hole
pairs compared to pure ZnO. This results in the H2 evolution rate of 67.3 mmol/g/h
[46]. Bilal et al. have reported the effect of incorporation of MoS2 with a different
concentration in ZnO on composite size, surface area, recombination rate, and H2

evolution efficiency. 3 wt % of MoS2 in ZnO showed the enhanced surface area and
decreased particle size, resulting in H2 evolution efficiency with 165 lmolh−1 g−1

[10]. Hydrogen production efficiencies and morphologies of some metal oxides are
given in Table 25.1 from recent literature reports. These studies show that metal

Fig. 25.8 Photocatalytic H2 production of as-prepared a 5 wt% InVO4–TiO2 (IT-5US), 10 wt%
InVO4–TiO2 (IT-10 US), 15 wt% InVO4–TiO2 (IT-15 US) and 20 wt% InVO4–TiO2 (IT-20 US)
nanocomposite. b Photocatalytic H2 production of as-prepared 1.0 wt% rGO/InVO4–TiO2 (RIT-1
US), 2 wt% rGO/InVO4–TiO2 (RIT-2 US), 3 wt% rGO/InVO4–TiO2 (RIT-3 US), 4 wt% rGO/
InVO4–TiO2 (RIT-4 US), 10 wt% InVO4–TiO2 (IT-10 US), rGO/TiO2 (RT–US) nanocomposites
and TiO2 (Ti–US) (Adapted from Ref. [150], Copyright (2020), with permission from Elsevier)
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oxides can be promising photocatalysts for the evolution of hydrogen under visible
light illumination.

Recently, the conversion of CO2 to valuable fuels have gained to resolve global
warming problem. Photocatalytic CO2 reduction is one of promising processes to
obtain solar fuels such as methane and methanol [139, 144]. In 1979, Inoue et al.
reported for first time that the photoelectrocatalytic reduction of CO2 to methyl
alcohol, formaldehyde, and formic acid using TiO2, ZnO, CdS, WO3, GaP and SiC
semiconductors [48]. Although significant advances in the photocatalytic reduction
of CO2 have been obtained since 1979, it is still needed that new photocatalytic
materials have high visible light absorption, high conversion efficiency, and high
selectivity of products for commercial applications. In recent years, an increasing
interest was observed in the use of visible range activated metal oxide for photo-
catalytic CO2 reduction.

Visible active or activated metal oxide and their composites such as Au/TiO2,
TiO2/CdS, a-Fe2O3/g-C3N4, CuO/Cu2O, Ni/ZnO have generally been used as
photoanode in CO2 reduction process [46, 52, 73, 107, 126]. For effective CO2

reduction process, it is needed from photocatalysts to meet the following

Fig. 25.9 A N2 adsorption/desorption isotherms of pure-CuO, C–CuO, and C–CuO hollow
spheres B Raman spectra of C–CuO hollow spheres. C, D XRD patterns of Pure-CuO, C–CuO,
and C–CuO hollow spheres (Reprinted with permission from Ref. [130] Copyright (2020) John
Wiley and Sons)
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requirements; high visible light absorption, more negative potential than the redox
potential of CO2 reduction, high CO2 adsorption on photocatalysts and effective
charge separation and low recombination rate [100, 119]. The modifications of
metal oxides by using metal doping, dye sensitization, and composite semicon-
ductors can provide increased visible light absorption, high surface area, high
mobility, enhanced selectivity of products, and high CO2 adsorption on photocat-
alysts [46, 64, 100, 144]. Recently, Wang et al. have reported a-Fe2O3–ZnO/rGO
heterostructure for effective photoreduction of CO2 that resulted in CH3OH gen-
eration rate of 1.8 lmolg−1 h−1 under visible light [134]. In this system, while the
introduction of a-Fe2O3 to the heterostructure can decrease the carrier recombi-
nation rate, rGO with high surface area can inhibit the aggregation of Zn spheres.
Furthermore, the high mobility and conductivity of rGO can increase carrier

Fig. 25.10 SEM images and elemental mapping of a–b ZnO, d–e ZnO:Ni, and g–h ZnO:Cu
samples (Reprinted by permission from [Springer Nature] [Journal of Materials Science: Materials
in Electronics] [Ref. 46], COPYRIGHT (2020))
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transport rate of ZnO. The mechanism of CO2 reduction to CH3OH in a-Fe2O3–

ZnO/rGO is presented in Fig. 25.11.
Wang et al. have developed a new porous Copper/Zinc Bimetallic Oxides

Derived from novel metal-organic framework (MOF) for conversion CO2 to
methanol with rate of 3.71 mmol gcat

−1 h−1 [135]. This strategy can enhance sur-
face area of photocatalyst which can facilitate adsorption of CO2 and the release of
CH3OH. Low et al. have reported that highly-efficient recyclable TiO2/CdS com-
posite for the conversion CO2 to CH4 [73]. The loading CdS on TiO2 can enhance
visible light absorption, stability, and CH4 production rate compared to TiO2 and
CdS. The conversion efficiencies and morphologies of some metal oxides for
photocatalytic CO2 reduction are given in Table 25.2 from recent literature reports.
Many researchers have presented new strategies to increase the conversion effi-
ciency of CO2 to valuable fuels. Although significant achievements have been
obtained, it needed to improve conversion efficiency for photocatalytic CO2

reduction.

25.4 Solar Cell Applications

Solar cell is one of promising technologies to meet world energy demand using
solar energy. Silicon-based solar cells are the most popular in photovoltaic market.
Recently, dye-sensitized solar cells (DSSCs) have gained great interest for the
conversion of sunlight into electricity due to low manufacturing cost and high
efficiency in comparison with silicon-based solar cells [58, 155]. DSSC is a new
generation of solar cell known as 3rd generation solar cell which the efficiency
could reach to 12–14% [53, 148]. The structure of DSSC consists of photoanode
with sensitizer, electrolyte, and counter electrode and the working principle is based
on photoelectrochemical process (Fig. 25.12). Metal oxides such as TiO2, ZnO and
SnO2 are used as photoanode in DSSC applications. For the use of metal oxides as

Fig. 25.11 Schematic
illustration of a proposed
photocatalytic mechanism in
the a-Fe2O3–ZnO/rGO
(Reprinted from Ref. [134],
Copyright (2020), with
permission from Elsevier)
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photoanode, it is required that metal oxides have large surface area, suitable energy
levels, rapid electron transport, and low electron recombination for high efficiency
of DSSC [2, 7, 19, 47, 118].

TiO2 is one of the most widely used photoanode materials in DSSCs due to its
stability, electron-transport property, and electron diffusion length [35, 56]. The
morphology, surface area, and particle size of TiO2 play an important role in the
efficiency of DSSCs. It was shown the small particle size and large pore size of
TiO2 can provide better electron transport and high current efficiency. The high
surface area can increase the adsorption of dye molecules on TiO2, resulting in an
improvement in the efficiency of DSSCs [33, 35, 43, 62]. The modification of TiO2

by using dye sensitization, metal and non-metal doping approaches can provide
wide absorption range in visible region and improvement in DSSC efficiency [32,
87, 110, 113]. Kumar et al. have reported the synthesis of the aromatic amines
(aniline and o-phenylenediamine) capped TiO2 composites as scattering layer for
DSSC with the maximum photo-conversion efficiency of 9.84% [61]. Aromatic
amine capped TiO2 shows uniform particle size and homogeneous amine distri-
bution over TiO2 (Fig. 25.13), leading to high light scattering ability and high
visible light absorption. This can provide higher photocurrent density and fill factor,
resulting in higher cell efficiency compare to pristine TiO2. Sahu et al. have
demonstrated that Cu-doped TiO2 as photoanode increases the efficiency of DSSC
with improved open-circuit voltage [112]. The incorporation of Cu2+ ions into TiO2

shifts the Fermi level towards the conduction band edge and an important increase
in open-circuit voltage (Voc) was observed. Furthermore, the high surface area of
Cu-doped TiO2 improves the adsorption of N719 ruthenium dye molecules with
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Fig. 25.12 The working principle of DSSC
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high short circuit current density (Jsc). Kakiage et al. have reported that
highly-efficient dye-sensitized solar cells using collaborative sensitization by an
alkoxysilyl-anchor and carboxy-anchor organic dyes to TiO2 [53]. This approach
enhances the electron injection from dye molecules to TiO2, achieving over 14%
conversion efficiency in the cells.

In DSSC applications, ZnO is one of the photoanodic materials seen as an
alternative to TiO2 due to higher electron mobility and longer electron lifetime.
However, ZnO still exhibits lower cell efficiency and lower stability compared to
TiO2 [2, 104, 125, 129]. There are many efforts to improve the performance of
ZnO-based DSSCs. The doping with Mn, Ca, Cu, or Sr is one of the important
strategies improving the optical and electrical properties of ZnO. It was shown that
electrical conductivity and optical transmission of ZnO films in visible regions were
improved using doping with Mn. Ca or Cu elements [44, 82, 83, 124]. The for-
mation of semiconductor composites is used as photoanode in DSSC. Banik et al.,
have reported the effect of mesoporous ZnO hollow spheres loading on SnO2 for
DSSC application [7]. It is seen that the addition of ZnO hollow spheres increases
surface area with good light-harvesting ability and improves transport properties.
Thus SnO2–ZnO hollow spheres composite exhibits higher cell efficiency of 4.37%
compared to that of SnO2 (1.15%).

Recently, Li et al. have reported that the synthesis of Co3O4@Co3S4 by a facile
in-situ sulfurization method and used as counter electrode for flexible

Fig. 25.13 a–c FE-SEM images of TiO2, T-1 (aniline capped TiO2) and T-2 (o-phenylenediamine
capped TiO2) composite, d Photocurrent density–voltage curves of TiO2, T-1 and T-2 composite
as scattering layer. e IPCE spectra of TiO2, T-1 and T-2 composite (Adapted from Ref. [61],
Copyright (2020), with permission from Elsevier)
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dye-sensitized solar cells [65]. The introduction of Co3S4 to Co3O4 can provide
high conductivity, faster charge transfer and high electrocatalytic activity of the
counter electrode which can results the improvement of cell efficiency of 5.30%
compared to cell with a sputtered Pt counter alectrode (5.23%).

The use of liquid electrolyte systems in DSSCs limits long-term stability of cell
due to iodine sublimation and solvent evaporation in electrolyte. Solid-state
dye-sensitized solar cells (ss-DSSC) can overcome this problem by replacement of
the liquid electrolyte with a solid-state hole transporting material (HTM) or polymer
electrolyte [9, 50, 69]. However, ss-DSSC still exhibit lower efficiency due to lower
hole conductivity and poor pore filling of HTMs than DSSC with liquid electrolyte
[1, 6, 9, 153]. The morphology, particle size, and surface area of metal oxides have
an important effect on electron transport and recombination properties of ss-DSSCs.
The solid-state electrolyte can improve stability of devices. Recently, Cao et al.
have obtained a solid-state DSSC with an efficiency of 11.3% using mesoscopic
TiO2 and copper(II/I) hole transport materials [11].

Recently, organic photovoltaics (OPV) have attracted interest due to their
lightweight and flexible properties in photovoltaic technology which the power
conversion efficiency could reach to 17.5% [93, 116]. The general structure of OPV
consists of an electron donor material and an electron acceptor material between
two electrodes. Metal oxides can act as electron-accepting material, active material,
electron transport layer, charge blocking layer, optical spacer, charge collector in
OPV [34, 67]. The use of doping methods can affect the power conversion effi-
ciency of devices. Sn-doped TiO2 as ETL shows effective charge separation and
improved electrical properties due to the replacement of Ti4+ with Sn4+ which can
result in higher Jsc and cell efficiency in comparison with TiO2 [108]. It was found
that the doping ZnO with Mg or Li elements can shift the energy levels of ZnO and
increase Voc value which can lead to improvement in cell efficiency [75, 96]. Jiang
et al. have reported that organic solar cells with triethanolamine passivated ZnO
exhibit higher electron mobility, and longer charge carrier recombination lifetime in
comparision with the devices based on as-cast ZnO [51]. Triethanolamine passi-
vated ZnO can improve the stability of devices with efficiency of 15.61%. the
mechanism of organic solar cells with triethanolamine passivated ZnO was shown
in Fig. 25.14.

Perovskite solar cells (PSCs) are promising candidates for next-generation
photovoltaic technology which the power conversion efficiency could reach to
25.5% [93, 60, 159]. The high power conversion efficiency of PSCs are related to
their high visible light absorption ability, high carrier mobility, and long carrier
diffusion length [12, 76, 103]. In general, the structure of PSC consists of electron
transport layer (ETL), perovskite material, hole transport layer (HTL), and metal
electrode. Metal oxides such as TiO2, SnO2 and ZnO have been widely used as
electron transport layer (ETL) in PSCs [40, 85, 111]. For ideal ETL, there are some
desired properties from metal oxide such as a good contact with perovskite layer,
proper band alignment with perovskite layer, and high carrier mobility [12, 132].
The optimization of metal oxide for ETL can be made using elemental doping,
combining different semiconductors and surface modifications. It is found that the
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Fig. 25.15 a Top-view SEM images of the m-TiO2 and b m-TiO2/a-WOx layers on ITO glass,
respectively. c The structure of the perovskite solar cells. d The illuminated J–V curves of the cells
with an architecture of Ag/m–TiO2/FTO glass and Ag/a–WOx/FTO glass layers, respectively. The
inset shows the architecture (Reprinted from Ref. [131], Copyright (2020), with permission from
Elsevier)

Fig. 25.14 a Experimental mechanism schematic of triethanolamine passivating ZnO.
b Experimental mechanism schematic of the charge transporting process of OSCs based on
as-cast ZnO and triethanolamine-capped ZnO (Reprinted with permission from Ref. [51].
Copyright (2020) American Chemical Society)
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doping TiO2 with Zn, Mg, N, or Sn elements can increase Jsc and Voc, resulting
enhancement in power conversion efficiency of PSCs [74, 157, 158]. The use of
mesoporous TiO2/amorphous WOx composite as ETL enhances interfacial charge
transfer in PSC and results in high power conversion efficiency of 20.98% [131].
The deposition of a-WOx on TiO2 can provide smoother surface compared to TiO2

(Fig. 25.15) and improve the crystallization of the perovskite films. This can pro-
vide the higher electron mobility and reduced defect density in perovskite films
which can improve charge transfer and performance of the devices.

ZnO is n-type semiconductor as an electron transport layer in PSCs. ZnO has
various morphologies such as nanorods, nanowires, nanotubes, nanosheets, and
nanowalls [12, 156]. Among these nanostructures, ZnO nanorod has attracted in
PSCs due to its highly visible transmittance and high contact area. Yun et al. have
demonstrated the effect of length of ZnO nanorod on the power conversion effi-
ciency of PSC [149]. The optimum length of ZnO nanorod can provide good
crystalline quality of the films which can reduce charge recombination and increase
the efficiency of cell (14.22%). In2O3 is another n-type semiconductor material for
PSC application due to well-tuned band gap, high mobilty, and electron selective
capacity. Oin et al. have reported low-temperature solution-processed
In2O3 nanocrystalline film as an electron selective layer (ESL) for PSC [101].
The power conversion efficiency of 14.83% was obtained by introducing
phenyl-C61-butyric acid methyl ester (PCBM) layer between the In2O3 ESL and
the perovskite layer.

25.5 Conclusion

In this chapter recent progress on visible range activated metal oxide semicon-
ductors in green photocatalytic applications of solar fuels and solar cells is sum-
marized. TiO2 and ZnO are chosen as the model semiconductors as they represent
the most widely utilized ones. No matter in what crystalline structure or mor-
phology, doped and undoped metal oxides have become one of the essential
components of solar energy conversion to fuels and/or current. In those applica-
tions, metal oxides standout with their chemical and thermal stability, morphology
variety, position of conduction and valance band energy levels, optical properties,
and cost. It is obvious that whenever the durability and efficiency problems are
solved, its economy will increasing grow.
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Chapter 26
Hybridized Nanomaterials
for Enhancing Photocatalytic Activity
in Solar Fuel Production

Özlem Kap, Nesrin Horzum, and Canan Varlikli

Abstract Meeting the increasing demand for energy and clean water, access to
these resources has become an essential requirement of modern human life.
Nanohybrid material engineering is significant for the development of functional
materials which can be used as photocatalyst. By optimizing the size, shape, and
surface properties of such nanostructures, the photocatalytic process in terms of
ensuring sustainable resource supply can be improved. The hybrid nanomaterials
aim to obtain a high visible light absorption and low charge recombination resulting
in a superior efficiency of photocatalytic reactions. The application areas which
benefit from such nanohybrid materials are the filtration and degradation of organic
pollutants and the photochemical hydrogen production for solar water splitting.
This chapter describes in detail the nanohybrid materials including metal oxides,
carbon-based materials, metal sulfides, metal–organic frameworks, and transition
metal phosphides as well as bandgap tuning based on these structures, which affect
the efficiency of photocatalysis.

Keywords Photocatalytic activity � Energy conversion � Photocatalytic degrada-
tion � Nanohybrid materials � Heterostructure � Solar fuel
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26.1 Introduction

The non-renewable energy resources reserve mainly constituted of fossil fuels have
a limited source and might be run out in the near future, causing an energy crisis
[121]. Besides, the pollutant gases have produced by these fossil resources threaten
global life due to contamination of air and climate change [38, 159]. Therefore, it
has become important to improve the use of renewable resources which can supply
the energy demand of the world. While the sources such as wind, biomass, hydro,
geothermal, which have all renewable energy potential, have a strong production
performance, the solar energy potential is relatively high, and it differs from the
others remarkably given the capacity [193].

In recent years, the production of fuels such as hydrogen, methanol, and methane
produced by converting solar energy into chemical energy has become a very
rational approach to meet the energy demand and to cope with the environmental
challenges. Photoelectrochemical (PEC) water splitting and CO2 reduction is per-
formed by using different semiconductor nanostructures as a photocatalyst to per-
form the solar-to-fuel conversion. Figure 26.1a shows the primary mechanism of
water splitting by using a semiconductor photocatalyst. This mechanism works as
follows: when a photocatalyst exposed the light which is greater or equal to its
bandgap energy, absorbs the photons. Thus electrons and holes are formed bounded
by Coulomb forces on the valance band and conduction band, respectively [233].
The semiconductor utilizes a proton to excite an electron from valance band to the
conduction band in an excited state. The exposed light excites the electrons into the
conduction band by leaving behind the holes in the valance band, as seen in
Fig. 26.1b. An oxidation–reduction reaction proceeds during the exposure of the
light. The charge carriers dissociate in a catalyst-liquid interface to produce
hydrogen and oxygen from water molecules. However, one of the challenges during

Fig. 26.1 a Photocatalytic processes on semiconductor nanomaterial involving photoexcitation
and formation of electron−hole pair in the nanomaterial. The charges separately diffuse to the
surface, where they can participate in reduction and oxidation reactions, respectively; b Energy
diagram of the same process for a semiconductor with conduction band minimum located at ECB

and valence band maximum at EVB, separated by a bandgap Eg. The overpotentials, DE, shown in
blue, provide the driving force for the transfer of the charges to the electron acceptor (reduction)
and donor (oxidation) molecules. the Fermi levels of the electrons and the holes are elevated to
so-called quasi-Fermi levels, corresponding to Fermi levels under illumination (from Ref. [233]
with permission from American Chemical Society)
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the reaction is that the electrons and holes recombine on the catalyst surface, which
resulted in low conversion efficiency.

In order to increase the photoconversion efficiency of the semiconductor nano-
materials, some methods used have led to the emergence of different strategies.
These strategies may involve changing the shape, size, composition, and thus the
active surface sites of the semiconductor photocatalysis [15]. It may involve doping
method, surface functionalization, or forming a new interface with different
nanomaterials as a heterostructure [190]. Therefore, the electronic band structure of
the material would differ, and the solar-to-fuel efficiency would result in various
efficiency depending on the bandgap engineering of the material. The required
minimum energy transfer to achieve water splitting should be 1.23 eV per electron,
according to Nernst’s equation [254]. Thus, the photocatalyst to be used must
absorb solar light photon energy greater than 1.23 eV. In a photoanode to conduct
the oxygen evolution reaction (OER), the valence band must be more positive than
the O2/H2O potential. In contrast, in a photocathode, the hydrogen evolution
reaction (HER) would be conducted with more negative potential than the H+/H2

potential [227]. The band edge positions of different materials are shown in
Fig. 26.2.

The requirement to perform an effective PEC water splitting and to commer-
cialize it is to increase light-to-energy conversion efficiency. Until today, studies
have been carried out on the development of low-priced, non-toxic, stable, and
efficient semiconductor materials that can absorb the light in the visible region of
the electromagnetic spectrum. It should be noted that the solar light, which is a
green energy source by itself, is also included in the scope of green energy in the
many synthesis methods of photocatalysts used to harvest it.

Many literature studies, in which all configurable and hybrid combinations of
nanomaterials have been investigated using as a photocathode or photoanode in
overall solar water splitting reaction to increase efficiency as a photocatalyst. This
book chapter focuses on recent studies on solar-to-fuel conversion because of the

Fig. 26.2 Band edge positions of semiconductors and their relevance with photocatalytic H2

generation
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highly efficient nanomaterials such as metal oxides, metal–organic frameworks,
carbon-based materials, metal sulphides, and phosphides which have been used
mostly for photoelectrochemical water splitting applications. The factors which
reduce the efficiency of solar conversion will be discussed based on the electron–
hole recombination, limited photon absorption, and charge separation efficiency for
the mentioned nanomaterials. This chapter has been evaluated for water splitting
and CO2 reduction application of the nanomaterials, however, it should be noted
that the same structures can also be used for photocatalytic degradation application.

26.2 Metal Oxides

In this section, we aim to focus on the use of hybridized metal oxide nanomaterials
in the study of photocatalysis for hydrogen generation from water splitting, pol-
lutant degradation, and greenhouse gas reduction. Nanostructured metal oxides are
ideal photocatalysts due to their high surface area, reactive sites, bandgap, and
morphology [116, 213]. The metal oxide first remembered as a photocatalyst is
titanium dioxide (TiO2) with its non-toxicity, chemical stability, and high photo-
catalytic activity. However, one disadvantage is the wide bandgap (3.2 eV) that
makes TiO2 only sensitive to the ultraviolet (UV) region [48]. Another disadvan-
tage is the fast electron–hole recombination and its relatively poor charge-carrying
ability, resulting in low quantum efficiencies [96, 169]. Several approaches have
been used to modify TiO2 materials to overcome these disadvantages. Not only
morphological modifications such as the production of TiO2 nanomaterials with
larger surface area, but also chemical modifications which include metal, non-metal,
metal- non-metal, metal oxide doping, immobilization of TiO2 on secondary sub-
strates, and the use of nanomaterials as TiO2 support, composite fabrication with
semi-conductors have been applied to increase photocatalytic activity. In this
context, some studies which have been conducted in recent years are classified in
Table 26.1.

Doping is one of the frequently used methods to increase the photocatalytic
activity of TiO2 by reducing the bandgap and constructing new energy levels. The
proper amount of doping will reduce the recombination of photogenerated charges,
but when used excessively, they act as a recombination center [5]. One of the
favorite metal doping for TiO2 semiconductor is iron which is non-toxic, inex-
pensive, and earth-abundant element. Because the ionic radius of iron is very close
to the TiO2 lattice parameter [306], in this case, it can also be doped easily.
However, the iron doping process requires precise control during synthesis. Xu
et al. showed that the photocatalytic performance of Fe-doped TiO2 varies
depending on the method of synthesis, iron precursor, and iron concentration which
cause the changes in porosity, particle size, and morphology [291]. The CH4 for-
mation yield was 0.23 lmol g−1 h−1 under visible light illumination for Fe-doped
TiO2. Its specific surface area and bandgap were 275 m2 g−1, 2.75 eV, respectively.
Fe-TiO2-500 was synthesized via one-step hydrothermal method at 500 °C. BET
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Table 26.1 The chemical modification classification for TiO2

Chemical modifications

Metal doping Bimetal doping Metal oxide doping Metal/non-metal doping

Silver (Ag) [69],
Aluminium
(Al) [191]
Cobalt
(Co) [307]
Chromium
(Cr) [170]
Copper
(Cu) [41]
Erbium
(Er) [226]
Gallium
(Ga) [152]
Lanthanum
(La) [145]
Magnesium
(Mg) [179]
Molybdenum
(Mo) [115]
Manganese
(Mn) [236]
Nickel
(Ni) [110]
Niobium
(Nb) [173]
Palladium
(Pd) [212]
Platinum
(Pt) [39]
Rhodium
(Rh) [108]
Ruthenium
(Ru) [4]
Antimony
(Sb) [133]
Tin (Sn) [228]
Strontium
(Sr) [326]
Terbium
(Tb) [274]
Vanadium
(V) [194]
Tungsten
(W) [137]
Ytterbium
(Y) [14]
Zinc (Zn) [104]
Zirconium
(Zr) [46]

Au–Ag [304]
Bi–Y [76]
Cu–Ni [160]
Cu–Zn [160]
Fe–Ni [240]
Ni–Bi [183]
Ni–Cr [218]
Ni–Si [129]
Mn–Zn [276]
Er–W [113]
La–Nb [75]
Rh–Sb [106]
Sn–La [343]
Sr–Rh [184]
Zr–Ag [180]
Zr–Pd [46]

Cu2O [296]
Fe2O3 [177]
MoO3 [109]
NiO [112]
PdO [105]
PtO [174]
SnO2 [83]
WO3 [66]
V2O5 [198]
ZnO [189]
ZrO2 [157]

Fe–N [54]
Ag–N [316]
K–Na–Cl [45]

Non-metal doping
Carbon (C) [130]
Nitrogen (N) [107]
Phosphorus (P) [171]
Sulfur (S) [197]
Selenium (Se) [287]
Fluorine (F) [17]
Chlorine (Cl) [270]
Bromine (Br) [265]
Iodine (I) [215]
N–S [58]
C–N–S [51]

Hybrid TiO2

nanostructures
Graphitic carbon
nitride (g-C3N4)–Pt–
TiO2 [313]
TiO2 supported
MOF-199 derived Cu–
Cu2O
nanoparticles [158]
g-C3N4 nanosheet
hybridized N-doped
TiO2 nanofibers [77]
TiO2/FeMnP core/shell
nanorod [216]
Pd-decorated
hierarchical TiO2

constructed
from the MOFs NH2-
MIL-125(Ti) [300]
Cu/TiO2/Ti3C2Tx

[192]
NH2-MIL-125(Ti)/
TiO2 [309]
Cu/TiO2 core−shell
heterostructures
derived from Cu-MOF
[176]
TiO2 nanorod mats
surface sensitized by
cobalt ZIF-67 [56]
Fe2TiO5–TiO2 [321]
MOF-derived TiO2

photoanodes sensitized
with
quantum dots
(CdSe@CdS) [221]
Ru species supported
on MOF-derived
N-doped TiO2/C
hybrids [299]

TiO2 supported on
secondary substances
Activated carbon fibers
(ACFs) [64]
Carbon nanotubes (CNTs)
[10]
Graphitic carbon nitride
(g-C3N4) [229]
Graphene [79]
Graphene oxide [249]
Silica [196]
Aluminium silicate [95]
Zeolite [315]
Biochar [317]
Poly(methyl methacrylate)
nanofibers [134]
Poly
(styrene-co-vinylphosphonic
acid) fibers [88]

Nanomaterials
supported on
TiO2

Ag nanoparticles
[332]
Au nanoparticles
[187]
Au–Pd
nanoparticles [42]
Bi nanoparticles
[333]
Cu nanoparticles
[210]
CuO
nanoparticles
[312]
Pd–Au
nanoparticles
[224]
PdCoNi
nanoparticles [24]
Pt nanoparticles
[234]
Pt–Pb
nanoparticles [9]
SnO2

nanostructures
[256]
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specific surface area was 202 m2, and the bandgap was of 2.42 eV. The bandgap
and porosity reduced by the chancing the synthesis condition, which results in an
increase of the CH4 formation rate as 0.47 lmol g−1 h−1.

The concentration of metal doping affects the photocatalytic activity of
doped-TiO2 since the metal doping may tune the anatase–rutile transformation
during the synthesis [5]. Anatase is the indirect bandgap semiconductor, whereas
rutile is direct bandgap semiconductor. Indirect bandgap anatase exhibits a longer
lifetime of photoexcited electrons and holes. It has been shown that anatase has the
lightest effective mass, which helps the fastest migration of photogenerated elec-
trons and holes from the inside to surface of anatase TiO2 by lowering the
recombination rate of photogenerated charge carriers. Therefore, anatase TiO2 has a
higher photocatalytic activity than rutile TiO2 [319].

Rutile and anatase have a band of 3.0 and 3.2 eV, respectively. Ding et al. have
formed a heterojunction with these two phases, and the internal electric field has
been built with two different work functions of anatase and rutile. They showed that
the heterophase junction constructed by using TiO2 nanobelt increases photocat-
alytic activity [49]. Figure 26.3 is a schematic illustration of the photocatalytic
mechanism owing to the heterophase junction. Moreover, the O2 production rate
was investigated with increasing calcination temperature. The highest O2 evolution
rate of 0.352 mmol h−1 g−1 was obtained due to the formation of anatase/rutile
heterophase junctions connections at 900 °C. TiO2 nanobelt calcinated at 600, 700,
800 °C were pure anatase, at 1000 °C was of pure rutile, and the O2 evolution rate
is 0.09, 0.124, 0.16 and 0.198 mmol h−1 g−1, respectively. Thus, constructed
anatase/rutile heterophase junctions enhanced carrier separation efficiency and
carrier recombination suppress.

Some non-metallic element dopings which are most commonly used in the
literature have been listed in Table 26.1. Non-metallic doping increases the light
absorption in the visible region of TiO2, enhancing the electron–hole separation, but
again they act as recombination centers due to the formed oxygen vacancies [5].
However, it was stated that the performance of the non-metallic doping could not
enhance the photocatalytic activity as much as metallic doping [96]. The advantage

Fig. 26.3 Schematic illustration of the photocatalytic mechanism of the rutile/anatase heterophase
junction a with and without Pt/CoP cocatalysts (Reprinted from Ref. [49] with permission from
Elsevier)
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of the non-metallic doping to metals does not act as electron traps, and they have
been used to improve photocatalytic activity by using this feature [298].

The p-states of the non-metallic elements mix with the O-2p states of TiO2 which
causes redshift on the valance band and the bandgap decreases. Nitrogen is one of the
most frequently used as dopants for TiO2. Likewise, C doped TiO2 also enables the
formation of new energy levels above the valence band, so the lower absorption
spectrum shifts to the higher wavelengths [12]. F-doped TiO2 is another non-metal
doping element, and they occupy the oxygen vacancies which are in the lattice rather
than doping into the TiO2. Thus, electron–hole recombination sites are reduced by
fluorine. Moreover, Du et al. stated that the reason why F doping decreases photo-
catalytic activity is that element F causes surface fluorination, not doping [55]. A very
high photocatalytic activity has been obtained by the F doping method by using
Mesoporous mesocellular foams as support for fluorine atoms in a study. In order to
increase the substitution of these atoms, the vacuum activation method was used to
boost the oxygen vacancies in TiO2, thus yielding Ti3+‐F lattice structures.

The F‐doped catalyst exhibits high photocatalytic activity and stability for H2

evolution under solar light irradiation with an AM 1.5 air mass filter. The success of
the technique attributed to the decrease of recombination sites by high concentration
F doping and the synergistic effect between lattice Ti3+‐F and surface Ti3+‐F [289].
Other single metal oxides used for photocatalytic applications other than TiO2

include ZnO [57, 87, 93], CeO2 [85], CuO [203], Cu2O [283], SnO2 [186, 225],
Fe2O3 [82], NiO [139], MoO3 [205, 344], WO3 [217], ZrO2 [68], Ag2O [268], Bi2O3

[266], In2O3 [90]. Besides defect engineering strategies such as surface hydro-
genation, metal reduction, and thermal treatment to create oxygen vacancies,
heterostructure engineering is considered to be another effective way of obtaining
photocatalysts with improved efficiencies [11]. For example, metal catalysts (Au, Pt,
Pd, Cu) and bimetallic catalysts (Au–M (M=La, Ni, Cu, Fe, Cr, Y), Pt–Cu, Pd–Cu)
are supported on various single and dual metal oxides to enhance the light absorption
capacity under UV light due to the Schottky barrier and SPR [40]. The photocatalytic
activity of the metal oxides can be improved by not only changing the morphology
(i.e., obtaining nanostructures with a core/shell structure) but also using binary metal
oxides (ZnO/V2O5 [8], ZnO/In2O3 [43], CeO2 supported on SiO2 fibers [89], Fe2O3/
TiO2 [16], Fe2O3/WO3 [178], ZnO Nanorod/a-Fe2O3 [251], NiO/V2O5 [175],
Bi2O3–BiFeO3 [163], SnO2/ZnO [341], WO3–BiVO4 nanostructures [120]) with
higher oxygen mobility over the surface, visible light activity. Besides precious
metals decorated binary metal oxides, ternary metal oxide nano-photocatalysts (CuO/
CeO2/ZnO [151] Bi2O3/Bi2SiO5/SiO2 microspheres [320]) with more efficient
photocatalytic performance have been studied. Moreover, QDs, carbon nanotubes,
g-C3N4 are used as sensitizers for photocatalytic metal oxide structures such as ZnO/
CdS [3], ZnO/CdTe [156], MoO3-MWCNT [219] ZrO2/g-C3N4 [94], etc. An
important class of metal oxide catalysts in green energy production is perovskite
oxides (such as titanate-based perovskites; ATiO3 (A=Ba, Ca, Co, Cu, Fe, Mg, Mn,
Ni, Pb, Sr, Zn), tantalite-based; KTaO3, NaTaO3, and other-metal-based perovskite
oxide photocatalysts like BaZrO3, LaFeO3, and LaMnO3 because of their excellent
absorption, bandgap tunability, and water splitting [185].
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26.3 Carbon-Based Nanomaterials

26.3.1 Graphene-Based Nanomaterials

Graphene (G) consists of a single layer of sp2 hybridized carbon atoms, arranged in
a 2D honeycomb lattice. In addition to being the thinnest material known, it is also
the most robust material with a 1GPa Young’ modulus [117]. Graphene synthesis
can be carried out either by the top-down approach via mechanical, chemical, or
electrochemical exfoliation methods or by the bottom–up approach via chemical
vapor deposition and chemical synthesis methods [20]. In Table 26.2, the methods
used to synthesize graphene-based structures are summarized, additively, the syn-
thesis methods of composite structures have also been shown.

Graphene has drawn attention in solar fuel applications due to excellent prop-
erties such as high stability, large specific surface area, the strong adsorption
capacity, high thermal and electrical conductivity [6]. The high surface area con-
tributes to the stabilization of the metal NPs, metal oxide, and quantum dot
structures because the expanded p orbitals of G overlap with the d orbitals of the
metallic structures [6]. Thus, it can be seen from the literature studies shown in
Table 26.2; the formed heterojunction contributes to the photocatalytic conversion
efficiently.

A well-known structure among various graphene derivatives is graphene oxide
(GO) which is obtained by the oxidation of graphene. Contrary to the hydrophobic
nature of graphene, GO containing hydrophilic functional groups (hydroxyl, car-
bonyl, carboxyl, epoxide) eliminates the problem of aggregation in aqueous solu-
tions [47]. GO has low electrical conductivity; however, it is increased by the
reduction of GO [21]. In a study, Zhu et al. used Ag NPs, CdS NRs, and reduced
graphene oxide(rGO) composite material as photocatalyst for CO2 reduction [345].
According to the result, it was determined that CO2 adsorption capacity of CdS was
5.01 cm3 g−1, while rGO–CdS and Ag–rGO–CdS were 6.60 and 6.02 cm3 g−1,
respectively. Increased adsorption indicates the positive contribution of RGO’s high
electrical conductivity, p–p conjugation between the rGO and CO2, higher surface
area (46.2 m2g−1) and large surface active sites. Moreover, both Ag and RGO act as
the electron acceptor, which expedite in the CO2 reduction reaction.

The degree of the reduction of GO can change the bandgap of the material,
which is essential in the photocatalytic applications [2]. The optical band gap
obtained by incorporation of G/GO into different materials is shown in Table 26.2.
It has been reported in the studies the existence of G or GO resulted in narrowed the
bandgap [74, 102, 141, 201, 220, 231, 242, 269, 335]. As a result of the bandgap
calculation with the Tauc plot analysis, Sorcar et al. found that doped GO amount
with 0.25, 0.50, or 0.75 ml to the reduced blue titania (RBT) reduced the bandgap
to 2.61, 2.41, 2.22 eV, respectively, which was 2.68 eV for pure RBT [231]. While
the produced C2H6 and CH4 amount increased for 0.25 and 0.50 doping, and it
decreased compared to the two for 0.75 doping. Similarly, Wang et al. detected CH4
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evolution for G-doped UIO-66-NH2, and the evolution decreased for UIO-66-NH2/
3.0GR compared to UIO-66-NH2/2.0GR [269]. The reason for the reduction is
attributed to the excessive graphene which covers the active regions of the MOF
structure. It is understood from the results that the optimum amount of G/GO doped
materials increase the CH4/H2 evolution.

Any other G-doped nanostructure is bismuth oxyhalides, which are materials
that may be the candidates for third-generation solar cell, can provide photocatalytic
activity with visible light [305]. Recently, PbBiO2Br/GO composite was produced
via hydrothermal method as a new novel material with different grams of GO [141].
The morphology can be seen in Fig. 26.4. The bandgap energy of the composite
was to 2.40 eV, which was lower compared to 2.47 eV bandgap energy of
PbBiO2Br. Thus, the composite material increased the photocatalytic conversion
rate from CO2 to CH4. This change has been attributed to the double-bond resonant
structure of GO which transports photo-generated electrons and suppresses the
electron–hole recombination of the photocatalyst. Although the conversion of CO2

to CH4 is thermodynamically favorite, the requirement of 8 electrons makes this
process kinetically complicated this process compared to the CO conversion, which
requires 2 electrons transfer. In a study in which CO2 conversion to CO was carried
out by using multi-leg TiO2 nanotubes wrapped with GO and rGO layer [204].

Fig. 26.4 SEM images of as-prepared samples by the hydrothermal autoclave method at different
grams of GO (Molar ratio Pb:Br = 5:5, temp = 250 °C, time = 12 h) (Reprinted from Ref. [141]
with permission from Elsevier)
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Multi-leg TiO2 nanotubes wrapped with GO and rGO were exposed to CO2 for
different periods. The rate of CO formation was observed to remain at the highest
level (760 µmol g−1) after 120 min for rGO wrapped nanotubes when compared to
GO wrapped and bare multi-leg TiO2 nanotubes. The high CO formation has been
attributed to the electrical conductivity of GO/rGO layers connecting adjacent
nanotubes which increased interaction between adsorbed CO2 and photo-generated
electrons.

The most important advantage of using graphene-based nanomaterials is that it
increases the energy conversion by enhancing the photoabsorption and electron–
hole separation with its high surface area. Moreover, the absorption spectrum of
doped graphene and graphene with layer stacking defects extends from UV to NIR,
which makes them an important class of material candidates for photocatalysis solar
light [6].

26.3.2 Graphitic Carbon–Nitride

Two-dimensional (2-D) graphitic carbon nitride (g-C3N4) has become interested
due to its unique properties such as its metal-free structure, easy preparation, high
thermal and chemical stability, low cost [146, 161, 181]. The g-C3N4 has the
photocatalytic activity under the visible-light with the bandgap of 2.7 eV [334].
However the photocatalytic performance of pure g-C3N4 is low, due to the rapid
recombination rate of the photo-generated electron–hole pair and low specific
surface area, but a growing number of studies exist about improvement in the
lifetime of charge carriers in the literature [62, 325].

In order to enhance the photocatalytic performance, heterostructures are formed
by combining with another semiconductor suitable for the band structure of g-C3N4

[62]. Li et al. classified the g-C3N4 heterojunction structures based on the charge
transfer routes and the characteristics of g-C3N4 as type-II, Z-scheme, S-scheme,
p-n heterojunctions and Schottky heterojunctions [135]. Type II heterojunctions are
constructed with metal oxides (TiO2 [7, 278, 284, 301, 336], CuO [301], ZnO [18,
100, 281] SnO [34, 263], Fe2O3 [200, 244, 294], CeO2 [154, 232], WO3 [28, 255],
metal sulfides (CdS [33, 73, 81, 132, 257, 340]), SnS2 [324], MoS2 [131, 260],
ZnIn2S4 [131, 202, 250]), metal telluride (ZnTe [264]) which have a more positive
valence band than g-C3N4. While type II heterojunctions are successful in
improvement of the charge carriers separation, the redox activity would be weak-
ened due to the migration of the electrons and holes to the lower level of CB and
VB, respectively [209]. For this reason, the charge transfer model inspired from the
green plants, g-C3N4 based Z-scheme heterojunctions systems have been developed
to ensure efficient separation of the charge carriers and to advance the redox activity
of the charges in the liquid phase [123]. The system, called the direct Z-scheme, has
been developed to perform electron transfer via solid materials instead of the liquid
medium [293]. One of the drawbacks of the Z-scheme heterojunction systems is
that the conductor material also absorbs light, and the light-harvesting efficiency of
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both photocatalysts is reduced. In another drawback is; if the Fermi level of the
solid conductor material which transfers the electron from the higher CB of one
photocatalyst to the lower VB of the other photocatalyst is lower than the photo-
catalysts, a Schottky barrier forms causing the suppression of the electron flow.
Besides, if the solid conductor during the synthesis is not precisely embedded
between the photocatalysts, it only acts as a co-catalyst instead of charge transfer
carrier [209, 292]. In order to eliminate these shortcomings, reduction photocatalyst
(RP) and oxidation photocatalyst (OP) is used in g-C3N4 based S-scheme hetero-
junction systems. The internal electric field, band bending, and Coulombic attrac-
tion ensure the driving force for the charge transfer [292].

Various methods such as heat treatment, photo deposition, pyrolysis, ion
exchange method, solvothermal and hydrothermal method, electrospinning method,
deposition–precipitation method have been used in order to synthesize of g-C3N4

based materials with controllable morphology. The photocatalytic activities of the
structures are summarized in Table 26.3 depending on the specific types of
heterojunction with particular application, bandgap, and synthesis method for the
composites.

Visible light responsive g-C3N4 material, which is an alternative to TiO2 due to
its unique properties, is being studied water splitting application for the efficient H2

evolution. In order to improve the drawbacks mentioned above, type II, Z-scheme,
and S-scheme heterojunction structures were developed to ensure high charges
redox ability and efficient charge separation, especially in S-scheme heterojunc-
tions, resulting in higher photocatalytic performance.

26.3.3 Carbon Quantum Dots (CQDs)

CQDs, which are zero-dimensional (0D) nanoparticles with sizes below 10 nm, are
attractive because of their many unique and novel properties [295]. Their optical
properties, fluorescence emissions, tunable bandgaps, and good chemical stability
make it a great candidate for solar fuel applications [149]. Top-down synthesis
approach with laser ablation, arc-discharge, and electrochemical oxidation, and
bottom-up approach hydrothermal/solvothermal, microwave pyrolysis methods are
known for the CQDs [13, 273]. During the synthesis process, the core structure of the
CQDs can be functionalized with rich oxygen‐containing functional groups such as
carboxyl and hydroxyl [13]. That functional groups provide hybridization between
CQDs and noble metals (NMs), which are turning up superior properties [65].

In solar fuel applications, CQDs increase the number of electron–hole pairs;
thus, the enhancing charge transfer promotes photocatalytic activity. The hydrogen
production mechanism has been depicted in four steps by using the carbon dots, as
shown in Fig. 26.5. First, light irradiation and photon absorption occur; secondly,
the electron in stimulated from the VB to the CB. Thirdly, the photo-produced
electrons pass to the semiconductor surface, and finally, the resulting electrons and
holes conduct the water-splitting process.
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Sun et al. coated the Ag NPs with the CQDs to investigate the photocatalytic
activity of the composite in which the highest photocatalytic obtained for AgNPs
with 16% CQDs. The methanol (CH3OH) formed as the main product by reduction
of CO2 in this reaction as 17.82 lmol after 10 h of illumination. The produced
CH3OH was three times more than the pure Ag catalyst [238]. Additionally, the
dispersion effects of the CQDs prevents the NPs from the aggregation, thus
increasing surface area is another crucial reason for the boosted photocatalytic
activity [65]. Cobalt monoxide (CoO), which also has an aggregation problem
during the synthesis, has high photocatalytic activity with 5% solar—to hydrogen
efficiency (STH) [138]. Since the conversion efficiency obtained as a result of CoO/
g‐C3N4 type II heterojunction systems were not optimal [261], this system was
combined with CQDs. The ternary CoO/g‐C3N4/CQDs system showed higher
photocatalytic activity with the optimum H2 conversion rate of 987.4 lmol g−1 h−1

compare to BiVO4/CQDs/CdS with 1.24 lmol/h and NiO/CQDs/BiVO4 with
1.21 lmol h−1 [223]. The highly efficient photocatalytic activities of the carbon
dots can be attributed to their electron-donating and accepting abilities, and possible
active surface sites [124].

Some limiting factors to use of CQDs are the low absorption for
long-wavelength, rapid decay in the initial excited state, long-term stability prob-
lem, and the weak interfacial interaction between carbon dots [149]. It is recom-
mended that the chemical structure of the CQDs should be investigated to enhance
charge transfer properties. Moreover, the future composite structures should be
formed with biomaterials and copper chalcogenide structures other than metal,
oxides, bismuth-based metal compounds, and carbon materials composite structures
which already exist in the literature [30].

Fig. 26.5 Schematic illustration of the mechanisms for A photocatalytic and
B photoelectrochemical hydrogen evolution (Reprinted from Ref. [71] with permission from
Elsevier)
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26.4 Metal Sulfide-Based Nanomaterials

Metal sulfides are one of the class of the semiconductor structures that are widely
used in photocatalytic reactions for the conversion of water into hydrogen fuel
using solar energy. The outstanding features; low cost, promising photocatalytic
activity, long lifetime, high absorption in the visible spectrum with great mobilities
of electrons and holes are the main reasons for their popularity [182]. Until today,
there are various heterogeneous and hybrid structures produced with metal sulfides
with superior properties for energy conversion [80].

The most commonly used structures in PEC applications of metal sulphides are
CdS, ZnS, FeS2, MoS2, CuS, Bi2S3 and Sb2S3. Top–down and bottom–up
approaches are used to synthesize these nanostructures. While the top–down
approaches consist of sputtering, electrospinning, lithography, exfoliation, and
milling; the bottom–up approaches have consisted of chemical vapor deposition,
atomic layer deposition, pyrolysis, thermal deposition, pulsed laser deposition,
micro-emulsion, precipitation, hydrothermal and solvothermal synthesis, elec-
trodeposition, and microwave irradiation techniques [27, 36].

Especially CdS have drawn attention with the narrower direct band gap of
2.42 eV compared to TiO2 which has 3.2 eV bandgap. Moreover, among the other
sulfide structures, CdS have favorable photocatalytic performance due to the
absorption wavelength, which is shorter 516 nm. This wavelength corresponds to a
broader absorption spectrum, again compared with TiO2, which absorbs the ultra-
violet light with a wavelength of less than 387 nm [36]. However, the main issue
that limits the use of CdS as photocatalyst is photocorrosion, lack of active sites, the
high photo-generated electron–hole recombination rate [329]. Different types of
heterostructures [243], co-catalysts incorporation [148], sacrificial reagents addition
[72], metallic/non-metallic catalysts coupling [308] have been utilized to overcome
the limitations.

Recently, Ren et al. have synthesized CdS coupled with a 2D Cu7S4 co-catalyst
nanosheets, which increase the active sites and electron transfer yield, for photo-
catalytic hydrogen generation application [206]. It will be useful to consider the
most striking aspects of this study based on the fundamental mechanism. The
electron–hole pair of CdS nanosheets (NSs) easily recombined under irradiation,
and H2 evolution rate is lower. Efficient separation of electron–hole pairs was
achieved by the presence of large contact areas, which is also shown by PL mea-
surements between CdS/Cu7S4 NSs. The H2 production for pure CdS increased
from 2.6 mmol g−1 h−1 to 27.8 mmol g−1 h−1 for CdS-2% Cu7S4 composite.
Moreover, the apparent quantum efficiency value of the composite decreased with
increasing light wavelength at 420, 450, 500, and 550 nm resulted in 14.7%,
12.3%, 9.6%, and 7.2%, respectively. Light absorption wavelength of the
heterostructure has affected the H2 evolution. As another literature study, the 10 wt
% CdS/g-C3N4 nanocomposite structure enabled the increase in the surface area and
the improvement of charge separation. The H2 evolution rate was increased to
216.48 µmol h−1 g−1, which is four times higher compared to pure CdS [97].
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However, it was found that the photocatalytic activity obtained with 20% CdS/
g-C3N4 nanocomposite was lower than pure CdS. This situation is attributed to the
fact that the number of electrons generated electrons from g-C3N4 may be decreased
by the shielding effect of CdS. The H2 production rate, experimental conditions,
and bandgap values of the composites which were obtained with high efficiency by
using sulphide-based nanostructures including CdS and MoS2 are shown in
Table 26.4.

Zinc sulfide, which belongs to II–VI group semiconductor, has been worked as a
photocatalyst due to the remarkable features such as thermal stability, nontoxicity,
and lower cost [118]. It has cubic zinc blende and hexagonal wurtzite crystalline
forms with the bandgap 3.72 eV and 3.77 eV, respectively [60]. As a result of this
wide-bandgap, UV light absorption for electron–hole separation occurs at
k < 340 nm wavelength. In order to use the advantages of ZnS in accordance with
solar fuel applications, efforts have been made to expand the light absorption in the
visible wave spectrum [118].

One of the attempts to decrease the bandgap of ZnS is the use of the proper
amount of dopant. For this purpose, Pang et al. modulated the electronic band
structure of ZnS using Ni dopant, which is a non-toxic metal [188]. They showed
that the photocatalytic CO2 reduction activity decreased as a result of the dimin-
ishment in sulfur vacancies with the increasing amount of Ni doping. The obtained
H2 evolution was almost nine times higher with 0.1wt% Ni dopant by using full Xe
arc lamp compare to pure ZnS.

The heterostructure formed by ZnS/ZnO, which has common anion, has been
synthesized for increased solar fuel production [127]. The lattice mismatch (15%)
between these two structures, the proposed Z-scheme system, and different
annealing time for in-situ growth of ZnO directly on the ZnS enabled this structure
to result in high H2 evolution compared to pure ZnS. These results show that the
particle size, shape, crystal structure, and degree of crystallinity which changes via
the thermal treatment, affect the charge separation of the nanostructures alike the
using various heterostructure and dopant materials.

MoS2, a 2D structure of transition-metal dichalcogenides (TMDCs), has been
widely used for solar fuel application to enhance hydrogen evolution. Its tunable
bandgap within the 1.2–1.9 eV depending on the number of the sheet layers, high
surface area, and abundant active sites are the advantages that make it able to be
modified to increase photocatalytic activity [280]. Methods such as mechanical and
chemical exfoliation, chemical vapor deposition are used in their synthesis [111].
While producing in large quantities is a drawback of mechanical exfoliation;
chemical exfoliation may result in a low yield due to the wild control of the
intercalation process with liquid and lithium intercalation. Besides, the toxicity of
the solvents used for intercalation and long reaction time for chemical exfoliation
are the other drawbacks for production of the MoS2 [280]. CVD is the ideal method
for large scale production, and it can provide high-quality MOS2 production by
controlling morphology, crystallinity, and defects [114].

MoS2 has been used to obtain different heterostructures with other semicon-
ductor materials which resulted in efficient solar energy conversion by changing
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interfacial charge transfer properties [37]. Cho et al. obtained a few layered MoS2/
CdS QD. It was stated that the catalytic activity of the system in the hydrogen
formation reaction (HER) would increase due to the enhanced carrier concentra-
tions [37, 119, 329]. According to the results of transient absorption spectroscopy,
ultrafast charge separation and long-lasting charge-separated states in heterostruc-
tures were obtained compared to bare MoS2. In the other study, MoS2 had been
used as a co-catalyst in the heterostructure which was produced by in situ sulfi-
dation of CdMoO4 nanooctahedrons for the production of CdS/MoS2 nanoocta-
hedrons [329]. The pure CdS exhibited poor HER activity, and lower photocurrent
density compares to bare MoS2. Moreover, the heterostructure of CdS/MoS2
showed highest HER activity photocurrent density. The results revealed that the
heterostructure was promoting the electron transfer across the interface with the
longest lifetime of photoinduced electron–hole pairs. The optimum H2 production
rate was in 27.16 mmol h−1 g−1 under visible light.

In an outstanding study in which MoS2 was used as a co-catalyst, the H2 pro-
duction rate was obtained as 275 mmol h−1 g−1 [119]. Co-doped MoS2/CdS
structure is obtained firstly, by producing the Co crystals via pulsed laser ablation in
liquid; secondly, Co dopped into a few layers of MoS2 by ultrasonication and lastly,
integrated with CdS. The synthesize steps can be seen on Fig. 26.6. The reasons to
be achieved the high H2 evolution rate by the system are; activation of the MoS2
basal plane with the appropriate size (3.1 nm) and concentration of dopant,
enhancement of the optical and electronic properties due to the crystal size of the
dopant, and the exfoliation of MoS2. Moreover, the heterostructure has demon-
strated superior stability up to 5 cycles successfully for the long-term stability test.

The H2 production rate, experimental conditions, and bandgap values of the
composites which were obtained with high efficiency by using sulphide-based
nanostructures except MoS2 and CdS are shown in Table 26.5.

A novel structure, Z-scheme WO3/CdS/WS2 tandem heterostructure has been
synthesized first embedding the WO3 nanocrystals into WS2 nanoplate via the
in-situ sulfurization of bulk WO3 [297]. Afterwards the monodispersed CdS
nanograins anchored on the ultrathin WO3/WS2 nanoplate. WO3 has higher oxi-
dation potential in the valence band, and CdS has a higher reduction potential in the
conduction band. This situation makes the direct Z-scheme heterojunction possible
to form between WO3 and CdS. Additionally, WS2 has been used as a co-catalyst
which has a direct band on 1.9 eV. Its large surface area makes it easier to couple
with photo absorber across the entire surface and WS2 is the origin of the unsat-
urated sulfur atoms at the edges. This system efficient spatial charge separation
resulted in highly efficient H2 evolution of 14.34 mmoL h−1 g−1 with 22.96%
quantum efficiency. Figure 26.7a and b shows the H2 evolution of the pure and
heterostructures for WS2/CdS/WO3. The pure WO3 does not have hydrogen pro-
duction because of the unsuitable conduction band potential. WO3/WS2 nanoplate
composite, also, does not generate the H2 due to the rapid recombination of
photo-generated electrons and holes. The CW-3 (WS2/CdS/WO3) heterostructure
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has the highest H2 evolution rate. As well, the dosage of the 2D ultrathin WO3/WS2
nanoplate matrix also has a control on the photocatalytic H2 production. As shown
in Fig. 26.7c, the stability of the CW-3 composite did not decrease after six cycles,
and AQE was found as 0.88% at 700 nm (Fig. 26.7d).

26.5 Transition Metal Phosphides (TMPs)

Metal transition phosphites are the superior materials that can be an alternative to
noble metals with good photocatalytic performance and are even cheaper, abundant,
and highly stable [279]. The photocatalytic performance increases due to the
electronic structure of the phosphorus in the TMP structure [199], besides the types
of different metals and the metal/phosphorus ratio also contribute to the photocat-
alytic activity. Other types of metal phosphites were produced for solar fuel
application such as BP [246], CoP [143], Co2P [122], Ni2P [328], MoP [144], Cu3P
[241], FeP [53], RuP2 [230], WP2 [195], NbP [70] and NiCoP [92]. The elec-
tronegative nature of P atoms limits the electron delocalization of metals, which

Fig. 26.6 Schematic illustration of the synthesis of CdS/Co–MoS2 nanocomposites. Step I:
Size-controlled cobalt nanocrystal synthesis via PLAL using 532-nm Nd:YAG laser with different
laser fluence (0.32, 0.64, 0.96, 1.91, 2.86 and 3.82 J/cm2). Step II: Formation of bulk
MoS2 nanosheets through hydrothermal synthesis. Step III: Formation of few-layer Co–
MoS2 nanocomposites using ultrasonication. Step IV: Integration of ultrathin Co–
MoS2 nanosheets on 1D–CdS nanorods by ultrasonication and long-time magnetic stirring to
generate interfacial contact between CdS and Co–MoS2 nanostructures (Reprinted from Ref. [119]
with permission from Elsevier)
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decreases conductivity. As the P content increases, the structure can be a semi-
conductor or even insulator. Electronegative P atoms trap protons and stabilize the
activation of H2 atoms attached to the surface [208]. Thus, it is known that the
obtained hydrogen evolution activity is greater in CoP than Co2P and MoP than
Mo3P [23, 286].

TMPs have relatively high photocatalytic conversion rate results in the literature
studies. A heterostructure, CoxP/CdS, which has the H2 evolution of 500 mmol
g−1 h−1 was formed by the photochemical method for illumination time up to
50 min [52]. It has been observed that the conversion activity increased by 85 times
compared to pure CdS with increasing illumination time. After the 50th minute, the
surplus amount of CoXP caused lowering in oxidation reaction sites on the CdS
surface, resulting in lower hydrogen evolution. This indicates that composition
optimization has a crucial role in modifying photocatalytic activity.

The synthesis methods of TMP nanostructures can be classified according to
organic and inorganic phosphorus sources [25, 52]. The organophosphorus,
tri-n-octylphosphine (TOP), and triphenylphosphine (TPP), have been used as
phosphorus sources by breaking the C–P bond with high-boiling organic solvents at
temperatures up to 300 °C. Thus, replacement with a metal precursor can be
achieved for TMP synthesis [25]. Hypophosphites are used as inorganic P sources
which are decomposed above 250 °C and following by the reaction between metal
precursor and PH3 via CVD method. Alternative methods such as hydrothermal
synthesis, a gas–solid response, phosphorization take place under high tempera-
tures. Considering the scope of green synthesis, microwave-assisted and PH3

Table 26.5 Typical photocatalytic H2-production systems of metal sulfides

Catalyst Synthesis
method

H2 production
rate
(lmol g−1 h−1)

AQY (%)/
Wavelength
(nm)

Light
source

Optical
bandgap
(eV)

References

NiS/
g-C3N4

Photodeposition 244 – LED
lamps

g-C3N4/
2.7

[259]

ZnS/Cu Ion-exchange 1000 17.6/
410 ± 10

150 W
Xe
lamp

3.36 [44]

Zn1-xCuxS Hydrothermal 1296 2.48/365 Xe arc
lamp

*3.5 [153]

WS2/CdS/
WO3

Hydrothermal 14,340 22.96/435 300 W
Xe
lamp

2.32 [297]

SnS2/
CdS/
Nb2O5

Ultrasonication 55,887 lmol g−1 0.65/425 300 W
Xe
lamp

*1.96 [162]

CuSbS2 Hot-injection 2140 – 1.46 [214]

FeCoS2/
CoS2

Solvothermal 28.1 lmol h−1

(per o.5 mg
catalyst)

– 300 W
Xe
lamp

– [272]
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plasma methods seem more suitable to conduct the synthesis for shorter reaction
times by avoiding the high-temperature conditions [25].

The MoP is another TMP structure that draws attention with its similar electronic
structure of Pt and its high conductivity [311]. In a study, it was used as a cocatalyst
with CdS to construct a heterostructure [302]. The first drawback of the synthesis is
the agglomeration which results due to the high-temperature phosphorization pro-
cess. The second drawback originates from the TOP route due to its the toxicity,
low yield, and complex operation [271]. These problems were solved by synthe-
sizing freestanding ultra-small MoP quantum dots at low temperatures. The
pyrolysis of ammonium molybdate and subsequent calcination steps at different
temperatures were used for the synthesis of MoP, and then it has been dispersed
with commercial CdS. The photocatalytic H2 evolution rate of 0.60 mmol h−1 g−1

and 13.88 mmol h−1 g−1 were obtained for the pure CdS and MoP/CdS, respec-
tively. This highly stable photocatalytic performance obtained is 1.44 times higher
than Pt cocatalyst with AQY (420 nm) 66.7%.

Table 26.6 shows the synthesis methods of different TMP composite structures
with high-performance hydrogen evolution rates, the conditions in which the
experiments performed based on the recent literature studies.

Fig. 26.7 a Time-dependent amounts and b the rates of H2 evolution over different samples under
visible light irradiation (k > 420 nm); c Recycling H2 evolution and d wavelength-dependent
AQE of H2 evolution from the CW-3 composite (Reprinted from Ref. [297] with permission from
Elsevier)
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26.6 Metal Oxide Frameworks (MOFs)

MOFs are the crystalline hybrid materials consisting of metal ions as inorganic
metal centers connected by organic ligands [86]. Metal‐organic frameworks
(MOFs) materials have attracted photocatalytic H2 generation application due to
high surface area, high porosity, superior visible light absorbance, tunable bandgap,
designable structure, good thermal and chemical stability [338]. However, the low
conductivity of the MOFs limits their photocatalytic efficiency. The coordinatively
unsaturated metal sites and the active groups on the organic linkers in MOF
structures provide catalytic activity. The limits of the catalytic activity can be
changed by functionalizing the metal sites, organic linkers and confining the pores
[99, 142]. As an advantage, the high porosity of MOFs minimizes electron–hole
recombination due to their short transport distance. The charge separation and
photocatalytic activity will be increased by the addition of the electronegative
structures to the MOFs [99].

MOF nanostructures can be synthesized by several methods, including
solvothermal [59], layer by layer growth [1], electrochemical deposition [147],
chemical vapor deposition [310], atomic/molecular layer deposition methods [172].

The incorporation of noble metals (Au [327], Ag [26], Pd [35], Pt [288], Rh [19],
Ru), non-noble metals (Co [140], Cu [67], Fe [235], Ni [32]) has been carried out in
previous studies in which the photocatalytic activity increased via the functional-
ization of the MOFs. The large pores of the MOFs provide an ideal host for
nanoparticles (NPs) and single atoms (SAs). Taking advantage of this feature, NPs
and/or SAs of Ru3+ incorporated NH2‐MIL‐125/N‐doped TiO2/C was produced by
using NH2-functionalized MOF, which provides stabilization of metal cations
[299]. The highest rate of H2 evolution reached 100.0 µmol h−1 for NPs/SAs Ru3+

incorporated MOF. The evolution rate is higher than 58.3 µmol h−1 for Ru3+

composite structure where the only single atom is used, and it is higher than
83.9 µmol h−1, which belongs to Pt/N-doped TiO2 MOF material. The obtained
performance has been attributed to the synergistic coupling between Ru nanopar-
ticles and single atoms.

Nanoparticles (NPs) of noble metals (i.e. Ag, Au, Pt) which are active reaction
sites can powerfully harness their surface plasmon resonance (SPR), accordingly,
they absorb the visible light [262]. However, due to the high cost of the novel
metals, non-noble-metal MOF analogues have been developed for
high-performance catalytic activity. Moreover, the mixture of the different species
of MOF heterostructures with carbon [128, 245], metal oxides [63], metal sulfides
[245] covalent organic frameworks (COF) [84], phosphide [125] based materials
have been produced for high photocatalytic performance. The recent studies are
summarized in Table 26.7 based on the high photocatalytic performance of MOF
systems.

MOFs have tunable porosity, metal centers, and organic ligands which provide
advantages in their use. These properties render them the right candidate in catalytic
applications such as CO2 capture and H2 evolution. In recent years, the studies
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resulted in high conversion efficiencies by using the MOF structures. While it is an
advantage to be produced especially with low cost, MOFs may have stability
problems due to factors such as pH and temperature due to organic linkers [253].
Besides, material production on the industrial scale is still another limiting factor.

26.7 Summary

Today, it is known that among the usage of energy resources, renewable energy
sources are in demand due to the environmental effects of non-renewable fossil
fuels. Solar energy has a greater potential than the total energy of all renewable
energy sources. It is quite reasonable to use H2 as a solar fuel in order to realize the
energy generation of fuels obtained from the sun, and photocatalysts are used to
achieve this conversion. Nanomaterials have been used in different types and
structures to understand its advantages and disadvantages, to provide high H2

conversion, and to carry out the conversion both efficient and stable. In this chapter
of the book, the semiconductor nanomaterials as metal oxides, metal–organic
frameworks, carbon-based materials, metal sulfides, and phosphides have been

Table 26.7 Typical photocatalytic H2-production systems of MOFs

Catalyst Synthesis
method

H2 production
rate
(mmol g−1 h−1)

Light
source

Optical
bandgap
(eV)

References

NH2‐UiO‐66-MOF/
TpPa‐1‐COF

One-pot
synthesis

23.41 300 W
Xe
lamp

2.02/
TpPa‐1‐
COF
2.88/
NH2‐
UiO‐66

[314]

MOF-Cu(I) Solvothermal 4.21 500 W
Xe
lamp

2.13 [31]

Pt/MIL-125-(SCH3) Solvothermal 3.8 350 W
Xe
lamp

2.69 [78]

MIL-125/g-C3N4/TiO2 Calcination 0.606 300 W
Xe
lamp

3.04 [277]

UIO-67/Ru/Pt Solvothermal 1.13 150 W
Xe
Lamp

– [303]

NH2-MIL-125 (Ti)/
benzoic
acid-functionalized
g-C3N4

Solvothermal 1.123 300 W
Xe
lamp

2.60/
NH2-
MIL-125

[337]
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summarized in view of their usage in photocatalytic conversion. The synthesis and
design of the materials and their hybridized structures, doping, heterostructures with
each other for the enhanced photocatalytic conversion were discussed in each
section. It has been emphasized that each combination performs uniquely
depending on both bandgaps and synergetic effects of combination with each other
and also the contributions of morphology, crystallinity, composition ratios to this
efficiency. The literature studies prove that the different designs of these structures
and their stability, performance, and reproducibility can be changed. It can be said
that in the near future, for the efficient use of solar fuels, nanomaterial engineering
will proceed in the direction of structures that allow industrial production with
different interfaces, morphology, and compositions.
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