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Abstract In the last few decades, nanostructured materials have been of great
interest worldwide due to their unique characteristics and their sub-driven reac-
tivity. Furthermore, the unlimited applications of such materials in different fields
and their associated success had added extra value for their importance. The
combination between nanomaterials and photocatalytic processes has been recently
given a great attention in different applications. It may enhance the viability of the
nanotechnology principles. One of these applications is the usage of nanophoto-
catalytic materials in hydrogen production via water-splitting reaction. This chapter
will cover the main concepts of photocatalysis and its associated terms. The main
features of efficient photocatalysts and the ways of measuring such properties are
illustrated in this chapter. Also, a brief presentation for the current methods that are
utilized in the preparation of these catalysts is provided. An overview of the dif-
ferent types of semiconductors that are employed in the domain of photo-based
hydrogen generation via splitting of water is introduced through this chapter too.
A new approach in the water-splitting process by introducing noble metals attached
magnetic nanoparticle (core/shell structure) as promising photomaterials is also
described in this chapter. However, these materials are used in different fields such
as bio-medical processes, water treatment, and energy storage. They are expected to
be of high significance in field of catalysis, since they can be easily separated and
recovered, due to their magnetic character, for reuse in further reactions.
Implementation of a suitable magnetic force can enhance the hydrogen productivity
during the water-splitting process. These materials are possessing magnetic prop-
erties which could reveal a new approach to their photocatalytic activity via
quenching the radiation scattering.
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Chapter Outline
This first part of this chapter illustrates the important definitions and terms of
photocatalysis as well as the application of photo-based processes in various
applications. The classifications and essential optical/ electronic characteristics of
photocatalysts are reported in this part of the book. The relation between catalysts
properties and proper irradiation sources is also discussed in details. An expanded
overview of photocatalysis in water-splitting processes via two different routes is
introduced in the second part of this chapter. The most common and efficient
photocatalysts to generate hydrogen by splitting of water are also mentioned in this
part.

12.1 Photocatalysis

Photocatalysis is a field of research that is developing fast with a great potentiality
for use in various industrial applications, which include disinfection of air and
water, mineralizing the organic contaminates, renewable fuels making, and organic
creation. Photocatalysis is a word that was first known in Greece and consists of
two pieces: photo (means: radiance) and the catalysis (partial break or decompo-
sition). This term can be generally used to describe processes that are based on the
light to activate a substance. The photocatalyst is a major item in such processes. It
has been utilized to modify the rate of a chemical response without being involved
in the chemical alteration. Therefore, conventional thermal catalyst is mainly dif-
ferent from a photocatalyst in the way of activation. Particularly, the first can be
made under thermal effect, while second may be induced through light photons that
have suitable power.

12.1.1 Types of Photocatalysis

Photocatalytic processes may occur in homogeneous or heterogeneous routes;
however, heterogeneous photocatalysis has been rigorously investigated in past
decades since it is highly likely to be used in versatile applications that are in
relevance to environment, energy, and fabrication of organics.

12.1.1.1 Homogeneous Photocatalysis

In homogeneous photocatalysis, reacting species and catalysts are present in the
same phase. Homogeneous photocatalysts that are of most common use includes
photo-Fenton system (Fe2+ and Fe2+/H2O2). Reactive species in such media is .OH
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radicals (Wu and Chang 2006) that are generated according to the subsequent
mechanism (as shown in Eqs. (12.1)–(12.5)) (Ciesla et al. 2004).

Fe2þ þH2O2 ! : OHþ Fe3þ þOH� ð12:1Þ

Fe3þ þH2O2 ! HO�
2 þ Fe2þ þHþ ð12:2Þ

Fe2 þ :OH ! Fe3þ þOH� ð12:3Þ

In case of photo-Fenton course of action, extra supply of .OH radicals should be
taken into account. Specifically, hydroxyl radicals (.OH) are released through H2O2,
photolysis, and consequent reduction of Fe+3 ions by the influence of UV irradia-
tion; see Eqs. (12.4) and (12.5)

H2O2 þ ht ! 2 :OH ð12:4Þ

Fe3þ þH2O2 þ ht ! OHþ Fe2þ þHþ ð12:5Þ

The effectiveness of Fenton-based processes may be affected by various oper-
ational factors such as hydrogen peroxide strength, pH, and radiation intensity (Wu
and Chang 2006; Ciesla et al. 2004). The chief benefit of homogeneous
photo-dependent methods is the possibility of using sunlight with radiation sensi-
tivity around 450 nm; therefore, elevated expenditures of UV lamps and electricity
can be avoided. These reactions could exhibit higher efficiency than diverse pho-
tocatalysis. On the other hand, a major drawback of this process is that it has to be
carried out at low pH values. This obviously is due to the precipitation of Iron ions
at increased pH values.

12.1.1.2 Heterogeneous Photocatalysis

In heterogeneous photocatalysis, the system entails the earlier configuration of a
boundary between a solid photocatalyst and a fluid restrains reactants and outputs of
the reaction. Interactions which involve lighted-up metal interfaces generally lie in
the division of photochemistry.

So, concept of heterogeneous photocatalysis may basically be implemented in
the processes that include a light-absorbing semiconductor in connection to liquid
or gas phase. Although not all the heterogeneous photocatalysts are semiconduc-
tors, this type of solids is characterized of being most representative and broadly
studied photoactive substances. So, it has been crucial to acquire some basic
insights of physicochemical characteristics that belong to semiconductors and
means of their interaction with radiation sources (Ciesla et al. 2004).
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12.1.2 Electronic and Optical Properties of Heterogeneous
Semiconductors

Semiconductors and insulators electronic individuality is of strong dependency to
the band theory. Due to the huge number of atoms and their relevant electrons
which act together in solid materials, equivalent levels of energy are spaced inti-
mately forming bands. Each one of these energy band has its own level where the
electrons occupy such bands from the level of minimum energy to the highest one.
Latter statement is alike to the trend that electrons follow to engage orbitals of a
certain atom (Moliton and Hiorns 2004).

The bands, of energy that are equivalent to engaged orbitals (HOMO) of the
highest energy of definite molecule, are known as valance bands (VB). The fol-
lowing band that has higher energy capacity than VB contains free orbital (LUMO)
of this molecule. Therefore, this band is identified as conduction band (CB).
Obviously, it can be said that VB and CB have been alienated via gap known as band
gap (Ebg). Hence, the classification of a solid material type as conductor, semi-
conductor, or insulator is related to its filled bands, size of its particles and band
gap, as given in Fig. 12.1.

Generally, electrons can move within a solid species by applying an electric field
if these species have a partially occupied or entirely empty band. On the other hand,
electrical insulator has no possibility of electron flow as a result of the full occu-
pation of VB by electrons and the CB is too far away in energy to be reached by its
electrons. In conductors, VB interferes with CB (Park et al. 1995). Therefore, the
electrons may transfer freely crossways all atoms of which the solid substance is
made. In the case of semiconductor, Ebg is less than 4 eV. Thus, it can be bridged

Ebg

No gap

(a) (b) (c)

Valence band

Conduction band

Valence band Valence band

Ebg

Conduction band

Conduction band

Fig. 12.1 Energy bands in solids: a insulator, b semiconductor and c conductor
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either using thermal induction or light since these energy sources can encourage
electrons movement from VB to conduction band.

Semiconductors can be basically divided into two groups: intrinsic and extrinsic.
The group of intrinsic semiconductors includes the undoped photoactive materials.
Thus, the produced holes in VB are formed under the effect of thermal excitation of
electrons to subsequently reach to CB. The behavior of such type of semiconductors
is strongly dependent on surrounding temperature. For instance, no charge transfer
for an intrinsic semiconductor can be attained at absolute zero (°K). Hence,
semiconductors are changing to become as an insulator instead (Langot et al. 1996).
At a finite temperature, electron (e−) of VB may thermally depart to the CB, creating
behind vacant state in VB, called a hole (h+). Electrons and holes are known as
intrinsic charge carriers, and they usually move in opposite directions.

In intrinsic semiconductors, each electron in CB has a parallel hole in VB.
Therefore, the number of electrons is always the same as that of holes. This number
is symbolized as ni and is called the intrinsic carrier concentration. An intrinsic
semiconductor can be converted to extrinsic one through the insertion of impurity
atoms into its crystal via an addition stage known as doping. Doping step makes a
change in relative number of electrons and holes in the doped substance. This
change has to be of strong dependency to type and inclusive number of doping
atom (Perera et al. 1992). Chemical impurities that may involve their electrons to a
conduction band are known as donors. Semiconductors that are doped by atoms of
these donors can be assigned as n-type semiconductors. Electrons in n-type semi-
conductors (Shim and Guyot 2000) represent the majority of charge carriers where
the number of electrons (n) equals the number of involved atoms by donors. In
contrary, holes are major charge carriers in p-type semiconductors (Chang and
James 1989). The hole concentration (p) in this type of semiconductors equals the
concentration of acceptor atoms.

12.1.3 The Electronic Structure of Semiconductors

12.1.3.1 The Fermi Energy Level

Fermi level, Ef, is of a vital consideration in the band theory. Electrons of solid
materials are propagated in existing energy levels according to the statistics of
Fermi–Dirac. These statistics describe potentiality of a given energy level (E) to be
filled with electron at a certain temperature. Fermi energy has been described as the
needed energy to make the probability of occupying an energy level equals 0.5.
However, the amount of this energy is strongly configured according to number of
electrons in the system (Li et al. 2005). Exhibited Fermi level of intrinsic semi-
conductors (Fig. 12.2) can be seen as placed halfway between the CB and VB to
show equal statistical potentiality to get a charge transporter through the two energy
bands.
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The insertion of donor impurities with the structure of an intrinsic semiconductor
will consequently increase the chance of facing free electrons. Therefore, Fermi
level makes a gradual move to be closer to CB than the VB. On the other hand,
doping of an intrinsic semiconductor by acceptor impurities reduces the probability
to come across free electrons. Nevertheless, potentiality to meet holes will be
enhanced, and thus, the Fermi level reallocates to be nearer to the VB than CB.

12.1.3.2 Surface Versus Bulk Properties

Extinction of a semiconductor periodic structure at its free surface may get rid of its
symmetry in a right-angle direction to the surface. This in turn may result in the
creation of localized electronic state within the surface of semiconductor. This state
may then affect the electronic features of surface which may by then play crucial
effect through interaction between surface and adsorbed substances. Surface states
can be presented as:

(a) Existence of dangling bonds, i.e., superficial surface atoms that has no atoms
above to bind with,

(b) Surface reconstruction or relaxation, for example, variation of position and/or
chemical bonding arrangement of surface atoms; hence, surface energy will be
minimized,

(c) Structural defects of the surface,
(d) Adsorption of foreign atoms as impurity on surface,
(e) Bonding involvement of the surface atoms and new phase atoms.

Ef

Ef

Ef

Conduction band Conduction band

(b) (c)

Valence band Valence band Valence band

(a)

Conduction band

Fig. 12.2 Location of Fermi level in relation to VB and CB for a intrinsic, b n-type, c p-type
semiconductors
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Energy levels that are positioned in the area of banned gap are of particular
significance in terms of semiconductor optical properties. The manifestation of
surface-localized states carries up movements of charge among core and surface of
an atom in order to build up thermal balance between both of them. Thus, the
density of charge delivery in environs of the surface moves away from its equi-
librium value and makes the development of a non-neutral section in the bulk of
semiconductor. This area is often identified as the surface space charge region
(SCR). The features of bulk in pure semiconductors are improved at the rear of a
few atomic layers in the core of their crystals. However, for doped semiconductors,
the induction of surface states may lead to construction of a SCR that can go far (up
to thousands angstroms) into the solid. Electrostatic potential, (V), that might be
obtained via the space charge region will subsequently make a development in the
band configuration close to the surface, named as band bending. For n-type
semiconductors, bands go up to the surface, while in p-type semiconductors, bands
twist downward; these actions are due to the move of electrons from the surface
region of donor to surface states in the first case, while in the second case, electrons
transport from the surface states to acceptor. Work function (impact of surface
electronic states and bending) of a doped semiconductor is non-relevant to the
concentration of doping species. Particularly, doping of a semiconductor with
donors inflates Fermi level; thus, work function of such semiconductor decreases.
However, this effect can be stopped via elevating the energy spent by a skiving
electron to pass over the SCR. This phenomenon in doped semiconductors has been
called “pinning of Fermi level” (Walukiewicz 1988).

12.1.4 Ultraviolet and Visible Spectrometry

Absorption of an electromagnetic irradiation normally varies energy status of a
molecule. These changes in state of energy include:

– Electronic state ΔEe = 150–600 kJ/mol
– Vibrational state ΔEv = 2–60 kJ/mol
– Rotational state ΔEr � 3 kJ/mol.

The relation to the absorbed radiation wavelength is:

DE ¼ DEe þDEv þDEr ¼ hm ¼ h:c=k

where (Planck’s constant) h = 6.626 � 10−34 J s.
The energy gaps between molecular bonding, non-bonding, and anti-bonding

orbitals lie in between 125 and 650 kJ per mole. This energy difference is due to the
electromagnetic irradiation in both UV and visible regions of a spectrum (Perliski
and Solomon 1993; Waymouth 1971; Sommerer 1996).

The UV–Visible spectrum can be split into three distinct regions:
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1. Far UV (10–200 nm)
2. Near UV (200–380 nm)
3. Visible light (400–800 nm)

Dependent irradiation to each of the above-mentioned spectrum regions can just
pass through certain types of glasswares. Table 12.1 summarizes values of poten-
tially transmitting wavelength through some types of glass; hence, these types can
be employed in photocatalytic reactions.

12.1.5 Radiation Sources

Good features of a spectrometric source can be represented through by a stable and
high-intensity release. This in turn can provide such source with the capability to
covers a broad range of wavelengths. Therefore, there is no specific single source
that can be appropriate for all spectral zones. Irradiation sources can be categorized
into thermal and electric discharge supply. Thermal radiations are generally
resulting from elevating the operational temperature in a certain process. Hereafter,
examples for some of the common irradiation sources are illustrated:

• Deuterium discharge lamp

This source uses an electrical discharge to dissociate deuterium molecules into
atoms (Waymouth 1971). The process is accompanied by the emission of unin-
terrupted UV irradiation which lies nearly between 160 and 380 nm.

• Tungsten filament lamp

The most common source of visible radiation is the ordinary tungsten filament
lamp. It is made from a thin spiral of tungsten string sealed inside an evacuated
glass bulb. Electrical energy passing through the filament is converted to heat
causing it to glow “white hot” (Waymouth 1971). Mercury is used under high
pressure in Hg discharge tubes. Therefore, such source cannot be of proper use in
spectral studies that are carried out with nonstop. This is obviously due to the sharp
lines or bands that will be overlaid present on an unremitting background.

• Xenon discharge lamp

This lamp operates with a low-voltage DC source similar to that of the linear
halogen lamp but at xenon pressures in the range of 10–30 atm. The intensity in the

Table 12.1 Type of glass
and their corresponding
wavelength cut

Type of glass Wavelength cutoff (nm)

Pyrex <275

Corex <260

Vycor <220

Quartz <170
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near UV is actually much greater than that of the LHL lamp, but even greater
intensity in the visible region may pose potential stray radiation problems
(Sommerer 1996).

• Monochromators

Monochromator is a source of radiation that can be utilized in order to disperse its
chrome in reference to the desired wavelength. Prisms are broadly employed to
attain such purpose. Glass, quartz, and fused silica are the most common materials
to fabricate prisms are. Among those materials, glass could be counted as the
highest of power resolving. This is because glass can firmly scatter light along the
visible zone of a spectrum. Nevertheless, glass does not allow radiations that have
wavelengths between 350 and 200 nm to transmit through. Thus, glass cannot be
exploited at such range of wavelength. On the other hand, quartz usually permits
wavelengths in the range of 200–700 nm to penetrate. Therefore, quartz is suitable
for usage in UV region.

12.1.6 Photocatalytic Metal Oxides

In terms of molecular configuration, a metal oxide (MOx) consists of at least one
metal atom combined with one or more oxygen atoms. Excluding a few of the
lighter inert gases ([He], [Ne], [Ar], and [Kr]), virtually all other elements are
capable of oxidation, especially metal elements. Metals tend to be highly con-
ductive due to the presence of delocalized electrons within the material matrix.
However, upon oxidation, metal atoms donate their electrons to oxygen species
forming positive ions, thereby adopting an electropositive state. Metal oxides are
generally classified as semiconductors because their conductivity is often dependent
upon the level of external excitation (Wong and Fierro 2006; Cox 1996).

Typical applications of these metal oxide semiconductors (MOS) include tran-
sistors, resistors, light-emitting diodes, solar cells, gas sensors, and piezoelectric
transducers. While predominantly found within the electrical and computer
industry, MOS technology can also be found across several other industries
including, chemical, mechanical, environmental, energy, and petroleum (Wong and
Fierro 2006). An ideal photocatalyst for photocatalytic applications has to possess
the following properties (Carp et al. 2004):

(1) Stability of irradiation photons,
(2) Inert toward chemical and biological substances,
(3) Abundance and of low fabrication costs,
(4) Ability to attract reacting species at appropriate photostimulation energy

(ht � Eg), where Eg represents energy band gap.

Several photocatalysts are lately modified for the utilization in multi-applications
that can be induced by light irradiation. Photocatalysts/semiconductors that are of a
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wide employment in different applications are generally oxide forms of transition
metal. These metals oxides are commonly characterized by their unique features.
Semiconductors always possess a void energy zone in which no levels of energy
can be provided. Therefore, recombination between the generated electrons and
holes via photoactivation in a semiconductor can be effectively prohibited (Ghosh
and Rao 2004; Jing and Guo 2006; Selvam et al. 2011). Table 12.2 gives the band
gaps values for some of the extensively utilized photocatalysts in various
applications.

Cadmium oxide is considered one of astonishing compounds as a photocatalyst
and some other application, for instance, its use as one of solar cells component
(Salehi et al. 2014), phototransistors (Kondo et al. 1971), photodiodes (Benko and
Koffyberg 1986), transparent electrodes (Chang et al. 2007), and gas sensors
(Ghosh and Rao 2004). Another example for the cadmium compounds that are well
known as efficient photocatalysts is cadmium sulfide. To best of knowledge, CdS
has been counted as one of the most photoactive materials and is widely used in
photocatalytic processes (El Naggar et al. 2013). On the other hand, although CdO
may be taken into account as valuable photocatalyst, it has not been yet of extensive
use. Cadmium oxide posses an exceptional feature based on owning a direct Ebg

equal to 2.3 eV and indirect Ebg of 1.36 eV (Dou et al. 1998). CdO also holds a
special catalytic aspect which makes it capable of photodecomposing various
organic structures such as dyes and part of environmental contaminations
(Nezamzadeh-Ejhieh and Banan 2011; Karunakaran and Dhanalakshmi 2009;
Karunakaran et al. 2010).

Another example of efficient photocatalytic oxides (that is of extensive use) is
zinc oxide. Zn contains two electrons in its outer most valence shell. Due to its
ability to form protective oxides, Zn is frequently utilized in rust preventive coat-
ings. Zn is also commonly combined with other metals to form alloys such as brass
when paired with copper (Taylor 1964; Bertini 2007).

ZnO is the most stable form; this inorganic compound can be found naturally in
form of a yellowish mineral, known as zincite. It is considered a wide Ebg semi-
conductor at 3.37 eV and has a high excitation binding energy of 60 eV (Fan and
Lu 2005; Ashfold et al. 2007; Kim et al. 2010). This semiconductor has been
widely used for manufacturing white paints in pigment industry. ZnO can also

Table 12.2 Example for excitation wavelengths of semiconductors and their matched energy of
band gaps

Examples for semiconductors Band gap energy (eV) Wavelength (nm)

Titanium dioxide (rutile) 3 413

Titanium dioxide (anatase) 3.2 388

Zinc oxide 3.2 388

Zinc sulfide 3.6 335

Cadmium sulfide 2.4 516

Cadmium oxide 2.1 550
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promote the catalytic fabrication of rubber stuff. With a moderately high refractive
index (n = 2.0), it is also added to polymers serving as a protectant from UV
radiation (Zhang et al. 2004; Jacobson 2005; Hewitt and Jackson 2008).

Another example for one of the most common semiconductors is titanium oxide.
Ti metal has been considered the ninth most plentiful constituent in earth crust at
6600 ppm by weight. Same as Zn, Ti forms a thin protective oxide layer when it is
exposed to air in most environmental conditions (Taylor 1964; Bertini 2007). The
most stable and most predominant form occurs as TiO2, which is an inorganic
chemical compound found naturally occurring as a white crystalline powder within
magmatic rock and hydrothermal veins (Fu et al. 2009).

There are three main structural forms of TiO2. Rutile and anatase have been the
most widely spread phases having tetragonal crystal arrangements. Brookite,
remaining less common, but still representative, exists in an orthorhombic crystal
form. Ranging from 3.00 to 3.20 eV (depending on the wave factor), TiO2 is
considered a moderately wide Ebg semiconductor with a reported binding energy
between 45 and 55 eV (Hashimoto et al. 2005; Fujishima et al. 2008).

Due to its high refractive index (n = 2.7), TiO2 is widely used as a whitening
pigment and also provides the physical blocker in most sunscreens (Jacobson
2005). TiO2, while highly effective at generating free radicals, is limited to acti-
vation energies of relatively high intensity (only found within the UV spectrum).
Within the past few decades, significant progressions in metal oxide photocatalyst
development have been made (Miyauchi et al. 2002; Li et al. 2008; Brezesinski
et al. 2010). However, titanium oxide maintains the vanguard of research interest as
it continues to demonstrate the greatest photocatalytic promise. By hybridizing
these two well-established metal oxides in the formation of heterogeneous nanos-
tructures, it is anticipated that photocatalytic advancements can be realized
(Moradi et al. 2015).

12.1.7 Importance of Photocatalytic Efficiency of Metal
Oxides by Nanostructure Growth Techniques

The desire to fit more technology into smaller packages continues to push the
scientific community to develop new and improved material designs. This trend is
sustained through continued research in nanostructured materials. A material con-
strained to nanoscale dimensions offers unique properties that often behave starkly
different from the same material in bulk form. As the feature’s size shrinks, the
effects of quantum mechanics begin to emerge. Vast increases in surface area show
considerable potential for technological advancements, especially in energy appli-
cations. Understanding the behavior of metal oxide semiconductors at the atomic
level continues to hold great interest within the research community. Several
methodologies were improved through the past time to produce new as well as
innovative MOS nanostructures including nanotubes, nanowires, nanorods,
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nanoribbons, nanopropellers, and nanocoils (Fan and Lu 2005; Song et al. 2006;
Tong et al. 2006). The most popular methods for producing these nanostructures
include vapor–liquid–solid phase technique (VLS), pulsed laser deposition,
hydrothermal growth (HG), and sputtering methods (Ashfold et al. 2007; Tak et al.
2009; Akhtar et al. 2010; Ottone et al. 2014; Smith et al. 2015). The precipitation
synthesis can be considered one of the most potential techniques for creating
uniform self-assembling growth patterns because it is inexpensive and effective.
This method is promising for producing of a new photocatalytically predominant
metal oxide nanostructure.

12.2 Hydrogen Production

Hydrogen as scalar quantity has been paid great attention lately. This attributed to
its enormous content of energy as well as of being a clean source of energy
generation. Several techniques have been currently utilized for hydrogen production
such as pyrolysis and gasification of biomass wastes, catalytic decomposition of
hydrocarbons, steam and dry reforming of ethanol and methane, respectively, and
photocatalytic water splitting. However, taking into account the simplicity of pro-
duction procedures and low energy consumption, the photocatalytic generation of
hydrogen via cleavage of water molecules is favorable over the other methodolo-
gies. The hydrogen production by photocatalysis is often done through either the
photocatalytic or photoelectrochemical crack of water.

12.2.1 Photocatalytic Water Splitting

Cleavage of water via photocatalytic route has been recently a perfect trend to
obtain hydrogen especially through the utilization of two abundant renewable
sources, specifically water and sunlight (Ni et al. 2007; Zheng et al. 2009). Usage of
a proper photocatalyst in such process has to be an outstanding route due to the
provided benefits which are as follows: Catalysts are introduced as solid phase, low
costs of fabrication, no operational risks and against deactivation (Naik et al. 2011;
Pradhan et al. 2011).

Improvement of a system for photo-induced breakup of water molecules that has
the ability to use the zone of visible light in spectrum of sunlight can be carried out
via various routes. One of these efficient routes has been dye sensitization. In this
method, a dye sensitizer is inserted into a photocatalytic reactor. The sensitization is
then excited due to the effect of visible irradiation. The molecules of dye sensitizer
at excited state bring in electrons to the nearby CB of a photocatalyst. These
electrons transport afterward along the whole of photocatalyst crystalline structure.
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These electrons will next reach to the catalyst surface and consequently attain the
step of reducing water molecules to release hydrogen (Dhanalakshmi et al. 2001;
Sreethawong and Yoshikawa 2012).

12.2.1.1 Semiconductors

Well-organized transfer of electrons in order to be received by molecules of a
certain substrate is of a high relevance to the physicochemical features of semi-
conductors, such as specific surface area as well as crystalline and porous built-up.
Generation of hydrogen via water cleavage through the usage of semiconductors
has grabbed remarkable attention since the earlier work that had been done by
Fujishima and Honda (1972). These scientists are the two who firstly explored that
water molecule can be cracked down into hydrogen and oxygen via photoelec-
trochemical route. To achieve such process, a semiconductor electrode, namely
TiO2, had been utilized under the effect of UV rays. A great number of metals
oxides and sulfides such as titanium dioxide (Karakitsou and Verykios 1995), WO3

(Abe et al. 2005), strontium titanate (Zou and Liu 2006), zinc oxide (Hoffman et al.
1992), cadmium and zinc sulfide (Maeda et al. 2005; Guan et al. 2004), niobates
(Izumi et al. 1987), and tantalates (Furube et al. 2002) had been afterward presented
as photocatalysts for obtaining hydrogen by splitting of water. In the last decade,
scientists are paying attention to modify photocatalysts to enhance their capability
toward the usage of irradiations that possess wavelengths ranged between l400 and
700 nm. The modification stage includes doping of these catalysts by some of
transition metal as platinum (Ikeda et al. 2006), chromium (Kim et al. 2005), and
vanadium (Wang et al. 2006). The doping can also be carried out using
non-metallic component, for example, nitrogen (Gu et al. 2007), sulfur (Yin et al.
2007; Murakami et al. 2007) as well as various carbon species (Yu et al. 2005; Liu
et al. 2007). The modified photocatalysts could be by then efficient candidates for
the generation of H2 via photocatalysis.

For an identical photoprocess to produce hydrogen, the potentiality of recom-
bining the segregated charges during the photoreaction is of a strong dependence to
the additives of water solution. Loading of metals onto the structure of semicon-
ductor is another factor that can control the integration between separated charges.
As soon as step of charge separation is completed, electrons in CB can be confined
via existing metals particles at the surface of semiconductors. Electron arrest at that
stage is occurring as a result of the dissimilarity between Fermi energies and work
function. In a process of hydrogen evolution from water, a solution contains both
water and methanol is utilized. In such solution, the appearance of protons is taking
place due to oxidation of either water or methanol via the radiation-produced holes.
Protons are then obeying a reduction step, by electrons, at the metallic surface of
catalyst in order to generate molecules of hydrogen. Equations (12.6)–(12.9) show
the occurring interactions through the photocatalytic process of hydrogen formation
(Choi and Kang 2007):
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ht ! e� þ hþ ð12:6Þ

4hþ þ 2H2O ! O2 þ 4Hþ ð12:7Þ

2Hþ þ 2e� ! H2 ð12:8Þ

The overall reaction is

4htþ 2H2O ! O2 þ 2H2 ð12:9Þ

Methanol is added into the mixture to work as an oxidation mediator to prohibit
the reveal of oxygen gas that may undertake due to adsorption of water molecules at
the surface of photocatalyst. In other words, methanol has been employed to effi-
ciently segregate the hole charges that are the reason behind the process of
recombining hole–electron pair. Furthermore, methanol performs another role
specifically as a hole scavenger. At this stage, methanol could take part in pro-
ducing hydrogen, as presented in Eqs. (12.10)–(12.12). This subsequently develops
the amount of total hydrogen gas productivity. In addition to the generated
hydrogen, the occurring side reactions cause the production of carbon dioxide
(Kawai and Sakata 1980; Chen et al. 1999).

MeOH $ H2COþH2 ð12:10Þ

H2COþH2O $ H2CO2 ð12:11Þ

H2CO2 $ CO2 þH2 ð12:12Þ

12.2.1.2 Efficient Water-Splitter Catalysts

Cadmium sulfide is an n-type semiconductor that has an energy band gap of 2.4 eV.
It is one of the photocatalysts that exhibited a reasonable photocatalytic action
toward H2 generation in the presence of visible light irradiation. However, the use
of C2H5OH, HS, or SO3 (Sathish et al. 2006), as sacrificial electron donors, is
highly advised to acquire significant amounts of H2. It is also favorable to overcome
the photo-induced corrosion of cadmium sulfide in attendance of O2. From another
perspective, electronic states as well as photoactivity of a semiconductor generally
and cadmium sulfide in particular can be adjusted through varying or managing its
crystals size with no influence on chemical structure. Hoffman and co-authors had
stated an increment, by tenfolds, in efficiency of ZnO nanoparticles toward pho-
tocatalytic making of H2O2 by decreasing the crystal size of semiconductor from 40
to 23 nm. Another study by Hoffman et al. (1994) had reported the increase in
quantum competence in photopolymerization of methyl methacrylate with a parallel
decline of crystal size via utilization of size-quantized particles of cadmium sulfide.
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Combining two or more semiconductors that have various energy levels can be
advantageous to attain successful charge disconnection.

Designation of nanocomposite structures had been of much interest owing to
their enhanced response in both UV and visible light zones versus photo-based
processes (Morales-Torres et al. 2012, 2013). TiO2 is well thought-out as the
photocatalyst of highest activity. Nevertheless, the usage of TiO2 in photocatalytic
cracking of water is dependent on its redox potential with consideration for the
normal hydrogen electrode (NHE) (Pérez-Larios and Gómez 2013). Several
investigations were previously carried out in order to elevate the photocatalytic
performance of TiO2 toward the reaction of splitting water molecules. An improved
structure of TiO2 had been obtained through doping with iron, zinc, copper,
vanadium, magnesium, and nickel (Tseng and Jeffrey 2004). Another way of
modifying titanium dioxide was done by impregnating its particles with precious
metals such as platinum, palladium, and gold, as reported in Sreethawong et al.
(2005).

The presentation of mixed oxide-based photocatalysts has also grabbed the
attention of many scientists. These mixed structures may simultaneously contain
two or more metals oxides, for example, the combination between at least two of
the following oxides: copper oxide, zinc oxide, nickel oxide, and cerium oxide
(Erdóelyi et al. 2006; Yoong et al. 2009; César et al. 2008; Banerjee 2011;
Galindo-Hernández and Gómez 2011). Mixed oxide-based photocatalysts had
displayed outstanding photocatalytic efficiency and are counted as materials of low
fabrication expenses. The influence of combining two oxides or more has been of
strong relevance to existing oxygen vacancies in their crystal structure (Nakamura
et al. 2000; Ihara et al. 2003). El Naggar and co-authors had demonstrated in a prior
study (El Naggar et al. 2013) the photocatalytic cleavage of water to evolute
hydrogen from water–methanol mixture in the presence of zinc oxide (Ebg of
3.37 eV) and cadmium sulfide (Ebg of 2.42 eV) either separately or combined
together. It had been explicitly mentioned that CdS and ZnO have distinctive
performance toward photocatalytic conversion of water into hydrogen, in the
occurrence of either UV or visible spectrums.

12.2.2 Photoelectrochemical Hydrogen Production

In photoelectrochemical process, hydrogen is produced using sunlight through
water splitting at a semiconducting material by direct conversion of solar to
chemical energy, particularly the hydrogen gas.

The most challenging task in generating hydrogen via photocatalytic cleavage of
water molecules is to maximize amount of produced H2 via a cost-effective process.
Improvements are required in cost, efficiency, and immovability for market
viability as:
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• Efficiency is being improved through better surface catalysis to enhance sunlight
absorption.

• Immovability is being amended with rugged and protective surface coatings.
• Cost-effective is being lowered through reduced materials and processing costs.

The arrangement of a semiconductor electrode may have a considerable impact
on the performance of photoelectrochemical cracking of water. Different semi-
conductor compositions, for instance, TiO2, a-Fe2O3, and WO3 were investigated in
hydrogen evolution by photoelectrochemical process (Cha et al. 2011; Kim et al.
2012). Heterojunction electrodes (has at least two or various photocatalysts) suggest
better benefits when compared with single semiconductor electrode (Hoshino et al.
2006). CdS/ZnSe nanocore/shell photoelectrodes were prepared recently by Hyun
et al. CdS/ZnSe exhibited increased photocatalytic features in comparison to thin
film of CdS photoelectrodes. The band structure had stimulated the charge sepa-
ration of carriers in the semiconductor electrodes and in turn could speed up the
water-splitting process at lower and at higher bias voltages compared to CdS
thin-film electrodes (Ki and Yun 2017). The photocatalytic hydrogen (H2) pro-
duction activities of various CdSe semiconductor nanoparticles were investigated
and compared including CdSe and CdSe/CdS quantum dots (QDs), CdSe quantum
rods (QRs), and CdSe/CdS dot-in-rods (DIRs). The rate of H2 production orders as
CdSe QDs � CdSe QRs > CdSe/CdS QDs > CdSe/CdS DIRs. Calculations of
photoexcited surface charge densities are positively correlated with the H2 pro-
duction rate and found that the efficiency of H2 production effected mainly by the
size and morphology of the nanoparticle (Fen et al. 2016). In another report, the
hydrogen production rate increased more than 4 times after the deposition of Ru on
the surface of ZnS-CdS. In addition, the as-prepared ZnS-CdS nanocomposite
demonstrated an excellent stability over 50 h (Jingyi 2017).

The use of an embedded structure, where one ingredient is surrounded by
another, creates a larger contact area for electrons to be transferred more freely,
thereby better realizing a synergistic effect in the heterojunction system. The
Si-doped and Ti-doped a-Fe2O3 exhibited much higher photoelectrochemical
activity than the undoped material. The proposed mechanism for the enhanced
photocurrent is reduction of recombination due to an improvement of the
charge-transfer rate coefficient at the surface and also possibly passivation of the
grain boundaries by the dopants (Glasscock et al. 2007). Carbon-doped In2CO3

films were fabricated with spray pyrolysis and estimated for photoelectrocatalysis.
Photocurrent densities go up to 1 mA/cm2 for the C-doped films, with a high
contribution from visible light irradiation. An enhanced photocurrent density has
been observed for C-doped In2O3 than the undoped films, with the same irradiation
conditions (Yanping et al. 2008). Recently, Cu-doped ZnS/zeolite composites have
been synthesized and subsequently evaluated for their photocatalytic activities
based on hydrogen production from an aqueous S2−/SO2�

3 solution under UV–
visible light irradiation. It was found that the hydrogen production rate over CuZnS/
zeolite composites was significantly higher than over the bulk ZnS (Toru and Morio
2017). To date, a variety of nanostructures with large structural voids and surface
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areas have been fabricated, including nanoparticles, nanorods, nanotubes, and
nanowires. The efficiency of silicon for hydrogen production can be improved by
developing the antireflective property of nanosilicon substrate. Silicon nanowires
coated with an iron sulfur carbonyl catalyst produced much greater photocurrent
densities (−17 mA/cm2) when compared to bare silicon nanowires (−5 mA/cm2).
In addition, the amount of hydrogen gas was produced (315 µmol/h) at low bias
potentials for the silicon nanowires coated with an iron sulfur carbonyl catalyst
(Soundarrajan et al. 2016). The SiC-TiO2-Sm2O3 was fabricated by solgel process
and thermal process at 600 °C with different contents of samarium. It was reported
that hydrogen was produced on SiC-TiO2-Sm2O3 from a sulfuric acid solution by
applying a bias potential with UV light. The results showed a maximum value of
percentage of incident photon conversion efficiency (% IPCE = 4.7) for the sample
with 2.0 wt% of Sm3+ ions (Isaías et al. 2015). WO3/BiVO4 heterojunction is
considered one of the best pairs for hydrogen production, but its photocurrent
density is scanty. The advantage of using helical nanostructures in photoelectro-
chemical solar water splitting was investigated. Bismuth vanadate-decorated
tungsten trioxide helical nanostructures lead to the highest photocurrent density
at 1.23 V versus the reversible hydrogen electrode as a result of the combination of
effective light scattering, charge separation and transportation, and an enlarged
contact surface area with electrolytes (Xinjian et al. 2014). The fabrication of CdSe
quantum dot-sensitized photocathodes on NiO-coated indium tin oxide
(ITO) electrodes for hydrogen production upon light irradiation was reported. The
rainbow photocathodes with forward energetic gradient for charge separation and
subsequent electron transfer to a solution-based hydrogen-evolving catalyst show
good light harvesting ability and improved photoresponses than the reverse rainbow
photocathodes under white LED light illumination. Under minimally optimized
conditions, a photocurrent density of as high as 115 lA cm−2 and a Faradaic
efficiency of 99.5% are achieved; this is among the most effective QD-based
photocathode water-splitting systems (Hongjin et al. 2017). A novel configuration
of the photoelectrochemical hydrogen production device is based on TiO2 beads as
the primary photoanode material with the addition of a heterostructure of silver
nanoparticles/grapheme. The heterostructure not only caters to a great improvement
in light harvesting efficiency (LHE) but also enhances the charge collection effi-
ciency. The PCE of the TiO2 beads/Ag/grapheme cell is improved 2.5 times than
for pure P25 cell (Chun-Ren et al. 2016). Pt and grapheme (GN) were used to
modify TiO2 nanoparticles. GN/TiO2 (TG), Pt-TiO2 (PT), Pt-GN/TiO2 (PTG) and
have been investigated in hydrogen production. The maximum hydrogen produc-
tion rate was approximately 4.71 mmol h−1 g−1 when the Pt content was 1.0 wt%.
The situation of grapheme is similar to Pt. The highest hydrogen production rate is
6.58 mmol h−1 g−1 by 1.5 wt% Pt-5 wt% GN/TiO2 (1.5PTG5), which is about 1.4
and 2.2 times higher than that of Pt-TiO2 and GN/TiO2 binary composites,
respectively (Nguyen et al. 2018).

Using of noble metals/magnetic nanoparticle (core/shell structure) as photoma-
terials is promising in water-splitting process. The rate of hydrogen production can
be enhanced with magnetic heating of noble-metal-free catalysts. Using nickel/iron
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carbide core–shell, which are exposed to magnetic heating with high-frequency
magnetic field, an over potential (at 20 mA cm−2) declined by 200 mV is needed for
oxygen generation in an alkaline water-electrolysis flow-cell, while for hydrogen
production it had been decreased by 100 mV. Enhancement of oxygen-release
kinetics has corresponded to an increase of cell temperature to *200 °C; however
practically, it had elevated by 5 °C only (Christiane et al. 2018).

12.3 Conclusion

The presented chapter reported at the beginning the definition, importance, and the
types of photocatalysis. The electronic and optical characteristics of photocatalytic
semiconductors had been then overviewed in details. Energy band gaps of the dif-
ferent semiconductors and their relevant type of irradiation spectrums had been
widely discussed. The suitability of the various glass types and their matching to the
radiation sources has been also presented through this chapter. The various metals
oxide-based semiconductors had been reported as the most efficient and utilized
photocatalysts in the versatile applications. Among these metals oxides, the titanium,
zinc, and cadmium oxides have been listed as the photocatalysts of the highest
activity in general and energy production in particular. One of the distinctive usages
for the photocatalysis especially for the subject of energy generation, namely pho-
tocatalytic water conversion into hydrogen, was described in this chapter. Importance
of water-splitting process in order to generate hydrogen is also illustrated taking into
account that hydrogen has been counted as one of remarkable new energy vectors.
Two routes of water splitting, photocatalytic and photoelectrochemical, and their
dependent photocatalysts are also presented. The efficiency of various semicon-
ductors through the two routes of splitting process is displayed through this chapter.
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