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Chapter

Production of Hydrogen via Water
Splitting Using Photocatalytic and
Photoelectrocatalytic Route
Akhoury Sudhir Kumar Sinha, Umaprasana Ojha,

Zahoor Alam and Ajay Awdheshprasad Tripathi

Abstract

Hydrogen has been intensively explored recently as an energy carrier to meet the
growing demand for green energy across the globe. One of the most difficult and
significant subjects in hydrogen energy technology is efficiently creating hydrogen
from water by utilizing renewable resources such as solar light. Solar-based hydrogen
production comprises several routes, namely, photocatalytic, photoelectrocatalytic, and
photobiological decomposition. An efficient photocatalyst is desired to accomplish the
above objective by utilizing the first two routes with a minimal rate of recombination of
photo-generated charge carriers. In this chapter, strategies for preventing recombina-
tion of charge carriers in photocatalysts and the development of photocatalysts have
been focused on, and its utilization in the procedure for the production of hydrogen via
photocatalytic and photoelectrocatalytic processes is described.

Keywords: hydrogen, photocatalysis, charge recombination, water splitting,
photoelectrocatalysis

1. Introduction

Rapid urbanization and global warming have been alarming to people across
worldwide in the last decade. This has led to the urgency to develop technology for
harnessing green energy from renewable energy resources. Regarding this,
researchers have been focusing on the production of hydrogen by utilizing solar
energy and abundant water resources. Photocatalytic and photoelectrochemical routes
have been widely used for the production of hydrogen by utilizing photocatalysts.
Semiconductors-based photocatalysts are essential requirements for the
photocatalytic process, and an ideal photocatalyst should have a suitable band posi-
tioning and band gap for the utilization of solar energy [1, 2]. Oxide-based and
chalcogenide-based semiconductors have been developed for the production of
hydrogen in both photocatalytic and photoelectrochemical processes [3, 4]. Swift
recombination of photoproduced charge carriers, that is, electron and hole in
photocatalyst compromise the durability as well as efficiency of utilization of solar
radiations. There are various strategies, such as loading of noble metal, enhancement
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of crystallinity, morphology variations, coupling semiconductors with others, loading
of co-catalysts based on carbonaceous materials, and formation of heterojunction, that
have been employed for the prevention of recombination of charge carriers [5, 6].

2. Fundamentals of photocatalysis

Usually, semiconductor materials are used as photocatalysts for the light-induced
redox reaction. Figure 1 illustrates the basic principles of photocatalysis. Semicon-
ductors are characterized by electron structure, namely, valence band (VB) and con-
duction band (CB). For excitation of charge carrier, when a photon (hv) having
energy similar to or higher than the band gap (Eg) of semiconductor falls on the
semiconductor, electron migrates from the VB to the conduction band, leaving holes
behind. In this excited state, either, electrons of CB and holes in the VB may recom-
bine to dissipate the energy in the form of heat [3].

3. Hydrogen production by photocatalytic water dissociation

The dissociation of water comprises two half-reactions, namely, oxidation and
reduction of water to oxygen and hydrogen, respectively. The following equations
refer to the dissociation of water into oxygen and hydrogen in alkaline media:

Cathode

2H2Oþ 2e� ! H2 þ 2OH� (1)

Anode

2OH�
!

1

2
O2 þH2Oþ 2e� (2)

Overall

H2O !
1

2
O2 þH2 ∆G ¼ 238 kJ=mol (3)

∆G ¼ �nFE (4)

Figure 1.
The basic principle of semiconductor-based photocatalysis ref. [3].
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where n stands for the number of electrons associated with the photocatalytic
reaction, F is the faraday constant, and E is the redox potential energy of the reaction.

Thermodynamically, the change of Gibbs free energy is positive according to eq.
(3); therefore, energy is needed for the dissociation of water. In other words, dissoci-
ation of water is not a spontaneous process. The minimum energy required per
electron will be 1.13 eV from eq. (4), which is equal to the photon energy of wave-
length 1100 nm according to the eq. (5)

E ¼ 1240=λ eV (5)

A photon that has an energy of 1.23 eV or greater shall be able to dissociate water.
Solar radiation may be utilized as it has a high quantum of photons below the wave-
length of 1100 nm. It is important to note that light does not dissociate the water
because water is transparent to light. Therefore, a medium (semiconductor catalyst) is
required to induce water splitting. A semiconductor has a narrow band gap, where
electrons are generated by the utilization of photon of wavelength less than 1100 nm.
Moreover, the conduction band gap of catalysts may be preferably more negative than
the reduction potential of H2O to initiate the water-splitting reaction by an electron.
Holes at the valence band are used by the sacrificial agents present in the electrolytes.

The overall photocatalytic dissociation of water consists of mainly three steps (as
shown in Figure 2): (1) electron–hole pair’s generation by using the absorption of a
photon, (2) electron–hole separation and migration of electrons to the conduction
band, (3) reactions between surface species and electron. The first step is photon-
physical processes, the second step is the migration of charge carriers, and the third

Figure 2.
Fundamental steps associated with the photocatalytic water dissociation of water for hydrogen.
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step is the chemical process. Moreover, surface and bulk recombination of electron–
hole may also occur. The reverse reaction is also possible in water. Therefore, research
is undertaken toward (a) improvement in the harvesting of visible light by utilizing
semiconducting materials and (b) efficient charge separation tools and suppressing
electron and hole recombination. Apart from these, it is also required to make modi-
fications to the particle morphology of the photocatalyst and adopt the surface struc-
ture modification to enhance the rate of the reaction of redox couples.

4. Photoproduced charge recombination phenomenon in photocatalyst

Fast recombination of photoproduced electrons and holes diminishes
photocatalytic efficiency, as is well known. The recombination of the photoproduced
electron and holes happens in the nanosecond (1 � 10�9 second) range due to a high
Coulomb constant (8.99 � 109 N m2 C2�) [7]. As a result, preventing the recombina-
tion of photoproduced electrons and holes is a more difficult and daunting task.
Various tactics for preventing the recombination of photo-induced electron and hole
pairs have been proposed in this area, including the loading of noble metals and the
coupling of two semiconductors resulting in the creation of a heterojunction at the
interface. In general, a heterojunction is a contact between two semiconductors with
differing structures. It effectively isolates photo-induced electrons and holes in
photocatalysts, increasing photocatalytic efficiency overall.

4.1 Doping of noble metals on the semiconductor surface

For the avoidance of photo-induced electron and hole recombination in semicon-
ductors, loading metal or noble metal on the surface of the semiconductors as co-
catalysts has been extensively researched. A Schottky barrier is generated at the
interface between the active metal and semiconductors because noble metal has a
larger work function than semiconductors. In the literature, the creation of the
Schottky barrier has been extensively researched [8]. When noble metals with higher
work functions (m) than semiconductors with lower work functions (s) are electri-
cally connected (Figure 3), electrons migrate from the conduction band of the semi-
conductor surface to the active metal until their Fermi levels are aligned, forming a

Figure 3.
Energy level diagram of metal surface with n-type semiconductor possessing ϕm > ϕs before and after the junction
(ref. [9]).
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space charge region at the interface between them. As a result, the noble metal will
accumulate an excessive amount of negative charge on its surface, whereas the semi-
conductor will accumulate a positive charge as a result of electron transport. Further-
more, this causes an upward band bending of semiconductors toward the surface. As a
result, the Schottky barrier is a tiny barrier that forms in the depleted region.

4.2 Coupling of semiconductors with one another

Making a composite of two or more semiconductors implanted with additional
semiconductors with appropriate band energies is another way to boost its
photocatalytic activity and stability. According to the literature, a heterojunction formed
by the conjunction of two semiconductors can be used to separate charges. Owing to the
diffusion of electrons and holes, a p–n junction with a space-charge zone may occur
when the p- and n-type semiconductors come into contact (Figure 4). As a result, a
built-in electrical potential is established, which allows electrons and holes to flow in the
opposite direction. Due to the diffusion of electrons and holes, a p–n junction with a
space-charge zonemay emerge at the interfaces. As a result, a built-in electrical potential
is produced, allowing electrons and holes to flow in the opposite direction. The
photoproduced electron–hole pairs can be promptly separated by the induced electric
field within the space charge area when the p–n heterojunction is irradiated by photons
with energy greater than or equal to the photocatalyst’s band gap. This p–n
heterojunction has several advantages: (a) efficient separation of charge; (b) swift
charge migration to the active surface; and (c) sustainable charge carrier life. All of these
characteristics impact the photocatalytic performance of the p–n heterojunction [10].

4.3 Creation of heterojunction

As we know that recombination of photoproduced charge carriers in a
photocatalytic water-splitting process can be considered a devil to hinder the produc-
tion of hydrogen at a large scale by utilizing ample solar energy. Prevention of charge
recombination is a bit challenging and overwhelming task. Regarding this, the crea-
tion of heterojunction between the semiconductors at the interfaces is considered a

Figure 4.
Schematic representation displaying the band structure and charge carrier separation in the p–n heterojunction ref. [10].
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prominent strategy for the designing of efficient photo-catalysts, which could
enhance the charge separation efficiency. Low et al. have reported five types of
heterojunction in their review literature, namely, convention type-II heterojunction,
p-n type heterojunction, surface heterojunction direct Z-scheme heterojunction, and
recently developed semiconductor-graphene heterojunctions (SC-Graphene) [9].

5. Advancements in photocatalysts in water splitting

The significant optoelectrical properties, such as electrical conductivity, band
gap, and absorption of light, are required for particulate semiconductors-based
photocatalytic water splitting. Over four decades, various particulate-based-semi-
conductor photocatalysts have been developed, namely, oxide-based
photocatalysts (TiO2, ZnO, BiVO4, SrTiO3, etc.) and chalcogenide-based-
photocatalysts (CdS, ZnS, MoS2, CdSe), and are widely used for hydrogen gener-
ation based on the photocatalytic water splitting utilizing visible light. However, it
has been reported that the fast recombination of photo-induced electrons and
holes limits the production of hydrogen at a higher scale. Shao et al. [11] have
developed carbonized MoS2/Mo2C-decorated CdS with an extraordinary quantum
efficiency (41.4% in presence of 420 nm) and reported 112 times greater activity
compared to that of the CdS. The exceptional photocatalytic performance of the
above system is assigned to the presence of the metallic character of MoS2 and
Mo2C and an appropriate Gibbs free energy (ΔG) of H2 adsorption, resulting in
increased absorption of photon, rapid separation, and migration of photo-induced
carriers, and displaying optimum activity in the HER. Guncai et al. [12] employed
the dual-band-gap strategy and prepared CdS-supported reduced graphene oxide
(RGO) nano-heterostructure and investigated that interfacial interaction between
CdS facilitates the fast transfer of electrons from the CdS to RGO. This interfacial
interaction, dependent on the transfer of charge carriers, has been proved theo-
retically as well as experimentally. Moreover, the transfer of single electron and
holes present on the surface of catalysts depends on the surface potential. Surface
potential enhances the transfer of electrons to the surface of RGO. Guoning et al.
[13] emphasized the stability of heterojunctions between CdS-Cu2 � x S and MoS2
by the migration of ion, that is, Cu, and reported that intercalation of Cu within
the MoS2 basal plane enhances the epitaxial growth of CuI@MoS2 nanosheets in a
vertical manner on the surface of 1D core–shell CdS-Cu2xS type nanorods to
generate catalytic and protective layers, enhancing catalytic activity and durability
at the same time. This design concept shows how hybridized surface layers can be
used as efficient catalytic and shielding interfaces for photocatalytic hydrogen
generation. Jing et al. [14] fabricated the few-layered MoS2/ZnCdS/ZnS at higher
temperatures and constructed the dual heterostructures, which showed a higher
rate of production of hydrogen as a result of preventing the recombination of
photoproduced electrons and holes. The well-designed structure is effective in the
separation and migration of photoproduced electron–hole pairs, leading to an
enhancement in photocatalytic H2 production activity, according to time-resolved
photoluminescence spectra. Menglong et al. [15] prepared carbon nitride (CN)-
supported red phosphorous (RP) and reported that RP tightly bound with the
carbon nitride (CN) framework. A van der Waals heterojunction has been formed
between CN and RP and promoted the rapid migration of electrons for the con-
version of H+ ions to H2 in the process of solar-driven water splitting. Van der
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Catalyst Preparation Method Light Source H2 Ref.

TiO2/MoS2/

graphene

Hydrothermal MoS2/graphene Composite

prepared. Composite and Ti(OC4H9) are

reacted hydrothermally to obtain a

catalyst

350 W Xe arc

lamp

165.3 μmol h�1 [18]

RuDTC: Pt@CdS CdS nanorods were prepared by seed

growth method on it Pt nanoparticle

growth was done. Composite of Pt@CdS

on its, Ru complex has grown as chemical

ligation

20mWcm�2 16 μmol h�1 [19]

CdS Quantum

Dots/ZnO

CdS QDs on ZnO (microflowers) by in

situ deposition using the SILAR method

225 W xenon arc

lamp

22.12 mmol/h*g [20]

NiS1.97 NiO reacts with Thioacetamide in

presence of Inter atmosphere (Ar gas)

solar simulator

100 mW/cm2

�4 μmol h�1 [21]

La2Ti2O7/CuO La2Ti2O7 and Cu(NO3)2.3H2O in a

crucible for the calcination process.

125 Wmedium

pressure Hg lamp

936.6 mmol h�1 [22]

Se Incorporation

in La5Ti2CuS5O7

La5Ti2CuS5O7 and La5Ti2CuS5O7:Se both

were prepared by the reaction in a solid

state

300 W Xe lamp �175 μmol h�1 [23]

Palladium

Sulfide (PdS)

Pd films in vacuum-sealed ampules with

sulfur powder for heating

200 W halogen

lamp

�0.55 μmol min�1 [24]

ZnIn2S4 Zn(CH3COO)2�2H2O and thioacetamide

hydrothermally give a product

FX-300 Xe lamp 100.1 μmol h�1 [25]

CdS-Cu2–x S Solvothermal or colloidal method CdS

and catalyst preparation by a cation

exchange process

300 W xenon

lamp along with

U.V. cut-off

filter

14184.8 μmol g�1 h�1

(20 h)

[13]

MoS2/g C3N4/

GO

Graphene oxide is prepared by exfoliation

MoS2 by the reported method and g-C3N4

too. Composite preparation by anion

exchange and hydrothermal.

300 W xenon arc

lamp

1.65 μmol h�1 [26]

CdS/WO3/

CdWO4

CdS prepared first and then WO3 and

CdWO4 three of them are reacting to

make tricomposite.

Xe lamp �3100 μmol h�1 [27]

La0.5 Sr0.5 Ta0.5
Ti0.5O2N

Synthesized by nitridation of oxide

resulted from a polymerizable complex

method

Xe arc lamp

(300 W)

18.2 μmol [28]

(CuGa)0.5 ZnS2 (CuGa)0.5ZnS2 synthesis by Vacuum

solid-state reaction method

Xe arc lamp

(300 W)

25.6 μmol h�1 [29]

CuGaS2/RGO-

TiO2

CuGaS2 composite on RGO-TiO2 Xe arc lamp

(300 W)

6.9 μmol h�1 [30]

Pt/CuGaS2 and

RGO-TiO2

Pt-loaded CuGaS2 composite on RGO-

TiO2

Xe arc lamp

(300 W)

19.8 μmol h�1 [30]

ZnxCd1–x Se

Coated with

[Fe(CN)6]4�

Preparation of the material is via the

solid-state method in a quartz ampoule

which is sealed

Xe arc lamp

(300 W)

0.75 μmol h�1 [31]

CdSe-DF and

CdSe-NR

(*dendritic

fractals and

nanorods)

CdSe is prepared by liquid-solid growth

mechanism in hydrothermal for the

getting different morphologies, on it,

Cu3P is incorporated.

500 W Xe-Hg

lamps

46.5 mmol/h/g

(CdSe-DF)

[32]
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walls heterojunction is one of the best types of heterojunction that could increase
the efficiency of the photocatalytic H2O splitting route. Kun et al. [16] synthesized
CdS supported on the nanosize MoS2–graphene hybrid. They reported that this
catalyst showed a significantly higher hydrogen production. They also optimized
the quantity of nanosize of MoS2–graphene hybrid and found that the highest
photoactivity was observed when 2 wt% of MoS2–graphene was used having MoS2:
graphene = 1:2 (mol:mol). The remarkable activity of the prepared photocatalyst
was ascribed to the higher rate of absorption of H+ on the unsaturated S atom at
the edge of MoS2. It is believed that the presence of graphene could separate the
photoproduced electrons and holes and thus retard the recombination of charge
carriers. Xiaohu and coworkers [17] also synthesized rGO–CdS by utilizing the
hydrothermal procedure using Cd precursor, GO, and Cd(Ac)2.2H2O as a precur-
sor in DMSO. It was sonicated and then this suspension was poured into a
stainless-steel autoclave with a Teflon lining for further solvothermal treatment at
453 K. They also prepared rGO–CdS by a precipitation process for comparison.
The composite exhibited improved photocatalytic activity toward H2 production
compared to that of the CdS, whereas the physical mixtures of rGO and CdS
failed to display a similar enhancement in efficacy. The improved activity was
assigned due to the incorporation of rGO that promoted suppression of recombi-
nation of the photoproduced carrier as an electron-transfer channel and acceptor,
as well as a support of CdS in an aqueous solution.

It is well known that heterojunctions, dual-band structure, van der Walls
heterojunction, dual heterojunction, and precipitation method could directly influ-
ence the activity. These strategies are the advancement in photocatalytic water split-
ting. The activities of various photocatalysts, preparation methods, and sources of
light are reported in Table 1.

6. Factors affecting photocatalytic water splitting

Apart from the fabrications and prevention of recombination of photoproduced
electrons and holes, various significant factors are also affecting the photoactivity of

Catalyst Preparation Method Light Source H2 Ref.

CdSe-QD/amp-

TiO2

CdO, oleic acid, and trioctylamine were

taken in three-necked flasks, degassed

under vacuum, simultaneously that Se

and trioctylphosphine (TCP) mixture

were prepared inside Ar filled glove box.

Quickly inject TCP-Se into a three-necked

flask at 3000C

AM 1.5 light

irradiation

436 μmol/g.h [33]

ZnIn2S4/MoSe2 ZnIn2S4 prepared in Autoclave. ZnIn2S4/

MoSe2 composites prepared by solution-

phase hybridization method.

300 W high-

pressure Xe arc

lamp

2228 μmol/g.h [34]

MoS2 -QDs/g-

C3N4

MoS2 quantum dots were prepared by

bath and probe sonication. MoS2-QDs/g-

C3N4 composite prepared by sonication

and after centrifugation

300 W Xe lamp 19.66 μmol h�1 [35]

Table 1.
Photocatalytic activities of various photocatalysts.
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photocatalysts such as band gap energy, light intensity, phase of the catalyst, sacrifi-
cial agents, and advancement of photoreactor design.

6.1 Band gap

The electronic configuration of semiconductors-based photocatalysts are generally
described in term of energy band and can be represented by the difference in energy
level by conduction band (CB) and valence band (VB). In general, the acceptor’s
relative potential level must be less than the semiconductor’s CB for thermodynamic
reasons. Moreover, a more negative value of the conduction band position is favorable
for the reduction of H+ ions to hydrogen gas (H2) [36].

6.2 Intensity of light

Concentration of light possessing energy higher than the activation threshold can
boost photocatalytic water-splitting efficiency. In terms of UV photon flux, there are
two systems for photocatalytic splitting. Chemical processes consume electron–hole
pairs quicker than recombination reactions in the first-order regime, which is typical
for fluxes from small-scale experiments of 25 mWcm2. The second-order regime is for
greater intensities, where the rate of recombination is normally dominating and has a
smaller effect on the reaction rate. Furthermore, the variation of reaction rate in the
water-splitting process is considered to be dependent on the wavelength that comes
after the photon absorption of the catalyst with a threshold value corresponding to the
band gap of the photocatalyst (Figure 5) [36].

6.3 Effect of temperature

Thermodynamically, the temperature did not induce the photocatalytic activity
because it cannot generate the electron and holes in catalysts. However, the effect of
temperature can be generally seen as facilitating the release of the H2 from the surface

Figure 5.
Band structure of different types of photocatalysts (ref. [36]).
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of photocatalysts, thus increasing the activity of photocatalytic water splitting. More-
over, the temperature increases the rate of reactions.

6.4 pH

It is well known that the rate of H2 production from H2O splitting is dependent on
the pH of the solution, that is, hydrogen ions concentration. The hydrogen production
is to be generated more effectively in a weak base solution rather than the stronger
base solution (pH > 10) or in acidic. Sinha et al. have optimized the pH of the solution
(8.6) for a high rate of hydrogen production in the sacrificial agent-mediated
photocatalytic reactions [37].

7. Photoelectrochemical water splitting

Photoelectrocatalyst is a material that has the capability of harvesting solar light
and chemical transformation by an electrochemical redox reaction. The first
photoelectrochemical route for studying water splitting was performed by Fujishima
and Honda using TiO2 catalyst [38, 39]. Photoelectrocatalytic water-splitting reaction
is performed in a photoelectrochemical cell. The photoactive material is the semicon-
ductor material that is used for water splitting. In a photoelectrochemical cell setup,
which is very similar to an electrochemical cell, either one or both electrodes is
photoactive material that is coated on a thin-film-conducting material like ITO/FTO,
etc. (Figure 6). The photoelectrochemical way of water splitting has an advantage
over photocatalytic water splitting, such as the facility of gaseous product separation
and external bias voltage that can operate reaction kinetics and mechanism for prod-
uct choosy. The appealing superiority of photoelectrochemical water splitting takes
place at a semiconductor surface, which can generate an electric field at a
semiconductor-liquid junction [40]. For the last three decades, the photoelectro-
chemical route is being used for the generation of hydrogen. Activities of different
photoelectrocatalysts are reported in Table 2.

Figure 6.
Schematics of photoelectrochemical cells.
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Catalyst Preparation Method Light Source H2 Ref.

n-La2Ti2O7/

p-LaCrO3

La2Ti2O7 is prepared by the calcination

process and LaCrO3 is also prepared by the

same method as above

125 W

medium

pressure Hg

lamp

267.6 μmol h�1 [41]

Pt-Au/g-C3N4 g-C3N4 is prepared by heating melamine at

5500°C. Pt-Au/gC3N4 is prepared in a

Teflon-lined stainless-steel autoclave by

putting a solution of Pt and Au salt and

gC3N4.

300 W Xe

lamp

267.6 μmol .g�1.h�1 [42]

La2Ti2O7/CuO La2Ti2O7 and Cu(NO3)2.3H2O in a crucible

for the calcination process.

125 W

medium

pressure Hg

lamp

936.6 mmol (in 4 h) [22]

Palladium Sulfide

(PdS)

Pd films in vacuum-sealed ampules with

sulfur powder for heating

200 W

halogen lamp

�0.55 μmol. Min�1 [24]

ZnIn2S4 Zn(CH3COO)2�2H2O & thioacetamide

hydrothermally give a product

FX-300 Xe

lamp

100.1 mmol. h�1 [43]

CdS-Cu2–x S Solvothermal or colloidal method CdS and

catalyst preparation by a partial cation

exchange reaction

300 W xenon

(U.V. cut-off

filter)

14184.8 μmol.

g�1.h�1 (20 h)

[13]

MoS2/g C3N4/GO Graphene oxide is prepared by exfoliation

MoS2 by the reported method and g-C3N4

too. Composite preparation by anion

exchange and hydrothermal.

300 W xenon

lamp

1.65 mmol. h�1 [44]

(CuGa)0.5ZnS2 (CuGa)0.5ZnS2 synthesis by Vacuum solid-

state reaction method

300 W Xe

lamp

25.6 μmol. h�1 [29]

ZnxCd1–xSe

Coated with

[Fe(CN)6]
4�

Preparation of the material is via the solid-

state method in a quartz ampoule which is

sealed

300 W Xe

lamp

0.75 μmol. h�1 [45]

CdSe-QD/

amp-TiO2

CdO, oleic acid, and trioctylamine were

taken in three-necked flasks, degassed

under vacuum, simultaneously that Se and

trioctylphosphine (TCP) mixture were

prepared inside Ar filled glove box. Quickly

inject TCP-Se into a three-necked flask at

3000°C

AM 1.5 light

irradiation

436 μmol/g.h [46]

ZnIn2S4/MoSe2 ZnIn2S4 preparation in Autoclave which

Teflon stainless steel. ZnIn2S4/MoSe2
composites preparation by solution-phase

hybridization method.

300 W high-

pressure Xe

arc lamp

2228 μmol/g�1.h [34]

CoSx@POP

(POP is a porous

organic polymer)

7CoSx@POP preparation involves three steps

first is POP preparation by oxidative

polymerization method second is

Co3O4@POP preparation which by heating

POP and Co(OAc)2 for 12 hr. in an oil bath

and the third step is catalyst preparation

300 W Xenon

lamp (420 nm

cut-off)

180 μmol/cm2 after

120 min

[47]

Cu2S-TiO2/TiO2 -

NP/FTO

Firstly, a layer of TiO2 grown on FTO glass

and, then Cu2S-TiO2 grows on TIO2/FTO

100 W xenon

arc-lamp

� 55 � 5 μmol/

cm2hour

[48]

Cu Doped

ZnS/ZnO

CuO/ZnO Prepared by solvothermal and

catalyst prepared by hydrothermal method

300 W Xe

lamp (cut-off

filter)

1.044 mmol g�1 h�1 [49]
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Overall, the following inference can be drawn from the results described in the
above section.

• Possibly, chalcogenide based-photocatalysts give higher activities under
irradiation of visible light due to the presence of conduction band position toward
more negative potential with respect to NHE.

• Reported results show that higher production of hydrogen is seen due to the
formation of heterojunction of multiple active catalytic systems.

• Oxide-based photocatalysts have limitation to maximize hydrogen production
due to the recombination of photoproduced charge carrier. This may be
facilitated by UV light, which comprises �4–5% of the solar spectrum.

• Results also revealed that the presence of two-dimensional (2D) co-catalysts,
such graphene, MoS2, and C3N4 with semiconductors photocatalysts, results in
higher activities.

• Nanocatalysts with precise nonmetallic doping may also be helpful to drive the
efficiency in a positive direction.

8. Conclusions

Photocatalytic and photoelectrocatalytic routes are considered as sustainable tech-
nology for the generation of green and clean hydrogen from renewable sources.
Advancements have been made in photocatalysts to prevent the recombination of
photoproduced charge carriers, that is, electron and hole. But still both the routes are
operational at Research & Development level, and a ground-breaking research is
needed in terms of the fabrication of durable and sustainable photocatalysts, devel-
opment of photoreactor. The catalyst heterostructure, size, shape, and composition
controlled the H2 production efficiency under photocatalytic conditions. The avail-
ability of photocatalysts with higher efficiency and durability is also desirable for the
said purpose. Subsequently, the dispersion of the catalysts in the aqueous medium and
their exposure to light during the photocatalysis process is important for large-scale
operations. The ability of photocatalysts to produce H2 from low-grade water, waste-
water, and sea water is envisaged to further enhance the commercial viability of the
process. Other avenues such as photoelectrocatalysis may also be explored to under-
stand the commercial viability of these routes.

Catalyst Preparation Method Light Source H2 Ref.

g-C3N4/BiVO4 Prepared by hydrothermal for BiVO4 and

thermal polycondensation of urea for g-C3N4

500 W

halogen lamp

21.4 mmol/h [50]

Mo-In2O3–

ZnIn2Se4

The catalyst prepared by Zn(NO3)2� 6H2O,

In(NO3)3�xH2O, and Na2SeO3 by

solvothermal reaction

300 W Xe

lamp

�1200 μmol/g [51]

Table 2.
Photoelectrocatalytic activities of various catalysts.
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