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Water splitting for hydrogen production under light irradiation is an ideal system to pro-

vide renewable energy sources and to reduce global warming effects. Even though signif-

icant efforts have been devoted to fabricate advanced nanocomposite materials, the main

challenge persists, which is lower efficiency and selectivity towards H2 evolution under

solar energy. In this review, recent developments in photo-catalysts, fabrication of novel

heterojunction constructions and factors influencing the photocatalytic process for dy-

namic H2 production have been discussed. In the mainstream, recent developments in TiO2

and g-C3N4 based photo-catalysts and their potential for H2 production are extensively

studied. The improvements have been classified as strategies to improve different factors

of photocatalytic water splitting such as Z-scheme systems and influence of operating

parameters such as band gap, morphology, temperature, light intensity, oxygen vacancies,

pH, and sacrificial reagents. Moreover, thermodynamics for selective photocatalytic H2

production are critically discussed. The advances in photo-reactors and their role to pro-

vide more light distribution and surface area contact between catalyst and light were

systematically described. By applying the optimum operating parameters and new engi-

neering approach on photoreactor, the efficiency of semiconductor photocatalysts for H2

production can be enhanced. The future research and perspectives for photocatalytic water

splitting were also suggested.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Natural resources such as coal and petroleum products as a

source of energy are nearly exhausted [1]. The reduction of

fossil fuel reserves has prompted substantial research efforts

toward the usage of hydrogen (H2) as an environmentally

friendly energy carrier for the post fossil fuel regime [2]. It is

currently generally agreed that H2 may be the best option for

tackling the triple issues of exhaustion, pollution and climate

change effects [3]. One of the technologies for H2 production is

photocatalytic water splitting, since it entails photonic en-

ergy, which is the most abundant energy resource on the

Earth [4]. Previous research states that solar based H2 gener-

ation by photocatalysis provides near zero global warming

and air pollutants [5], and can be stored easily [6]. Therefore,

H2 is considered as a possible important energy in future,

since it is free from toxic and it can produce high energy

content from natural resources such as light (photon) energy

andwater, which are clean, long lasting sources of energy, and

renewable resources [7].

Pioneer work as early as 1972 by Fujishima and Honda [8]

reported water splitting for H2 production over TiO2 semi-

conductor. Since then, various types of semiconductors for
Please cite this article as: Fajrina N, Tahir M, A critical review in strat
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photocatalytic H2 productions are under investigation. Among

all, titanium dioxide (TiO2) with band gap 3.2 eV is a recog-

nized photocatalyst and it has been extensively studied

because of numerous advantages such as low cost, high

photochemical stability and non-toxic [6,9]. On the other

hand, wide band gap limits its applications under visible light

and faster charges recombination rate lowers its photo-

catalytic activity [6,10]. Coupling TiO2 with visible light semi-

conductors can narrowing the band gap with faster charges

separation, thus could enables enhanced photo-catalytic ac-

tivity. Among the low band gap semiconductors, polymeric

graphitic carbon nitride (g-C3N4) has attracted more atten-

tions as metal-free polymeric semiconductor in photo-

catalytic water splitting. It is a visible light responsive with

lower band gap and low cost semiconductor. It can be syn-

thesized from cheap precursors such as melamine and urea

by simple thermal approach. In addition, g-C3N4 has

numerous advantages such as high thermal and chemical

stability and appropriate band structure (2.7 eV) to absorb

visible light irradiation [11]. Among the limitations, g-C3N4 has

low surface area and small active sites for interfacial (photon)

reaction, moderate oxidation reaction of water to Hþ and low

charge mobility which disrupt the delocalization of electrons.

Hence, the coupling or/and doping g-C3N4with other elements
egies to improve photocatalytic water splitting towards hydrogen
/10.1016/j.ijhydene.2018.10.200
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can overcome its limitations. Among the other alternatives,

coupling g-C3N4 with TiO2 to develop type II heterojunction

could be promising to get enhanced H2 production during

photocatalytic water splitting under visible light irradiations.

Recently, the formation of Z-scheme photocatalytic sys-

tem, analogous to artificial photosynthesis, is one of the latest

strategies to improve photocatalytic performance as

compared to using single semiconductor photocatalyst.

Commonly investigated Z-scheme systems have three clas-

sifications that are with shuttle redox mediators, without

electron mediators, and with solid-state electron mediators

[12]. These systems can enhance the efficiency of photo-

catalyst performance, since it effectively increases the visible-

light absorption, accelerates the separation and trans-

portation of charge carriers. In addition, surface modification

such as catalyst structure and morphology can improve per-

formance due to increasing surface area and efficient charge

carriers separation [13]. The configuration of semiconductors

has been designed and investigated in the form of nano-

particles, nanosheets, nanotubes and nanowires [14]. There-

fore, semiconductor photocatalyst selection and modification

has great potential to narrow the band gap, utilizing visible

light and promoting charge separation towards selective H2

evolution.

In addition, photocatalytic efficiency can be achieved in the

presence of sacrificial reagents such as reforming alcohols,

which play roles as electron donor and hole scavenger, since

the oxidation potential of alcohol is lower than reduction of

Hþ to H2. From the previous research, glycerol is more helping

for the generation of H2 than using methanol and ethanol.

Bahruji et al. [15] investigated 20 different sacrificial reagents

and proved increasing H2 production rate in order

triols > diols > primary (1�) alcohols > secondary (2�)
alcohols > tertiary (3�) alcohols. The production of H2 also

depends on the location of physical properties of alcohols like

number of a-H or OH atoms and alcohols polarity [16]. The

design and selection of photoreactor is another engineering

approach which contributes significantly in evolution of H2

during photocatalysis. Since, the effectiveness of photo-

catalytic activity depends on the absorption of photons and

reactants on the catalyst surface, the innovations on photo-

reactors should include selection of light sources and distri-

bution, shape and dimension of reactor, and design of

irradiation device such as reflectors. Typically, slurry reactor

is used in photo-catalysis process, yet it has limitations such

as low light distribution, lower light penetration depth,

excessive cost for catalyst separation and cannotmaximizeH2

production. Therefore, photo-technology has been developed

and recently, monolith reactor has attracted the attention of

researchers among the photo-reactors such as slurry, fluid-

ized, fixed bed and optical fiber photoreactor. Monolith, which

contains parallel straight channels, have been exploited very

efficiently due to higher illuminated surface area, high utili-

zation of photon flux energy and tends to generate more H2

under flow operation [17].

Herein, an overview and recent developments in semi-

conductor materials, thermodynamics and engineering

approach to maximize photocatalytic water splitting for H2

production has been discussed. First, the fundamentals and

thermodynamics of photocatalysis are briefly explained.
Please cite this article as: Fajrina N, Tahir M, A critical review in strate
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Second, the strategies to improve the photocatalytic activity

by the design of TiO2 and g-C3N4 structures, morphological

impacts,modificationwith differentmaterials and formations

of heterojunctions are summarized. The various factors that

affect photocatalytic water splitting such as band gap,

morphology, temperature, light intensity, pH, oxygen va-

cancies, and sacrificial reagents are then critically discussed.

Additionally, the technology in photoreactors and the

recommendation to improve the H2 production are also

explained.
Fundamentals and thermodynamics of
photocatalysis

Fundamentals of photocatalysis

Photocatalytic water splitting is regarded as an artificial

photosynthesis, since it is similar to photosynthesis process

in green plants under solar energy [18,19]. The production of

hydrogen from organic substances within wastewater or from

water could be achieved alongwith principle of photocatalytic

processes by exploiting the sun radiation that strikes the earth

surface every day [20]. During this process, light energy is

converted to chemical energy, while water splitting reaction

promotes to build up Gibbs free energy (GE) [18,21]. Hydrogen

can be generated with two methods which can be: (i) photo-

catalytic water splitting [18] and (ii) photocatalytic reforming

of organics [22]. In the first method, water undergoes redox

reaction with electron/holes, however, in the second step,

organic substances donate electron and oxidize to generate

proton ions [18]. The proton ions are finally converted to H2 by

the involvement of electrons over the photocatalyst [22].

In general, photocatalytic system requires reactant, pho-

tocatalyst, photoreactor and supply of light to evolve

hydrogen. The reactant can be water itself or even mixing

with sacrificial reagent. For photocatalyst, it should be work-

ing with light, either UV light or visible light, yet photo cata-

lysts absorbing light in the visible range may guarantee to

capture significant part of the energy emitted by the sunlight

[23]. For efficient hydrogen production, an efficient interaction

between light, catalyst and reactants would be required

[24,25]. Photocatalysis starts with irradiation of light with

energy higher than or equal to its band gap of a semiconductor

based photo catalyst, isolating the vacant conduction band

(CB) and filled valence band (VB), exciting an electron in VB

directly into CB to result in the separation of an electron (e�)e
hole (hþ) pair. The photo-generated electrons are involved for

the reduction process while the holes are consumed in

oxidation process [26].

The mechanism of photocatalytic water splitting for H2

production is illustrated as in Fig. 1 [27]. The photo catalysis

has four major processes, which are light harvesting (stage 1),

charge excitation (stage 2), charge separation and transfer

(stage 3 and 4), and surface catalytic reactions (stage 5 and 6)

[28]. First, photocatalysis starts with light irradiation with

energy greater or equal to the band gap of photocatalyst.

Typically, the semiconductor of photo catalyst consists of a VB

and a CB, which are separated from one another by a band gap

energy (Ebg) [6]. The photo-catalyst under appropriate photon
gies to improve photocatalytic water splitting towards hydrogen
/10.1016/j.ijhydene.2018.10.200
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Fig. 1 e Illustration of mechanism of photocatalytic water splitting for H2 production [27].

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x4
excitation causes electronic transitions and generates e�/hþ

pairs (Eq. (1)). Second, the charges are separated and the

electrons are excited from the VB to CB, leaving holes in the

VB. Electrons and holes are involved in the reduction (stage 6)

and oxidation (stage 5) reaction with water. The oxidation

reaction involves decomposition of water into Hþ as shown in

Eq. (3), while Eq. (4) shows reduction reaction when Hþ gains

electron to produce H2. Redox reaction on the surface of

photocatalyst occurs when the reduction and oxidation po-

tentials are above and below than CB and VB levels, respec-

tively [26,28e30]. Photo-excited holes are powerful oxidants,

capable of oxidizing water and organics such as alcohols as

shown in Eqs. (3) and (5), respectively. The reaction can be

carried out with thermal dissociation of water at temperature

more than 2070 K, however, water splitting can be conducted

at room temperature using photocatalyst under light irradia-

tion with energy more than the band gap energy [2].

Catalyst/Catalyst
�
e� þ hþ� (1)

Catalyst
�
e� þ hþ�/Catalyst (2)

H2Oþ hþ/
1
2
O2 þ 2Hþ (3)

2e� þ 2Hþ/H2 (4)

RCH2OHþ 2hþ/RCHOþ 2Hþ (5)

However, the major challenge regarding photocatalytic

water splitting is the charges (e�/hþ) recombination. The

electronehole pairs could recombine (stage 4) as illustrated in

Eq. (2) with the release of unproductive heat. Therefore, it

reduces the effectiveness for the H2 generation. Particularly in

pure water, it is difficult in order to achieve water splitting for

H2 production using photo-catalysts due to fast recombina-

tion of photo-generated charge carriers. Consequently, pho-

tocatalytic water splitting is usually studied in the presence of

sacrificial reagent (methanol, ethanol and glycerol) and elec-

trolytes (Na2S and KI). The electrolytes are not undergoing

reduction or oxidation by CB electrons and VB holes. Electro-

lytes act as transport of ions and transfer of electrons to

adjacent semiconductor. Therefore, they will give improve-

ment on the photocatalytic water splitting reactions. The

sacrificial reagent or electron donors are reacting with VB
Please cite this article as: Fajrina N, Tahir M, A critical review in strat
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holes to enhance charges separation [26]. Since, the formation

of H2 from pure water has its limitation, the understanding of

thermodynamic analysis in terms of energy, band gap and

redox potential can enhance the maximum performance for

photocatalytic activity.

Thermodynamics for water splitting

The water splitting reaction is a multi-electron process and

endothermic reaction [31]. The reaction of water into H2 and

O2 requires a source of energy to fulfill the Gibbs free energy

change (DH0¼ 238 kJmol�1) [32], while the Gibbs energywill be

needed to rearrange valence electrons of water regarding

formation of H2 and O2 [26]. The overall water dissociation and

full water splitting reaction are explained in Eqs. (6) and (7). In

order to generate one molecule of H2 as shown in Eq. (6), the

energy required simply by water to produced H2 is 2.458 eV,

which shows a work under 1.229 V potential difference for the

displacement of two electrons [33]. Since, full water splitting

needs four electrons to produce twomolecules of H2 as shown

in Eq. (7), the energy input required is 4.915 eV and can be

utilized by UV light with wavelength shorter than 252.3 nm or

by two photons within the visible spectrum along with

wavelength shorter than 504.5 nm [34]. The water splitting

involves two half-reactions: the oxidation of water to form O2

(Eq. (3)) and the reduction of protons to form H2 (Eq. (4)) [2].

Overall water dissociation reaction:

H2O�������!TiO2=hv 1
2
O2 þ 2Hþ; 2Hþ þ 2e�/H2 þ 1

2
O2 (6)

Full water splitting reaction:

2H2O�������!TiO2=hv
O2 þ 4Hþ; 4Hþ þ 4e�/2H2 þ O2 (7)

When a semiconductor is exposed to light with energy

higher than Eg, it stimulates the electrons into CB and leaving

holes in VB. The photo-induced electrons and holes are freely

moving, capable of being delocalized within the semi-

conductor. This could cause electrons quickly attaining in-

ternal equilibrium within energy level instead of across the

band gap, since the relaxation timewith in conduction band is

shorter as compared to across the band gap as displayed in

Fig. 2. States of electrons along with internal equilibrium are

referred to as quasi equilibrium states and potential of elec-

trons and holes in quasi-Fermi levels are given in Eqs. (8) and
egies to improve photocatalytic water splitting towards hydrogen
/10.1016/j.ijhydene.2018.10.200
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Fig. 2 e Thermodynamics and Gibbs free energy (G) of photocatalyst with light and without light [36].
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(9) [35,36]. Under light irradiation with energy greater than Eg,

the maximum thermodynamic driving force for electrons and

holes to induce photocatalytic reactions are explained in Eq.

(10). However, when semiconductor is at thermal equilibrium

(DH ¼ 0), DG becomes zero resulting in zero net force to derive

photocatalytic reaction. This indicates that heat is not driving

force for the generation of electronseholes pairs. Thus, for

photo-catalysis, energy of reaction is Gibbs free energy (DG)

supplied by light irradiations to derive photoreaction.

Fn ¼ Ec þ kBT In
n
Nc

(8)

Fp ¼ Ev þ kBT In
n
Nv

(9)

DG ¼ ���Fn � Fp

�� ¼ �Eg � kBT In
np

NvNc
(10)

where Ec and Ev are CB minimum and VB maximum energy

level positions, kB ¼ Boltzmann constant, T is absolutely

temperature, Nc and Nv are effective densities of states in CB

and VB, n and p are carriers concentration of electrons and

holes, respectively.

The efficiency of semiconductors is greatly affected by its

band gap and the type of light irradiation. Fig. 3(a) illustrated

the narrowing and expansion of bandgap of semiconductors.

There are two types of light irradiations i.e., UV-light which

have wavelength between 200 and 400 nm, while visible light

has wavelength between 400 and 800 nm. When the band gap

is wider, the wavelength of light absorption is decreased.

Therefore, the semiconductorwith higher band than 3.15 eV is

only activated under UV light irradiation, whereas visible light

could activate the semiconductor with band gap lower than

3.15 eV. Therefore, sensitivity of semiconductor towards the

light irradiation depends on its band gap energy for water

splitting process.

Besides the width of band gap, the performance of photo-

catalyst is affected by level of CB and VB. There are two

important requirements to attain maximum photocatalytic

activity. First, the band gap must be 1.23 eV < Eg < 3.26 eV and

can be compared with the band gap structures of several

typical photo-catalysts as presented in Fig. 3(b) [28,37e40].

TiO2 has most positive VB level (2.7 eV vs NHE at pH 7) and a
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wide band gap (3.2 eV). Thus, to utilize more visible light, the

band gap should be further narrowed by modifying the pho-

tocatalyst. Whereas, g-C3N4 has narrow band gap with 2.7 eV

and response to visible light irradiation. Second, the reduction

and oxidation potential must be within the band gap of photo-

catalyst to produced desired products [18,26]. The oxidation

and reduction potentials of several typical species have been

listed in Table 1. The band positions should be located as

follows: the bottom of the CB should be more negative than

the redox potential of Hþ/H2 (�0.41 eV vs NHE at pH 7) and the

top of the VB should bemore positive than the redox potential

of O2/H2O (þ0.82 eV vs NHE at pH 7) [31]. Using single semi-

conductor with less negative CB, it will have lower ability for

reduction reaction and thus its combination with other

semiconductors having more negative CB would enable

transfer of electrons for the reduction of Hþ to H2 on the

adjacent semiconductor. When, TiO2 is utilized as a catalyst

for water splitting at pH 7, the water oxidizes into Hþ and O2

through Eq. (15). Then, the Hþ and O2 produce H2 and HO2
�,

since CB of TiO2 is much closer to reactions in Eqs. (11) and

(13), respectively. The intermediate HO2
� reduces to H2O2

and finally producing H2O through multiple reduction pro-

cesses as shown in Table 1. Then, H2O is reused in the

oxidation reaction. Hence, the efficiency of H2 production

depends on the types of semiconductors, pH of the reaction

system, and thermodynamic reduction potentials of the

reactions.
Advancements in photocatalysts for water
splitting

Titanium dioxide (TiO2) based photo-catalysts

The significant properties of the semiconductor of photo-

catalytic system are desired band gap, suitable morphology,

high surface area and stability. Titanium dioxide (TiO2) is the

first semiconductor employed for photocatalytic activity by

Fujishima and Honda [8]. Recently, TiO2 has attracted much

attention and is the most investigated photocatalyst credited

to long-term stability, great absorption and photo-produced

charge separation properties [42]. Anatase TiO2 is more
gies to improve photocatalytic water splitting towards hydrogen
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Fig. 3 e (a) Narrowing and expansion of bandgap of semiconductors; and (b) Band gap structures of several typical

photocatalysts [28,37e40].

Table 1 e Standard oxidation and reduction potential for
some species [28,41].

Reaction E�(V) vs NHE at pH 7

2Hþ þ 2e�/H2ðgÞ �0.41 (11)

O2ðgÞþ e�/O2
�ðaqÞ �0.74 (12)

O2(g) þ Hþ þ e� / HO2
�(aq) �0.456 (13)

O2ðgÞþ 2Hþ þ 2e�/H2O2ðaqÞ 0.285 (14)

2H2OðaqÞþ 4hþ/O2ðgÞþ 4Hþ 0.819 (15)

OH� þ hþ / �OH 2.28 (16)

O3ðgÞþ 2Hþ þ 2e�/O2ðgÞþ H2O 1.665 (17)

H2O2ðaqÞþ Hþ þ e�/H2Oþ OH� 0.73 (18)

HO2
� þ Hþ þ e� / H2O2(aq) 1.03 (19)

H2O2ðaqÞþ 2Hþ þ 2e�/2H2O 1.353 (20)
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favorable than rutile and brookite as it has better performance

for photocatalytic H2 production [43]. TiO2 with anatase has

appropriate band gap (3.2 eV) than brookite (3.4 eV), in addi-

tion of higher kinetic stability than rutile under ambient

conditions [30]. It is also one of the most guaranteeing

photocatalyst as a result of its excellent photocatalytic per-

formance, easy accessibility, non-toxicity, and lowprice [3,44].
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However, TiO2 catalyst has limitation to maximize the pho-

tocatalytic activity due to faster charge recombination rate.

Also, it can be mainly activated by UV light, which makes up

only 4e5% of solar spectrum [45]. For water splitting under

visible light, photo-catalysts must have narrow band gap,

stable under photo irradiation and possess suitable CB and VB

for H2 generation using single photocatalyst [18]. The catalyst

can exhibit stability when the photoelectron ready for the

reduction reaction over the surface and the photo-generated

transient electrons highly energetic with high reduction

capability [46]. In order to enhance the performance of pho-

tocatalytic activities particularly for visible light irradiation,

several methods on TiO2 have recently been proposed and

investigated. Recent developments on TiO2 modifications

include metal modified TiO2, non-metal modified TiO2, semi-

conductors coupling to TiO2 and ternary TiO2 photocatalysts.

Metal modified TiO2

Regarding metal doping, the efficiency of photocatalyst is

related to the metals work function value (ɸ), energy required

to transfer electron from Fermi level into vacuum (the higher

ɸ, the lower Fermi level energy) [47]. The greater the difference
egies to improve photocatalytic water splitting towards hydrogen
/10.1016/j.ijhydene.2018.10.200

https://doi.org/10.1016/j.ijhydene.2018.10.200


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 7
of metals work function with semiconductor, the higher the

Schottky barrier, leading to increase H2 production rate.

Schottky barrier is the electronic potential barrier developed

simply by the band alignment at the metalesemiconductor

heterojunction, which consequently increased efficiency

regarding photo-generated electrons to be transferred and

trapped with the metal. Therefore, the Fermi level must be

lower in energy than the CB of the semiconductor, while

migrated electrons can be captured by the metals, whereas

holes remained in the TiO2 valence band [29]. Hence, modifi-

cation of semiconductor with metals can enhanced the per-

formance of water splitting to be effective and functional

under visible light irradiation.

Several metals such as Pt, Au, Ag, Ni and Pd have been

investigated in recent years. Metal loading onto TiO2 has

become the most widely applied surfacemodification method

for suppressing the recombination of photo-generated elec-

tronehole pairs. Metal as a co-catalyst to trap electrons pro-

vides additional site reactions on the catalyst surface. The

schematic of charge transfers for metal/TiO2 under UV light

irradiation due to the existence of the Schottky junction has

been illustrated in Fig. 4(a). Basically, when loading metal

nanoparticles (NPs) on the TiO2, Schottky barrier can be

formed and the Fermi levels of themetal NPs is lower than the

CB of the TiO2. The photo-generated electrons will transfer

fromCB of TiO2 tometal NPs through Schottky barrier right up

until their Fermi levels are equal and holes will certainly

remain on the VB of TiO2. Thus, the spatial separation of

photogenerated electronehole pairs can be attained.

Furthermore, the work function of metals also takes an

important part in limiting the electronehole pairs separation

over the semiconductor surface. In particular, the electro-

nehole pairs separation can be enhanced by increasing work

function of metals, which improves the electron accepting

ability of the metal [48].

The photocatalysis process can also be improved using

noblemetal nanoparticle dopedTiO2 through surface plasmon

resonance (SPR) effect. In this perspective, noble metals such

Pt, Au, and Ag have strong surface plasmon band in the visible

range. The schematic of photogenerated charge transfer for

metal/TiO2 under visible light irradiation due to the surface

plasmon resonance (SPR) effects was illustrated in Fig. 4(b).

The hot photogenerated electrons contained in localized sur-

face plasmon resonance (LSPR) of metal can efficiently be

transferred to the CB of TiO2 by direct electron transfer (DET)

under visible light irradiations, when they are directly in

contact with the semiconductor and undergoes reduction re-

actions at the semiconductor surface [23].

Recently, Rather et al. [49] reported that the SPR effect of

Ag, which doped on TiO2, was found to be decisive for the high

photocatalytic activity to produce H2 from water as shown in

Fig. 4(c). The experimental recorded Ag/TNR has highest rate

for H2 productionwith 90 and 105 mmol after 8 h at 457 nm and

under sunlight, respectively. As shown in Fig. 4(d), when the

nanostructure is irradiatedwith thematching SPRwavelength

(457 nm or sunlight) the Ag NPs are activated, which shift their

local electric field effect towards the TNR interface resulting in

the transfer of electrons towards the CB of TNR due to the

formation of Schottky barrier. Zhu et al. [50] reported that Pt/
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TiO2(hollow sphere) is a promising photocatalyst to efficiently

generate H2 at room temperature and proposed mechanism

for H2 evolution over Pt/TiO2 as illustrated in Fig. 4(e). As

shown in Fig. 4(f), the average H2 produced for 1.0 wt%Pt/TiO2

reached 1023.71 mmol h�1 g�1 after 5 h of irradiation, and did

not show significant deactivation after 30 h irradiation. Table

2 shows recent progress on metal loading on TiO2 for photo-

catalytic water splitting. Metals such as Ag, Pt and Au were

attracted among the researchers due to the SPR effect under

visible light irradiation. It can be concluded that metal loading

is an efficient approach to improve TiO2 performance for

photocatalytic H2 production by transfer of electron to metal

or semiconductor and followed by reducing the electronehole

recombination rate.

Non-metal modified TiO2

For non-metal doping, anion will boost the visible-light pho-

tocatalytic performance in a semiconductor and is a relatively

new method compared to other techniques. When the semi-

conductor is doped with non-metal, the band gap became

narrow and caused the hybrid 2p band produced by non-metal

in between the CB and VB of a semiconductor. Under visible

light irradiation, the electrons were transferred to the inter-

mediate 2p band from VB of semiconductor and then, excited

to the CB from the intermediate band to produce H2. This

electron excitation process requires lower energy and also

hindered charges recombination [77]. Improved visible-light

absorption has been observed using variety of anions (N, F, C,

S, etc.) doped TiO2 [142]. Non-metal dopants were found to be

more efficient compared to most of the metal ions due to the

less formationof charge recombination centers andnarrowing

the band gap energy, thus highly responsive to visible light

irradiations [78]. Wang et al. [79] recorded the use of N-doped

TiO2 with 4.91% nitrogen contents which leads to narrow op-

tical band gap to 2.65 from 3.20 eV. As shown in Fig. 5(a), the H2

production rate of the N-TiO2 film is about 601 mmol g�1 h�1

higher than the un-doped TiO2 film. Wang et al. [80] observed

an enhanced TiO2 efficiency by the use of non-metal ions with

(211) orientation is an effective route to enhance the activity of

TiO2-based catalyst inwater splitting as shown in Fig. 5(b). This

is because (211) facets can destabilize O2p states on the TiO2

surface, thus water can be easily absorbed and be dissociated.

When water molecules are dissociated, the electron transfer

wouldbemore effective to reduceHþ toH2. Itwasdetected that

the H2 rates of N-doped TiO2 was increased from

760 mmol m�2 h�1 to 4500 mmol m�2 h�1. Similarly, Li et al. [81]

found that theH2 production improved from0.73mmolh�1 g�1

to 2.98 mmol h�1 g�1 using N-doped titania with optimal eth-

ylenediamine to sol volume ratio 1:1 as shown in Fig. 5(c). Xing

et al. [82] recorded the synthesis of in-situ S-doped porous

anataseTiO2nanopillars andproduced163.9mmolh�1 g�1 ofH2

evolution under optimum temperature. By implying the S-

doped TiO2, the band gap of TiO2 can be reduced and is

favorable for visible-light adsorption towards improvement of

photon utilization, thus increase the photocatalytic perfor-

mance as shown in Fig. 5(d). Hence, previous research proved

thatnon-metal doping is another important strategy tonarrow

the band gap of a semiconductor for visible light absorption

with enhanced H2 production.
gies to improve photocatalytic water splitting towards hydrogen
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Fig. 4 e (a) Schematic of charge transfer for metal/TiO2 under UV light irradiation due to the existence of the Schottky

junction; (b) Schematic of charge transfer for metal/TiO2 under visible light irradiation due to the surface plasmon resonance

(SPR) effects; (c) Hydrogen evolution under different monochromatic and UV wavelengths by different photocatalysts; (d)

Scheme of Water Splitting using AgTNR; (e) Mechanism of H2 evolution by water splitting over an Pt/HS-TiO2 photocatalyst;

and (f) Photo catalytic H2 evolution over Pt/TiO2 [49,50,318].
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Semiconductors coupling TiO2

The photocatalytic water splitting for hydrogen production

using pure TiO2 is low even under UVevisible light irradiation

due to fast charge recombination. However, coupling TiO2

with binary composites (e.g., WO3, SiO2, Al2O3, SnO2 CdS, PbS,

Bi2S3) and also transition metal oxide (e.g., Cu2O, Fe2O3, Zno,

NiO) can produce better results due to their surface area,

lowering band gap, ability to utilize visible light, absorption

ability and stability [83]. The heterojunction can improve

performance by coupling wide band gap with narrow band

gap semiconductors to make functional under visible light

with faster charges separation. In Fig. 6(a), Lakshmana et al.

[84] reported the use of Bi2O3 clusters immobilized on anatase

TiO2 nanostructures to enhance H2 evolution and BT-2 pho-

tocatalyst, 10 and 6 folds higher H2 production rate than using

TNP and TNS. This is because photo-excited electrons

migrated to TNS surface was effectively captured by Bi2O3

clusters where reduction of Hþ ions to H2 gas took place as
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shown in Fig. 6(b). Bi2O3 in BT-2 acts as a co-catalyst that

facilitated the high rate of H2 production. Fujita et al. [85] re-

ported that as semiconductor loading increased, the band gap

(Eg) value was decreased and thus the rate of H2 production

tends to increase with a decrease in Eg value as shown in

Fig. 6(c) and (d). Table 3 summarized the literature of semi-

conductors coupling TiO2 based photo-catalysts with their

heterojunctions. It reveals that to create coupled colloidal

structures in which illumination of one semiconductor pro-

duces a response in the second semiconductor at the interface

makes it possible to be active under visible light irradiations.

Coupling semiconductor photocatalysts exhibits very high

photocatalytic activity by inhibiting charge recombination

and extending the energy range of photo-excitation.

Ternary TiO2

Ternary photocatalyst consists of three different elements or

semiconductors with different functions by three steps
egies to improve photocatalytic water splitting towards hydrogen
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Table 2 e Metal modified TiO2 based photo-catalysts for H2 production.

Year Catalyst Reactor/Parameter Products Ref.

2019 Au/TiO2 300 W Xe lamp 3550 mmol g�1 h�1 [51]

2018 Ni/TiO2 Pyrex reactor

100 W SB-100P/F lamp (l ¼ 365 nm)

26,000 mmol g�1 h�1 [52]

2018 Fe/TiO2 Pyrex glass

300 W Xe arc lamp

174.3 mmol g�1 h�1 [53]

2018 Ag/TiO2 Hg vapor lamp (l ¼ 365 nm) 910 mmol g�1 h�1 [54]

2018 Cu/TiO2 300 W Xenon lamp (l ¼ 420 nm) 28,700 mmol g�1 h�1 [55]

2018 K/TiO2 300 W Xe lamp 740 mmol g�1 h�1 [56]

2018 Au/TiO2 300 W Xe lamp 4900 mmol g�1 h�1 [57]

2018 Au/TiO2 Quartz reactor

300 W Xe lampe UV light

11595.6 mmol g�1 h�1 [58]

2018 Pd/TiO2 Pyrex glass

400 W Xe arc lamp

38 mL g�1 h�1 [59]

2018 Au/TiO2 Pyrex reactor

SB-100P/F lamp (100 W, 365 nm)

30,300 mmol g�1 h�1 [52]

2017 Au/TiO2 Visible light, l ¼ 420 nm 924 mmol h�1 g�1 [60]

2017 3 wt%Ag-TiO2 400 W Hg vapor lamp e UV light 7030 mmol h�1 g�1 [61]

2017 Au/TiO2 Quartz reactor

150 W CERAMIC-Metal-Halide Lamp (solar light simulation)

500 mmol h�1 g�1 [62]

2017 Au/TiO2 Quartz reactor

UV light e HeCd laser (l ¼ 325 nm)

125 mL h�1 cm�2 [63]

2017 AgTNR Monochromatic wavelengths (457 nm, 487 nm, 514 nm),

and sunlight irradiation for 8 h

90 mmol (457 nm)

105 mmol (sunlight)

[49]

2017 0.5 wt% Pt/TiO2 125 W Hg lamp ca. 5.5 s�1 [64]

2017 1 wt% Pt/TiO2 125-W high-pressure mercury lamp 9.92 mmol [65]

2016 Ag/TiO2 250 W Xenon arc lamp 200 mmol g�1 h�1 [66]

2016 Pt/TiO2 Pyrex reactor

400 W mercury lamp (l < 420 nm)

1023.71 mmol g�1 h�1 [50]

2016 Ag/TiO2 Pyrex reactor

300 W Xenon lamp (l > 420 nm)

40 mmol g�1 h�1 [67]

2015 Au/TiO2 Borosil reactor

300 W power UVevis (AIM 1.5 filter) and visible (l > 400 nm)

307 mmol g�1 h�1 (UV)

66 mmol g�1 h�1 (vis)

[68]

2015 1 wt% Pd/TiO2 UV, l ¼ 365 nm 47.5 mmol g�1 h�1 [69]

2015 2 wt% Au/TiO2 100 W F lamp, l ¼ 365 nm e UV light 32.4 mmol g�1 h�1 [70]

2015 TiO2Ag-F; 4.5%Ag Quartz reactor

250 W UV-filtered mercury lamp

180 mmolH2 gcat
�1 [71]

2015 1.5 wt% Au/TiO2 (P25) Spectroline model SB-100P/F lamp e UV light 27.9 mmol g�1 h�1 [72]

2015 2.1 wt%Pt/TiO2 3 Philips Solarium lamps (4 � 15 W each) fluorescent tubes 1134 mmol h�1 [73]

2014 1.0 wt%Pt/TiO2 300 W Xe arc lamp, 350 < l < 400 nm 10.5 mmol h�1 gcat�1 [42]

2014 0.8 wt% Au/TiO2 Solarium Philips HB175 lamps

4 � 15 W Philips CLEO florescent tubes

1542.9 mmol h�1 [74]

2014 1 wt%Pt-TiO2 Osram Ultramed 400 W e UV light 7.2 mmol h�1 g�1 [75]

2014 Cu-doped TiO2 film 300 W Xe lamp 810 mmol g�1 h�1 [76]
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method. Based on the literature, it could be expected that

ternary semiconductor composites provide an opportunity for

multi (two)-photon excitation of photoactive materials with

lower energy photons and utilization of heterojunction to

drive electronic processes in the desired direction. Conse-

quently, the selective photo-excitation of localized electronic

states to gain better selectivity can be achieved [104]. Previ-

ously, Xie et al. [105] reported Pt/TiO2eZnO (Ti/Zn ¼ 10) as an

effective catalyst for water splitting for H2 production with

maximum hydrogen rate 2150 mmol h�1 g�1 and improved

stability as shown in Fig. 7(a). The ternary photocatalyst

mechanism for H2 production is shown in Fig. 7(b). When Pt/

TiO2eZnO is irradiated, electrons may be excited from the VB

to the CB on the TiO2eZnO and Pt nanoparticles act as elec-

trons traps to produce H2. In 2016, Zhao et al. [106] concluded

that CdS and AuNPs not only makes up for the UV light

responsiveweakness of TiO2 but also enhances the separation
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of photo-generated charges. The AuNPs existing between TiO2

and CdS is to accelerate the transfer of photo-generated

electrons and produce more active sites for H2 production

under visible light, the photogenerated electrons of CdS

transferred to the CB of TiO2 via AuNPs while under UV light,

the photogenerated electrons of TiO2 are transferred to the VB

of CdS and recombine with holes as shown in Fig. 7(c). Table 4

summarizes the ternary TiO2 based photo-catalysts used for

H2 production. From the above discussion, mostly ternary

composite contains heterojunction of two semiconductors

and deposited with metal. It is obvious that doping metal to

TiO2 can enhance H2 production rate significantly by trapping

and accelerating the electron transfer. The coupling of TiO2

with other narrow band gap semiconductors could also

enhance its visible light activity because photo-generated

electrons could be migrated into TiO2, resulting in more

charge separation.
gies to improve photocatalytic water splitting towards hydrogen
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Fig. 5 e (a) Hydrogen evolution profiles of N-doped TiO2 film; (b) Hydrogen evolution profiles of N-doped TiO2; (c) H2

generation on different samples sintered at 500 �C; and (d) Visible-light photocatalytic hydrogen evolution of S-TiO2

samples prepared [79e82].

Fig. 6 e (a) Solar photocatalytic activity of Bi2O3-TNS Photocatalysts; (b) Reaction mechanism of Bi2O3@TiO2 photo catalyst

under solar irradiation; (c) Influence of NiO loading on the band gap energy, Eg, of NiO/TiO2 samples; and (d) Plot of the rate

of H2 evolution against the band gap energy [84,85].
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Table 3 e Semiconductor coupled TiO2 based photocatalysts for H2 production.

Year Catalyst Reactor/Parameter Product Ref

2019 MoS2/TiO2 Pyrex reactor

300 W Xe arc lamp

2160 mmol h�1 g�1 [86]

2019 MoS2/TiO2 300 W Xe arc lamp 8.43 mmol cm�2 h�1 [87]

2019 TiO2/g-C3N4 Pyrex reactor

300 W Xe arc lamp

808 mmol h�1 g�1 [88]

2018 CdS/TiO2 Sun irradiation 68,000 mmol h�1 g�1 [89]

2018 CdS/TiO2 Pyrex reactor

300 W Xe lamp, l > 400 nm

128.3 mmol g�1 h�1 [90]

2018 Co3O4/TiO2 300 W Xe lamp 41.8 mmol g�1 h�1 [91]

2018 Cu2O/TNAs Quartz reactor

300 W Xe lamp, l > 400 nm

2142 mmol m2 h�1 [92]

2018 g-C3N4/TiO2 300 W Xe lamp, l > 420 nm 513 mmol g�1 h�1 [93]

2018 g-C3N4/TiO2 300 W Xe lamp 13.8 mmol h�1 m�2 [94]

2017 rGO/TiO2 Pyrex reactor

300 W Xe lamp, l > 300 nm

720 mmol h�1 g�1 [95]

2017 CdS/TiO2 Quartz reactor

300 W Xe lamp, l ¼ 420 nm

678.61 mmol h�1 g�1 [96]

2017 Bi2O3@TNS Light intensity 1.15 ± 0.10 � 105 lx 26.02 mmol h�1 g�1 [84]

2016 10 wt% ZnO-TiO2 Hg lamp l ¼ 254 nm e UV illumination 1048 mmol h�1 [97]

2016 2 wt% NiO-loaded TiO2 500 W Hg lamp 1230 mmol h�1 g�1 [85]

2015 2.5-Cu2O/TiO2 500 W Xe arc lamp, l ¼ 365 nm 2048.25 mmol h�1 g�1 [98]

2015 0.25 wt% NiO/TiO2 Pyrex reactor

300 W Xenon lamp

337 mmol h�1 g�1 [99]

2014 rGO/TiO2 150 W Hg-Xe lamp 127.5 mmol cm�2 h�1 [3]

2014 NiFe2O4@TiO2 UV-lamps, l ¼ 365 nm 18.5 mL of H2 [100]

2014 RGO/TiO2 Quartz flask

3 W, l ¼ 365 nm e UV-light

203 mmol h�1 [101]

2013 TiO2/CuO Pyrex reactor

500 W Xe lamp

8.23 mmol h�1 g�1 [102]

2012 10 wt% ZnO-TiO2 Pyrex reactor

Hg lamp, l ¼ 254 nm

12,970 mmol h�1 g�1 [103]

Fig. 7 e (a) Re-use of photocatalysts of 0.1 wt% Pt/TiO2eZnO; (b) Illustration of hydrogen production of water splitting on Pt/

TiO2eZnO; and (c) Illustrates the two different internal electron-transfer processes under UVevisible light and visible light

irradiation, respectively [105,106].
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Table 4 e Ternary TiO2 based photo-catalysts for H2 production.

Year Catalyst Reactor/Parameter Product Ref.

2019 Ti3C2(TiO2)@CdS/MoS2 Pyrex reactor

300 W Xe lamp, l � 420 nm

344.74 mmol h�1 g�1 [107]

2019 N/Au/TiO2 300 W Xe lamp 4880 mmol h�1 g�1 [51]

2019 Cu-TiO2/porphyrin 300 W Xe lamp 1300 mmol h�1 g�1 [108]

2019 MWCNTs/TiO2/MMT Pyrex reactor

35 W HID Xenon lamp

1888 mmol g�1 h�1 [16]

2018 F-Pt-TiO2 Pyrex Reactor

UV light

58.9 mmol g�1 h�1 [109]

2018 Pt-WO3-TiO2 UV light (LED Opsytec, l ¼ 365 nm) 5.2 mL h�1 cm�2 [110]

2018 Cu/TiO2/Ti3C2 300 W Xe lamp 860 mmol h�1 g�1 [111]

2018 MoS2/CdS/TiO2 Pyrex reactor

300 W Xe lamp, l < 400 nm

4146 mmol h�1 g�1 [112]

2018 TiO2/WO3@MoS2 Quartz reactor

300 W Xe arc lamp

273.69 mmol h�1 g�1 [113]

2018 g-C3N4-TiO2/rGO Borosilicate reactor

250 W Xenon lamp, 200 nm < l < 800 nm

23,143 mmol g�1 h�1 [114]

2018 TiO2/rGO/Pt 4 Philips PL-S (9 W) lamp, 315 < l < 400 nm 259.12 mmol g�1 h�1 [115]

2017 1.0 mol% Bi2O3-QDS-TiO2 3 W UV-LEDs, l ¼ 365 nm 920 mmol h�1 g�1 [116]

2017 Pt-TiC@C-TiO2 300 W Xe lamp e Visible light 558.46 mmol g�1 [117]

2017 10 mg of COP 300 W Xe-lamp (Microsolar300) 15.02 mmol h�1 g�1 [118]

2017 0.5 wt% Pt/TiO2eZnO (Ti/Zn ¼ 10) 400 W mercury arc lamp, l > 400 nm 2150 mmol h�1 g�1 [105]

2017 Ir-C-N-TiO2 250 W Xe lamp 6 mmol h�1 g�1 [119]

2016 Pt-RuO2-TiO2 3 W LED lamp, l ¼ 365 nm (UV light) 4200 mmol g�1 h�1 [120]

2016 3DOM TiO2-Au-CdS PLS-SXE-300C lamp

Visible light, l ¼ 420e780 nm

1.81 mmol h�1 g�1 [106]

2016 Cu/N/TiO2 500 W halogen lamp, lmax ¼ 630 nm e visible

400 W halide lamp, lmax ¼ 360 nm e UV light

283 mmol g�1 h�1 (vis),

27.4 mmol g�1 h�1 (UV)

[121]

2014 PdO/Pt/N-TiO2 400 W mercury lamp, l > 400 nm 2460 mmol g�1 h�1 [44]

2014 Au-Cu2O/TiO2 UVePC mercury lamp, l ¼ 254 nm 2064 mmol g�1 h�1 [122]

2014 Eosin Y/TiO2/0.5 wt%Au 300 W Xenon lamp, l ¼ 420 nm 110.48 mmol h�1 [123]
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Graphitic carbon nitride (g-C3N4) based photo-catalysts

Graphitic carbon nitride (g-C3N4) has attractedmuch attention

and intensively studied as a sustainable photocatalyst as a

result of its advantages such as non-toxic and metal-free

semiconductor together and responsiveness to visible light,

which has narrow band gap (2.7 eV) [124]. Besides, it is low

cost, simply consists of earth-abundant carbon and nitrogen

and has exceptional photo corrosion resistance due to the

strong covalent bonds between carbon and nitride atoms

[125]. The g-C3N4 also has unique photoluminescence (PL)

properties and can be used like a good co-catalyst for the

semiconductor catalysts [126]. Unfortunately, the application

of g-C3N4 in photocatalysis is restricted due to low specific

surface area and high recombination rate of photo induced

electronehole pairs [127].

However, the loading of g-C3N4 with other semiconductors

can boost the photocatalytic performance which promotes

electronehole separation, improving the specific surface area,

and exploiting the light utilization ability [28]. The promising

and efficient strategy is the coupling with other photo cata-

lysts which can significantly improve the separation of

electronehole pairs as a result of well-matched band struc-

tures [128]. Therefore, many modification have been investi-

gated in order to enhance the photocatalytic efficiency of g-

C3N4 include coupling with other semiconductors [129] and

innovation in configuration of g-C3N4 by template synthesis
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[130], thermal oxidation etching [131], liquid phase exfoliation

[132], acidity treatment of precursor [133], and acid treatment

of bulk g-C3N4 [134]. The recent development of g-C3N4 loading

with metals, non-metals and coupling with semiconductor

has been systematically discussed.

Metal doping
Doping is one of the effective strategies to tune electronic

structures of g-C3N4 and accelerate the reaction surface in

order to increase photocatalytic activity due to the work

function and SPR effect as explained in previous section [135].

The deposition of metals onto semiconductor can provide

active sites for better photocatalytic H2 production. In addi-

tion, the fine control of spatial distribution and particles size of

metal canprovide sufficient active size and thus,maximize the

light transmittance [136]. Modification of g-C3N4 inducedmore

electronehole pairs by extending the optical absorption range,

thus producing more electrons for H2 production [137]. As a

Lewis base and filled with abundant nitrogen lone-pair elec-

trons, g-C3N4 can coordinate with transitional metals to

construct metaleN active sites in the covalent polymeric

framework [138]. Improved visible-light absorption was

observed for a variety of metals such as Ni and Cu, and noble

metals such as Ag, Au and Pt. Bi et al. [139] studied the change

of surface band on the performance of photo-catalyst, which

was confirmed by the work function (WF) to enhance the

photo-generated charges separation. As shown in Fig. 8(a), the
egies to improve photocatalytic water splitting towards hydrogen
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WF of g-C3N4 and Ni was detected using a Kelvin Probe that

offers the contact potential difference (CPD) between the

samples and Au (5.1 eV). In Fig. 8(b), the energy level diagram

shows the WF of g-C3N4 is 4.34 eV, which is lower than the Ni

(4.86 eV). Then, the free electrons of g-C3N4 can be transferred

to Ni until the Fermi levels of two semiconductors are aligned

since the g-C3N4 is brought in contactwithNi, and leaded to an

interface electric field orienting from g-C3N4 to Ni as shown in

Fig. 8(c). For a typical n-type semiconductor, g-C3N4 has up-

ward band bending and the degree of bending becomes deeper

after being loaded with Ni. In addition, the data of WF mea-

surements also suggest that the interfacial electric field is

about 0.5 V and this interfacial electric field may partly be a

driving force for the efficient hole-capturing effect of Ni,

leading to better separation efficiency. It was concluded that

photogenerated charge carriers recombination canbe lower by

Ni loading deepens on g-C3N4 surface band bending which be

the factor to improve the photocatalytic H2 production [139].

In 2017, Chen et al. [138] synthesized Co-g-C3N4 by one-step

thermal poly-condensation using cobalt phthalocyanine

(CoPc) and melamine as precursors. A good interaction be-

tween melamine and CoPc was observed and the results are

shown in Fig. 8(d). Thus as shown in Fig. 8(e), it increased light

response and maximized H2 production rate with yield of

28.0 mmol h�1, 3 times higher than using pure g-C3N4. Table 5

summarized the use of metals doping to g-C3N4 based photo-

catalysts for H2 production. The noble metals such as Pt and

Au are commonly deposited onto g-C3N4 in order to extent the

visible light absorption ability and SPR effect. It is evident that
Fig. 8 e (a) The working function of g-C3N4 and Ni; (b) The energ

transfer between g-C3N4 and Ni under irradiation; (d) Schemati

Photocatalytic H2 evolution under visible light irradiation overp
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metals loading to be very effective to enhance photo-catalysis

process due to the Fermi levels of metal loading, which is

lower than that of pure semiconductor. Therefore, photo-

excited electrons can be transferred from the CB of semi-

conductor to the metal for H2 evolution.

Heterojunction semiconductor
Theg-C3N4-based semiconductors canenhancephotocatalytic

activity through formation of semiconductor heterojunctions.

It could reduce the band gap and the formation of internal

electrical field. Hence, it can significantly improves spatial

charges separation and maximize the redox potential and

ability of reactions [159]. The heterojunction semiconductors

could also help to promote the water oxidation activity [160].

The commonly used semiconductors with g-C3N4 are TiO2,

NiS, and CdS. Under visible-light irradiation, Yin et al. [161]

concluded that the photocatalytic activity of g-C3N4 for H2

evolution was significantly enhanced by NiS2 nanoparticles

grown on the g-C3N4 surface. In Fig. 9(a), the research recorded

the optimal loading of 2 wt% NiS2 produces 4.06 mmol h�1 of

H2. The proposedprinciple ofNiS2/g-C3N4 for photocatalytic H2

generation is shown in Fig. 9(b). Thephoto-generated electrons

transferred from g-C3N4 to NiS2, whereas NiS2 co-catalyst can

effectively suppress the recombination of charge photo-

generated and acts as active sites for H2 production. Wu et al.

[162] demonstrated that the Ag2O/g-C3N4 could achieve H2

production, 274 times higher than that of pure g-C3N4. It is

believed that Ag2O/g-C3N4 could achieve the positive synergic

effect for accelerating the separation of charge carriers, thus
y level diagram of g-C3N4 and Ni; (c) The interfacial electron

c illustration of preparation of cobalt-doped g-C3N4; and (e)

ure CN and Co-CN catalysts [138,139].

gies to improve photocatalytic water splitting towards hydrogen
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Table 5 e Summary of metal doping g-C3N4 based photo-catalysts for H2 production.

Year Catalyst Feed Reactor Parameter Product, (mmol h�1 g�1) Ref.

2019 Mo/g-C3N4 5 vol% TEOA Pyrex reactor 300 W Xe lamp 79 [140]

2018 Au/g-C3N4 20 vol% CH3OH Quartz reactor 300 W Xe lamp 265 [141]

2018 Cu/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 3020 [142]

2018 Ni/g-C3N4 Na2SO4 300 W Xe lamp, l > 420 nm 529.1 [143]

2018 Ni-P/g-C3N4 12.5 vol% TEOA Pyrex reactor 350 W Xe lamp 937 [144]

2018 Pt/g-C3N4 10 vol% TEOA Pyrex reactor 350 W Xe lamp 4210.8 [145]

2018 K/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l ¼ 400 nm 1337.2 [146]

2018 Au/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 74 [147]

2018 Co/g-C3N4 20 vol% TEOA 300 W Xe lamp 2296 [148]

2017 Pt/g-C3N4 10 vol% TEOA UVevis lamp, l > 380 nm 3900 [149]

2017 Cu/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 3643 [150]

2017 Pt/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l ¼ 400 nm 1218.75 [151]

2017 Co/g-C3N4 10 vol% TEOA 300 W Xe lamp, l > 420 nm 28 [138]

2016 Pt/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 28.55 [152]

2016 Cu/g-C3N4 25 vol% CH3OH Xe lamp, l > 400 nm 1.025 [153]

2015 AuPd/g-C3N4 10 vol% TEOA Quartz reactor 300 W Xe arc lamp, l � 400 nm 16.3 [154]

2015 Pt/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 34 [133]

2015 Pt/g-C3N4 10 vol% TEOA Quartz reactor 300 W Xe lamp, l > 420 nm 261.8 [155]

2015 Pt/2D g-C3N4 10 vol% TEOA 300 W Xe lamp, l > 420 nm 89.28 [156]

2014 Au/g-C3N4 10 vol% TEOA 125 W Hg lamp, l > 400 nm 177.4 [157]

2014 Pt/g-C3N4 10 vol% TEOA 300 W Xe lamp, l > 420 nm 41.7 [158]

Fig. 9 e (a) Time-resolved H2 generation amount; (b) Schematic illustration of the proposed mechanism for photocatalytic H2

generation over NiS2-loaded g-C3N4; (c) Time course of hydrogen evolution over pure g-C3N4, Ag2O/g-C3N4; and (d) Stability

tests for hydrogen evolution with Ag2O/g-C3N4 under visible light irradiation [161,162].
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greatly enhancing the photocatalytic activity and photo-

stability as shown in Fig. 9(c) and (d). Table 6 shows the over-

viewof semiconductor coupled g-C3N4 basedphotocatalysts to

formheterojunction in the present of sacrificial electron donor

for H2 production. It can be concluded that the constructing of

g-C3N4-based semiconductor heterojunctions can improve

photocatalytic activity since it induces the band bending along
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with the internal electrical field formation and cause an

effective spatial charge separation.

Non-metal loading
In addition of metal doping, the non-metals doping could

effectively improve the photo-activity of semiconductors.

When, g-C3N4 polymers were modified with non-metal
egies to improve photocatalytic water splitting towards hydrogen
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Table 6 e Summary of semiconductor doping g-C3N4 based photo catalysts for H2 production.

Year Catalyst Feed Reactor Parameter Product
(mmol h�1 g�1)

Ref

2019 AgNbO3/g-C3N4 Visible light 88 [163]

2018 Ni2P and g-C3N4 TEOA l > 420 474.7 [164]

2018 Ni2P2O7/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe arc lamp, l > 420 nm 207 [165]

2018 NiO/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe arc lamp, l > 420 nm 68.8 [166]

2018 Ni2P/g-C3N4 20 vol% TEOA Quartz reactor 300 W Xe arc lamp, l ¼ 420 nm 1503 [167]

2018 MoS2/g-C3N4 25 vol% CH3OH 300 W Xe lamp, l > 420 nm 867.6 [168]

2018 Cu2O/g-C3N4 20 vol% TEOA Quartz reactor 300 W Xe arc lamp, l ¼ 400 nm 33.2 [169]

2018 CoO/g-C3N4 DI water White LED, l > 400 nm 50.2 [170]

2018 ZnO/ZnS/g-C3N4 0.25 M Na2S and 0.25 M Na2SO3 300 W Xe lamp, l ¼ 420 nm 301.25 [171]

2018 ZnS/g-C3N4 Na2S and Na2SO3 Pyrex reactor 300 W Xe lamp, l ¼ 420 nm 713.68 [172]

2018 MoS2/g-C3N4 0.5 M Na2SO4 350 W xenon lamp, l ¼ 400 nm 191.2 [173]

2017 CoP/go-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe arc lamp, l > 420 nm 474.4 [174]

2017 g-C3N4/Ni2P 10 vol% TEOA 300 W Xe arc lamp, l > 420 nm 567 [175]

2017 Ni2P/g-C3N4 20 vol% TEOA Pyrex reactor 300 W Xe arc lamp, l ¼ 420 nm 180 [176]

2017 Ni2P-Cd0.9Zn0.1S/g-C3N4 Na2S and Na2SO3 Pyrex reactor 300 W Xe arc lamp, l ¼ 420 nm 2.1 [177]

2016 TiO2/g-C3N4 25 vol% CH3OH Pyrex reactor 4 � UV-LEDs

3 W, l ¼ 420 nm

5.6 [178]

2016 g-C3N4/MoS2/TiO2 25 vol% CH3OH Pyrex reactor 300 W Xe arc lamp, l > 400 nm 125 [179]

2015 NiS/g-C3N4 10 vol% TEOA Quartz reactor 150 W Xe lamp, l > 400 nm 4.2 [180]

2015 Ag2O/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 33.04 [162]

2015 g-C3N4/CdS/NiS 0.35 M Na2S and 0.25 M Na2SO3 Pyrex reactor 350 W Xe arc lamp, l � 420 nm 207.6 [181]

2014 NiS/g-C3N4 10 vol% TEOA 300 W Xe lamp, l > 420 nm 44.77 [182]

2014 Ag2S/g-C3N4 20 vol% CH3OH Pyrex reactor 4 � UV-LEDs

3 W, l ¼ 420 nm

10 [183]

2014 ZnS/g-C3N4 25 vol% CH3OH Pyrex reactor 4 � UV-LEDs

3 W, l ¼ 420 nm

9.7 [184]

2014 NiS2/g-C3N4 TEOA 300 W Xe lamp, l � 420 nm 406 [161]

2013 1.25 wt% NiS/g-C3N4 15 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 46 [185]
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elements, such as N, B, O, S, and P, the electronic and optical

properties were efficiently optimized to promote photo-

catalytic performance due to the enhanced optical absorption

and accelerated charges mobility. The H2 production can be

increased since non-metal loading tune the structure of

catalyst by lowering the band gap, hindered charge recombi-

nation rate and providing stability to catalyst [186].

In 2016, Zhou et al. [186] reported the H2 generation over

optimized N-doped g-C3N4 photo-catalyst (CN-20) and

maximum H2 of 64 mmol h�1 obtained, which is almost 3.3

times higher than using pristine g-C3N4 (Fig. 10(a)). The cata-

lyst of CN-20 also provides stability since there is no signifi-

cant decrease in the H2 rate by repeating the experiment

under the same condition for four cycles (24 h) as shown in

Fig. 10(b). Chen et al. [187] reported the sulfur doping has

increased the photocatalytic activity, which is 12 times higher

than pure g-C3N4 and stable for water splitting process for

long-term as shown in Fig. 10(c). It was concluded that sulfur

doping can effectively increase the specific surface area,

induce the formation of nitrogen vacancies, prevent photo-

generated charge recombination rate and improved the

visible response on the catalyst. Lan et al. [188] also reported

non-metal, which is Br doped g-C3N4, have long-term stability

for 20 h under visible irradiation with highest H2 production

rate of about 48 mmol h�1 as shown in Fig. 10(d) and proposed

reactionmechanism for photocatalytic water splitting for CN-

Br as illustrated in Fig. 10(e). Table 7 shows the examples of

non-metal loading on g-C3N4 for photocatalytic water
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splitting. In general, non-metal doping on g-C3N4 has long

term stability and can lower band gap for enhanced light

absorbance, redox potential and charge carrier mobility. An

additional advantage of reconstruction of structural photo-

catalyst is to enhance optical absorption and hindered

charge recombination on g-C3N4, causing the increased pho-

tocatalytic activity [137].
Heterojunction construction

Designing efficient photo-catalysts for the production of H2

through water splitting has become one of the challenges in

developing solar hydrogen economy. The main factors influ-

encing the efficiency of photocatalytic systems include: (1) light

absorption, (2) separation and transportation of charge carrier

(e�/hþ), and (3) the chemical reaction of adsorbed species with

e�/hþ. Over the past 40 years, numerous efforts have been

implemented to fabricate novel materials for enhancing the

photocatalytic performance [204,205]. For TiO2, many different

kinds of strategies in order to enrich evolvement of H2 have

been reported such as ternary nanocatalyst of TiO2 [206],

coupling TiO2 with boron carbon nitride (BCN) compound [207]

and noble metal-loaded TiO2 [208]. The hetero-structured

photo-catalyst depends on the difference in photo induced

e�/hþ transfer mechanism, which can be divided into two

categories as follows: (1) Heterojunctions type II transfer

mechanism and (2) Z scheme charge transfer mechanism.
gies to improve photocatalytic water splitting towards hydrogen
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Fig. 10 e (a) Photocatalytic H2 evolution performances on CN and CN-x, (x ¼ 15, 20, 25); (b) Recycling behavior of H2 evolution

on CN-20; (c) Photocatalytic H2 evolution over CN and CN-S under visible light irradiation and; (d) Long-term H2 evolution by

CNU-Br0.1 under visible light irradiation (l ≥ 420 nm); and (e) Illustration of mechanism for photocatalytic H2 evolution on

CN-Br.
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Type II heterojunction

Combining TiO2 with other semiconductors to form hetero-

junction can provide benefits to hinder fast charge recombi-

nation and improve redox reaction which results in improved

H2 production. Typically, the TiO2-based materials form con-

ventional heterojunction by the combination of higher CB of

photosystem I (PS I) with lower CB of photosystem II (PS II).

Under light irradiation, the photo-generated electrons of PS I

will be transferred to PS II, leaving the photo-generated holes

on the VB of PS I as shown in Fig. 11(a). By this way, recom-

bination of photo-generated charge carrier can be avoided,

enriching the photocatalytic performance. Meanwhile, the

reduction and oxidation reaction occurs at different semi-

conductors. However, redox reaction occurs at lower redox

potential and sacrificed its ability to be maximized [48].
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Z-scheme heterojunction

The study of Z-scheme photocatalytic system that biomimetic

the natural photosynthesis system has been extensively

fabricated for efficient mechanism in water splitting [209]. Z-

schemehas been designed to overcome the problems that arise

in the classic photocatalytic system by providing stronger

redox ability and excellent spatial separation of charge carrier.

The Z-scheme photocatalytic system can be divided into three

types which are Z-scheme systemwith shuttle redoxmediator,

solid state electron linkers and direct systems.

Z-scheme system with shuttle redox mediators
Z-scheme photocatalytic system consisting of two indepen-

dent semiconductors with the presence of redox coupled ions

(Fe3þ/Fe2þ, IO3
�/I�, NO3

�/NO2
�) are usually acted as electron
egies to improve photocatalytic water splitting towards hydrogen
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Table 7 e Summary of non-metal doping g-C3N4 based photo-catalysts for H2 production.

Year Catalyst Feed Reactor Parameter Product (mmol h�1 g�1) Ref.

2019 S/g-C3N4 25 vol% TEOA Pyrex reactor 300 W Xe lamp, l � 420 nm 1511.2 [189]

2019 P/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 2020 [190]

2019 P/g-C3N4 5 vol% TEOA Pyrex reactor 300 W Xe lamp 63 [140]

2018 P/g-C3N4 20 vol% CH3OH Quartz reactor 300 W Xe lamp 120 [141]

2018 O/g-C3N4 15 vol% TEOA Pyrex reactor 300 W Xe lamp, l ¼ 420 nm 29.6 [191]

2018 O/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l ¼ 420 nm 1968 [192]

2018 S/g-C3N4 Na2SO4 300 W Xe lamp, l > 420 nm 24.2 [143]

2018 B/F/g-C3N4 10 vol% TEOA l > 400 nm 6870 [193]

2018 O/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l ¼ 420 nm 1968 [192]

2018 C/g-C3N4 Methanol 300 W Xe lamp, l ¼ 420 nm 807.4 [194]

2018 C/g-C3N4 CH3OH 300 W Xe lamp, l ¼ 420 nm 807.4 [194]

2017 P/g-C3N4 20 vol% CH3OH 300 W Xe lamp, l ¼ 420 nm 570 [195]

2017 C/g-C3N4 15 vol% TEOA 350 Xe arc lamp, l > 420 nm 212.8 [196]

2016 Br/g-C3N4 10 vol% TEOA 300 W Xe lamp, l � 420 nm 48 [188]

2016 N/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l � 420 nm 64 [186]

2016 O/g-C3N4 10 vol% TEOA 300 W Xe lamp, l > 400 nm 189.3 [197]

2016 O/g-C3N4 20 vol% TEOA 300 W Xe arc lamp, l ¼ 420 nm 202.56 [198]

2015 P/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe arc lamp, l > 400 nm 104.1 [199]

2015 P/g-C3N4 10 vol% TEOA Pyrex reactor 300 W Xe lamp, l > 420 nm 50.6 [200]

2015 C/g-C3N4 10 vol% TEOA Pyrex reactor 350 W Xe arc lamp, l > 420 nm 54 [201]

2015 S/g-C3N4 10 vol% TEOA l ¼ 420 nm 121 [187]

2014 C/g-C3N4 25 vol% CH3OH Quartz reactor Visible light, l > 420 nm 69.8 [202]

2013 S/g-C3N4 25 vol% CH3OH Quartz reactor 300 W Xe arc lamp, l > 400 nm 12.16 [203]

Fig. 11 e (a) Schematic of the type-II heterojunction [129];

(b) Schematic diagram on overall water splitting reaction

mechanism over Pt/TaON and Pt/WO3 with an IO3
¡/I¡

shuttle redox mediator [210].
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transport chain in Z-scheme water splitting. During illumi-

nation with visible light, photo induced holes in the VB of one

semiconductor and photo induced electrons in the CB of

another semiconductor will react with the redox coupled ions.

As shown in Fig. 11(b), Abe et al. [210] successfully reported on

the forward reactions for H2 evolution in the Z-scheme system

over nanohybrid composite of Pt-doped TaON and PteWO3.

The quantum efficiency for the reaction was determined to be

estimated 0.5% at 420 nm with 25 mmol gcat�1 of hydrogen

production. The photoinduced hole from the VB of the Pt/WO3

photocatalyst and the photoinduced electron from the CB of

the Pt/TaON photocatalyst react with the electron acceptor/

donor pairs. However, the introduction of IO3
�/I� complicates

the photocatalytic reaction, limiting the photocatalytic effi-

ciency. In addition, the backward reactions occur as well as

lower diffusion rate of the redox couple ions limit the pro-

duction of H2.

In 2015, Chen et al. [211] been successful in water splitting

by using a Z-scheme system in the presence of I�/IO3
� redox

mediator using Pt loadedMgTa2O6eyNx/TaONand PtOx-WO3 as

nanocomposite photo-catalysts. Interestingly, the backward

reactions, for example oxidation of I� ions on the Pt-loaded

MgTa2O6eyNx/TaON and the reduction of IO3
� on the PtOx-

WO3, were significantly reduced, resulting in enhanced

apparent quantum efficiency (AQE) of 6.3% at 420 nm. All pri-

mary semiconductor based Z-schemephoto-catalysis systems

in the presence of shuttle redox mediators are summarized in

Table 8 using I�/IO3
� and Fe3þ/Fe2þ as redox mediator and new

redox mediator such as VO2
þ/VO2þ and [Fe(CN)6]

3�/[Fe(CN)6]
4�.

Z-scheme with solid state electron mediator
For Z-scheme systems consisting of two different semi-

conductors and a solid state electron linker, the electron

transfer is driven by ohmic contact due to solid interface
gies to improve photocatalytic water splitting towards hydrogen
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Table 8 e Summary of Z-scheme photocatalytic system using redox couple ion as electron mediator.

Year PSI PSII Redox Mediator Hydrogen (mmol g�1 h�1) Ref.

2019 g-C3N4 MnO2 Mn3þ/Mn4þ 60.6 [212]

2018 SrTiO3(La,Cr)/Pt Pt/WO3 I�/IO3
� 91 [213]

2018 Ir-MgO/Ta3N5 Pt/Cr2O3-ZrO2/TaON I�/IO3
� 70.6 [214]

2018 PtOx/WO3 Ru/SrTiO3:Rh [SiW11MoVIO40]
4�/[SiW11MoVO40]

5� 44 [215]

2018 BiVO4 g-C3N4/Zn Fe3þ/Fe2þ 1333.3 [216]

2018 BiVO4 ZrO2/TaON [Fe(CN)6]
3�/[Fe(CN)6]

4� 1300 [217]

2017 Fe-H-Cs-WO3 Ru/SrTiO3 VO2
þ/VO2þ 200 [218]

2015 Pt/MgTa2O6�yNx/TaON PtOx-WO3 I�/IO3
� 108.3 [211]

2015 Pt/carbon WO3 I�/IO3
� 1330 [219]

2011 Pt/TaON Pt/WO3 I�/IO3
� 790 [210]

2011 Pt/ZrO2/TaON RuO2/TaON I�/IO3
� 8.0 [220]

2010 Pt/ZrO2/TaON Ir/R-iO2/Ta3N5 I�/IO3
� 7.0 [221]

2008 Ru/SrTiO3:Rh BiVO4 Fe3þ/Fe2þ 18.9 [222]

Fig. 12 e (a) Schematic illustrations of a Z-scheme in the presence of Au with Ag as the solid electron linker; (b) Schematic

illustrations of a Z-scheme in the presence of rGO as the solid electron linker; and (c) Schematic illustrations of Z-schematic

water splitting system using CuGaS2/rGO/TiO2 photocatalyst [227].
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formed. The properties formed within the solidesolid interface

are equal to the property of metals (low-resistance). As shown

in Fig. 12(a) and (b), the ohmic contact is beneficial for the rapid

recombination between photo-induced electrons from the

lower potential CB of photosystem II (PS II) and photo-induced

holes from the higher potential VB of photosystem I (PS I).

Thus, more electrons and holes would leave at different active

sites, resulting in stronger redox ability [223,224].

To date, noble-metal particles and reduced graphene oxide

(rGO) were demonstrated as electron linker for the Z-scheme

photo-catalysis system, and provide excellent efficiency of the

charge-carrier separation [225]. Table 9 shows the application

of Z-scheme in hydrogen evolution applications. For the first

time, all solid state Z-scheme systems were reported by Tada

et al. [226] using CdS/Au/TiO2 fabricated by simple photo-

chemical deposition method. Under UV illumination, electrons

in the CB of TiO2 transferred to the VB of CdS through Au, then

recombined with the holes in CdS. Concurrently, the photo-

induced electrons and holes of different sites exhibited a

strong reduction andoxidation ability, respectively, leading to a

higher photocatalytic H2 evolution.

Apart of noble metals, low cost metal oxides with signifi-

cant conductivity such as rGO have been employed as electron
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linker to accelerate electron movement between the photo-

catalysts in Z-scheme system. Iwashina et al. [227] reported

a solid state Z-scheme system CuGaS2/rGO/TiO2 for water

splitting. Under visible light illumination, the rGO provides

routes for the photo-generated electrons within TiO2 and the

holes in CuGaS2 to recombine, leaving holes in TiO2 and

electrons in CuGaS2 to split water, thus resulting in H2 and O2

production simultaneously.

For TiO2-based Z-scheme, photocatalytic H2 evolution has

been reported using Ag as the electron mediator [206]. The

resulting TiO2/Ag/Cu2O photo-catalyst gives highest H2 pro-

duction activity due to the synergetic effect of Ag and Cu2O on

electro spun of TiO2 nanotubes. The addition of Cu2O and Ag

leads to stronger visible light absorption ability andmoreover,

the SPR-induced local electric field results in dual Z-scheme

charge transfer routes in the composite, which increases

separation efficiency and high redox ability of photo-induced

charge carriers.

Direct Z-scheme hydrogen production
In direct Z-scheme systems,what is important is the properties

of the solid-solid interface which allows the electron transfer

within two photocatalysts. Hence, the selection of photo-
egies to improve photocatalytic water splitting towards hydrogen
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Table 9 e Z-Scheme photo-catalyst system with solid redox mediators.

Year PSI PSII Redox Mediator Hydrogen (mmol g�1 h�1) Ref.

2019 AgBr TiO2 rGO 10,125 [225]

2019 NiO BiVO4 Carbon dots 1.21 [228]

2019 Mo2C g-C3N4 Mo 219.7 [229]

2018 TiO2 (Rutile) TiO2 (Anatase) Ag 40.4 [230]

2018 CdS ZnO Au 102.9 [231]

2018 ZnIn2S4 TiO2 Au 186.3 [232]

2018 CaTiO3 AgCl Ag 220 [233]

2018 Bi2WO6 g-C3N4 rGO 21 [234]

2018 CdS TiO2 Ag 1910 [235]

2017 CdS BiVO4 Carbon dots 1.24 [236]

2017 g-C3N4 CdxZn1�xS Au 123 [237]

2017 Pt/ZnIn2S4 CoOx/Bi2MoO6 rGo 740.4 [238]

2017 g-C3N4 CdS rGO 676.5 [239]

2017 Cu2O Fe2O3 rGO 5 [240]

2017 ZnIn2S4 BiVO4 rGO 4.1 [241]

2016 ZnRh2O4 Ag1exSbO3ey Ag 0.0168 [242]

2014 Ru/SrTiO3:La/Rh Ir/CoOx/Ta3N5 Ir 280 [243]

2013 CdS TiO2 Au 64 [244]

2012 CdS ZnO Cd 1920 [245]

2006 Pt/CdS TiO2 Au 10 [226]

2004 CuGaS2 TiO2 rGO 19.8 [227]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 19
catalysts is vital in designing direct Z-scheme systems. Table 10

shows the application of direct Z-scheme systems for hydrogen

evolution applications. Guo et al. [246] has conducted study on

hydrogen evolution over ZnO and Zn0.2Cd0.8S nanocomposite

from water using SO3
2� and S2� ions as sacrificial agents. The

ultimate production rate of H2 by the direct Z-scheme ZnO/

Zn0.2Cd0.8S heterojunction was 25,180 mmol h�1 g�1. The excel-

lent photocatalytic activity of H2 evolution rate due to the

development of direct Z-scheme ZnO1�x/Zn0.2Cd0.8S system

and oxygen-vacancy rich ZnO1�x in the heterojunction and the

results showed the similarity in properties to the conductor as
Table 10 e Summary on direct Z-scheme photocatalytic system

Year SI SII

2019 g-C3N4 ZnO

2019 CdS ZnO

2019 Cu3P g-C3N4

2018 CdS CoWO4

2018 g-C3N4 Ti3þ-TiO2

2018 CdS Bi2WO6

2018 Cd0.5Zn0.5S Bi2O3

2018 CdS WO3

2018 MoS2 g-C3N4

2018 CdS Polybenzothiadiazole

2018 Ta3N5 ZnO

2017 g-C3N4 Fe2O3

2017 Zn0.4Cd0.6S Fe2O3

2017 TiO2/Au WO3

2017 BCN TiO2

2017 ZnO1�x Zn0.2Cd0.8S

2017 WO3ex Zn0.3Cd0.7S

2017 Pt/CdS BiVO4

2016 CdS CdWO4

2014 g-C3N4 WO3

2014 anatase TiO2 rutile TiO2

2013 Si TiO2

2013 Ru/SrTiO3:Rh Ir/CoOxTa3N5

2009 CdS ZnO
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presented in Fig. 13(a). These characteristics enable the excel-

lent spatial separation of charge carriers. Wang et al. [247]

conducted study on photocatalytic Z-scheme ZnO/CdS system

that revealed H2 production rate of 1805 mmol h�1 g�1. The H2

production rate was significantly higher than produced using

pure ZnO or CdS photo-catalysts. They concluded that during

separation of photo-induced electron and holes of two semi-

conductors, electrons travel fromtheCBofZnOto theVBofCdS,

contributing to enhance performance.

Fig. 13(b) shows artificial photosynthetic Z-scheme WO3�x

nanorods supported Zn0.3Cd0.7S heterostructures system, in
for H2 evolution.

Hydrogen (mmol g�1 h�1) Ref.

152.7 [249]

4143 [250]

808 [251]

15,910 [252]

1938 [253]

1223 [254]

2540 [255]

15,522 [256]

577 [257]

(BE) 1229.7 [258]

500 [259]

776 [260]

5368 [261]

3476.2 [262]

19.7 [207]

25,180 [246]

352.1 [248]

1150 [263]

9.17 [264]

110 [265]

324 [266]

875 [267]

23 [268]

1805 [247]

gies to improve photocatalytic water splitting towards hydrogen
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Fig. 13 e (a) Schematic illustration of photocatalytic H2 production over Z-scheme ZnO1¡x/Zn0.2Cd0.8S [246]; and (b) Scheme

process of charge transfer for WO3ex/Zn0.3Cd0.7S heterostructure [248].
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presence of Na2SO3 and Na2S as sacrificial reagents. The rate

of H2 evolution reached 352.1 mmol h�1 g�1 with an apparent

quantum efficiency (AQY) of 7.3% at wavelength 420 nm [248].

The defect rich WO3ex/Zn0.3Cd0.7S heterostructure enables

both high spatial separation efficiency of photo generated

electrons and holes. However, direct Z-scheme has limitation

as the electron transport process is poor due to surface

relaxation and recombination charge carrier within each

semiconductor.

TiO2 has been reported tightly coupled to construct Z-

scheme heterostructures with boron carbon nitride (BCN)

compound [207]. The TiO2/BCN nanostructure evolves the

excellent enrichment of photocatalytic H2 production activity

and higher stability than pure TiO2. The loading BCN have

significant influence on the photocatalytic performance. The

ultimate photocatalytic activity was achieved for 4% BCN/TiO2

nanocomposite at H2 evolution rate of 19.7 mmol g�1 h�1, two

folds higher than using pure TiO2. In this type of mechanism

charge transfer, formation of middle sub-band single electron

oxygen vacancies in the forbidden gap of novel TiO2 has
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resulted to be beneficial for absorption of visible light. More-

over, the oxygen vacancies provide advantages to the Z-

scheme charge transfer due to the construction of ohmic

contact at the interface between BCN and novel TiO2. Hence,

the BCN/TiO2 nanocomposites by Z-scheme charge transfer

can provide excellent oxidation ability of TiO2 and high

reduction ability of BCN.
Factors that influence photocatalyst activity

Band gap energy

The electronic structure of the semiconductor electrodes is

usually represented in terms of energy bands or band gap and

can be regarded as a continuum of energy levels due to dif-

ference in energy between VB and CB. In general, the relative

potential level of the acceptor is thermodynamically required

to be less than the CB of the semiconductor [23]. Thermody-

namically, the H2 is produced by the initial hydrogenation of
egies to improve photocatalytic water splitting towards hydrogen
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intermediates, Hþ is absorbed at the active site and reduced to

H2 by use of photoelectrons [269]. As presented in Fig. 14(a), the

bandgapofTiO2 is appropriate forwater splitting, since the top

of the VB (þ2.7 V vs NHE at pH 7) is more positive compare to

O2/H2O redox couple (þ1.23 V vs. NHE), and the bottom part of

the CB (�0.5 V vsNHE at pH7) ismore negative than theH2O/H2

redox couple (�0.41Vvs.NHEat pH7) [72]. However, TiO2 is not

suitable for visible light irradiation since it has band gap 3.2 eV.

In order to be able to absorb visible light irradiation, TiO2 must

be doped with metals, non-metals, coupling semiconductors

and by employing feasible strategies to further reduce a band

gap. As in contrast to BiVO4 and WO3, band gap of g-C3N4 is

mediumwith 2.7 eVwithmost negativeCB level (�1.3V vsNHE

at pH 7), facilitating its wide application in visible light pho-

tocatalysis [28]. Therefore, g-C3N4 usually recommended as

the co-doping with additional photo-catalysts to increase

visible light absorption response of semiconductors. Besides,

co-catalysts can play the extra roles in improving the photo-

stability and charge separation of semiconductors, a pro-

spectiveway to enhancedhydrogenproduction rate. As shown

in Fig. 14(b), Fe metal doped g-C3N4 narrow the band gap by

2.5 eV andnon-metal doping can also decrease the band gap of

g-C3N4 less than 2.7 eV [28,37e40,270e275]. However, coupling

TiO2 with g-C3N4 and modifying with metals and or non-

metals would be prospective strategy to maximize the photo-

catalytic activity for hydrogen production.

Structure/surface area

Alteration of surface texture is one of the surface modifica-

tions strategies to narrow the band gap of catalyst [276]. The
Fig. 14 e (a) The principle of photocatalytic water splitting react

different types of photo-catalysts [28,37e40,270e275].
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crystal structure of catalyst significantly affects the photo-

catalytic activity for H2 production. The large size nano-

particles can be attributed to a weaker metal support

interaction in the case regardingmetal modified TiO2 [69]. The

larger surface area will provide even more reactive sites,

resulting in increased photocatalytic activity [277]. The crys-

talline photocatalysts with smaller particle size have the

shorter distance for the photo generated electrons and holes

to quickly move to the active reaction sites on the catalyst

surface, thus lowering the recombination probability [4].

Mostly, the structure of photocatalyst is dependent on the

synthesis technique applied for catalyst preparation. The

treated g-C3N4 with HNO3 performance better photocatalytic

activity compared to untreated g-C3N4 with the same oper-

ating conditions [278]. The protonation of g-C3N4 leads to

exfoliation on the structures and forms ultra-small pores. This

aids in the higher separation and transfer efficiency of the

photo-generated electrons and holes. The most common

synthesis methods employed are solvothermal, hydrother-

mal, solegel, mechanical mixing, chemical vapor deposition,

and impregnation [279,280]. The different temperature

applied for catalyst preparation also helps to produce different

sizing, shape and structure of nanomaterials. When the

temperature increase, the size of crystallites improve from

6 nm at 250 �C, 11 nm at 380 �C, 30e45 nm at 550 �C, above
45 nm at 650 �C and above 100 nm at 800 �C [281]. Besides, the

pH used also can give effect upon the size of catalyst. The

concentration of Hþ or OH� greatly influences themorphology

and dimensionality of nanomaterials.

The particular surface area of I0.1-N-TiO2/CMAC is

199.3 m2 g�1 with 2.33 eV band gap was favorable to produce
ion; and (b) Schematic illustration of the band structures of

gies to improve photocatalytic water splitting towards hydrogen
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maximum photocatalytic activity [282]. Similarly, Au/ZnO-r

and Au/ZnO-t catalyst samples with size 6.2 nm were not

very efficient with 231 mmol h�1 gcat�1 H2 production

compared to Au/ZnO-f of 427 mmol h�1 gcat�1 with size 5.4 nm

[283]. The photocatalytic tests by Kumar et al. [284] recorded

that the TNT photocatalyst revealed higher rate of H2 pro-

duction with 4.6 mmol h�1 gcat�1 when compared with TNR

and TNS due to its large surface area (see Fig. 15). Luo et al.

[285] proved the effectiveness of atomic layer deposition

(ALD)-growth of TiO2 with hematite as it suppresses the

charge recombination in hematite and improve the electrical

conductivity. While, Li et al. [286] stated that nanostructure

and short charge collection distance of the hematite nano-

tubes is systematically exhibited improved in water oxidation

activity. Cai et al. [287] proposed the surface-disorder-

engineering of TiO2 photonic crystal for photocatalytic H2

production to enhance the light harvesting and charge

separation.

Light intensity

The efficiency of photocatalytic water splitting can be

improved by increasing light intensity with energies more

than the activation threshold [288,289]. There are two regimes

regarding the photocatalytic reaction with respect to the

UVephoton flux. The first order regime is for fluxes from

laboratory researches, which usually are 25 mW cm�2 and the

electronehole pairs are consumed faster by chemical re-

actions than by recombination reactions.While the half-order

regime is for higher intensities, which the rate of recombi-

nation is usually dominant and resulting fewer effect on the

rate of reaction. The variation of reaction rate as a function of

wavelength comes after the adsorption spectrum of the

catalystwith a threshold corresponding to the band energy [1].

In 2013, Baniasadi et al. [290] recorded that the photocatalytic

hydrogen production using ZnS showed 20% improved pho-

toactivity by increasing light intensity from 900 to 1000Wm�2.

Tambago and Leon [291] reported the performance of
Fig. 15 e TEM images of (a) TNS, (b) TNT, (c) TNR, and (d) Comp

light irradiation [284].
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Cd0.4Zn0.6S for H2 production increases as the light intensity

was increased.

Temperature

Thermodynamically, temperature cannot induce the photo-

catalysis activity, since it did not contribute toward the gen-

eration of electrons and holes. However, temperature plays a

role to enhance desorption of products from the surface of

catalyst to increase the photocatalytic activity. The tempera-

ture speeds up the reaction rate. The temperature applied

differs for different catalyst. Therefore, this factor could

quickly be adjusted to increase the photocatalytic activity.

Reduce temperature gives negative effect by slowing the H2

production rate as desorption of the products limits the re-

action, since it is slower the adsorption of the reactants. High

temperature provides higher electron transfers in valance

band to higher energy levels. Thus, it facilitates the

electronehole formation that could be utilized in initiating

oxidation and reduction reactions, respectively, and helps the

reaction to compete more effectively with charge carries

recombination [1]. Boudjemaa et al. [13] revealed that the H2

evolution increasedwith temperaturewith 59, 92 and 370mol/

g.s of H2 produced at 30, 40 and 50 �C, respectively. Similarly,

Pt/TiO2 photocatalyst revealed after 4 h at 45 �C H2 production

was 4.71 mmol g�1, increasing to 15.18 mmol g�1 when tem-

perature was increased to 55 �C [292]. In another work in 2006,

the optimum temperature is reported to be between 60 and

80 �C in photocatalytic study [293].

pH

It can be regarded that the production of H2 from water

splitting is dependent upon the proton concentration, which

is the pH of the solution, since proton reduction by the pho-

togenerated electron is generated throughout water splitting.

This specific aspect is particularly importance in the case of

photo reforming as the presence of a sacrificial organic species
arison of the photocatalysts for H2 production under solar

egies to improve photocatalytic water splitting towards hydrogen
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is required. The H2 is more effective to be generated in weak

basic pH solution than in acidic or strong basic (>10) as well as

the band gap energy shift is dependent on the change in pH

[20]. Wu et al. [294] reported the CuOx/TiO2 produced

maximumH2 inweak basicmedium (pH 10).While, the lowest

production of H2 was obtained with pH 2, since the Cu(I)

species has lower stability on the TiO2 surface in acidic me-

dium. Similarly, the Si/CdS/TiO2/Pt catalyst has lowest per-

formance under visible light because of reduce stability of

TiO2 in strong acid or base solution [295]. Brahimi et al. [296]

estimated the optimal pH of photocatalytic for H2 production

over CuAlO2/TiO2 was 11. The adjustment in pH can lead to

the modification of catalyst band gap. Pt/r-TiO2 produced

highest H2 around 56.6 mmol at pH 5.5 after 4 h followed by pH

12 and pH 2.0 [297]. The research by Fujita on NiO/TiO2

recorded the H2 yield of 1200 mmol g�1 h�1 with pH value of

about 6.6 obtained. Thus, the rate of H2 evolution depends on

the pH of the mixture while the optimum pH is close to the

zero-point charge [85]. However, Nada et al. [298] stated that

photosensitized TiO2/RuO2-MV2þ from methanolewater

mixture produce more H2 in acidic condition. At acidic pH,

more Hþ ions are adsorbed on the photo catalyst, so the pos-

sibility of the reduction of Hþ to H2 by e� will be increased. It

was reported that in the acidic condition, H2 evolution rate

was more effective than in a basic medium [299]. However, in

general conclusion, based on the previous research, the pho-

tocatalytic reaction in the basic system givesmore advantages

to enhance H2 evolution.

Oxygen vacancies

The metal oxide can be introduced to effect oxygen vacancies

by catalyst synthesis, reduction and doping [300]. For TiO2, the

oxygen vacancies are existed along with Ti3þ. When the oxy-

gen vacancies concentration is higher, more Ti3þ ions are

produced, thus causes Ti3þ defect state, surface disorder and

associate oxygen vacancies. Due to missing oxygen atom, the

oxygen vacancies defect can trap and prolong the life of

electrons.Whereas, the regular lattice of the oxygen atomwas

taken by electrons and local state was formed by oxygen va-

cancies and Ti3þ. Then, the VB holes of TiO2 were generated

and the electrons excited to the CB of TiO2. At CB, the Hþ

reduce to H2 through reduction reaction [77]. It can be

concluded that this approach is effective to increase the life-

time of the charges without metals loading, consequently

hindered the electroneholes recombination for enhanced H2

production.

Sacrificial reagent

The performance of photo catalyst activity can be improved

with the presence of organic species such as methanol,

ethanol, phenol, and glycerol as sacrificial agents which act as

a hole scavenger compare to the water alone [74]. The

enhancement of highly efficient photocatalysts for H2 pro-

duction has drawn increased attention and the effects of the

composition and structure of sacrificial agents has been rarely

studied. When alcohols are used to improve H2 rate, the pro-

cess is called photo-reforming, which make semiconductors

to promote the oxidation of organic molecules and the
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reduction of Hþ to H2. According to this, H2 is obtained while

sacrificial agents are mineralized. The photo reforming of the

alcohols in the overall reaction can be represented as in Eq.

(21) [65].

CxHyOz þ ð2x� zÞH2O/xCO2 þ
�
2x� zþ y

2

�
H2 (21)

Table 11 summarizes the previous researches on water

splitting using various sacrificial agents. As shown in

Fig. 16(a), the production H2 using sacrificial reagents is

decreased in the order from glycerol > ethylene

glycol > methanol > ethanol [72]. Based on the pattern reac-

tivity series, it was concluded that the sacrificial hole scav-

enger must have an a-H adjacent to the OH groups, with the

other main by-products of alcohols photo-reforming is largely

predictable based on the alcohol structure. The photo

reforming of alcohol liberated the alpha-hydrogen into Hþ,
finally converted for H2 production by the use of electrons.

Fig. 16(b) shows the structure of sacrificial agents according to

the hydrogen production rate. The presence of a-H atom in-

fluences the H2 production rate. Since the glycerol has 5 a-H

atoms, it can generatemoreH2 than ethylene glycol,methanol

and ethanol. Its concentration also affects hydrogen produc-

tion. In addition, Police et al. [279] reported that the sacrificial

reagent concentration is also affecting the H2 production. As

in Fig. 16(c), the highest amount of H2 is produced by using 5%

methanol solution and with the increase in methanol con-

centration, no further increase in H2 productionwas observed.

This occurs since the surface of the photocatalyst reaches

saturation with no further increase in H2 production.
Advancements in photoreactors

Design of photoreactor

The photocatalytic performance depends on the configuration

of catalyst in photoreactor. The photoreactor is the vessel for

the reaction of photocatalyst and reactants with the presence

of light (photon) to produce product. The type of reactor for UV

and visible light irradiation has been depicted in Fig. 17. The

main constructions of photoreactor are the suspended or

immobilized catalyst and light irradiation [301]. An ideal

photoreactor need to have uniform light distribution for the

entire photoreactor in order to get the higher photocatalytic

efficiency. The parameters which determine the types of

photoreactor are the phase involved and the mode of opera-

tion. Table 12 summarized the advantages and limitations of

different types of photoreactor.

Slurry photoreactor

A slurry reactor contains catalyst in a powder or granular

form. Typically, this reactor is used when the reactants come

in both the gas and liquid phase while the catalyst is a solid.

The gaseous reactant is bubbled through the liquid and then

diffuses onto the catalyst surface where the reaction takes

place. The commonly used slurry photoreactor is an annular

reactor. Annular design is a tubular reactor with a lamp array

located only at the axis as shown in Fig. 18 [305].
gies to improve photocatalytic water splitting towards hydrogen
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Table 11 e Summary of various sacrificial agents used in photocatalytic hydrogen.

Year Feed Catalyst Reactor/Parameter Product H2 & Comment Ref.

2019 5 vol% alcoholewater

Water, methanol, ethanol, propanol,

ethylene glycol, glycerol

0.05 g

MWCNTs/TiO2/MMT

Quartz glass flask

Visible light

35 W Xe lamp

(1888 ppm h�1)

Glycerol > ethylene

glycol > methanol > ethanol > propanol > water.

[16]

2017 10% v/v alcohol-water

Water, glycerol and propan-2-ol

85 mg

0.5 wt% Pt//TiO2

Pyrex reactor

125 W Hg lamp

Medium pressure

Light intensity of ca. 1.2� 10�5 Einstein s�1

Time ¼ 1000 min

(ca. 5.5 s�1)

Pt > Pd > Au

Propan-2-ol > glycerol

[64]

2016 25 vol% alcoholewater

Water, tert-butyl alcohol (t-BuOH),

n-butanol (n-BuOH), n-propanol (n-PrOH),

ethanol (EtOH), and methanol (MeOH)

50 mg

0.5 wt%RuO2@TiO2@1 wt% Pt

Glass quartz reactor

UV light

3 W LED lamp (l ¼ 365 nm)

Temperature at 30 �C

(4200 mmol g�1 h�1)

MeOH > EtOH > n-, PrOH > n-BuOH > t-BuOH

[120]

2015 10 vol% alcoholewater

Water, Methanol and ethanol (1� alcohols),
2-propanol (2� alcohols), tertiary butanol

(3� alcohol), 1,2-ethanediol and 1,2-

propanediol (diols) and glycerol (a triol)

0.0065 g

1 wt% Pd/TiO2

Tubular Pyrex reactor

UV (365 nm, 5 mW cm�2)

Spectraline model SB-1000P/F lamp

(200 W, 365 nm)

Photon flux ¼ 5.1 mW cm�2

(47.5 mmol g�1 h�1)

Pd > Pt z Au.

Glycerol > 1,2-ethanediol > 1,2-

propanediol > methanol > ethanol > 2-

propanol > tert-butanol » water

[69]

2015 10 vol% alcoholewater

Methanol, anhydrous ethanol, ethylene

glycol and glycerol

450 mL aqueous solution,

2.5-Cu2O/TiO2

Quartz reactor system

500 W Xe arc lamp

l ¼ 365 nm, photon flux ¼ 3.6 mW cm�2

40 �C under atmospheric pressure

(2048.25 mmol g�1 h�1)

Methanol > ethylene glycol z glycerol > anhydrous

ethanol

[98]

2015 10 vol% alcoholewater

Water, methanol, ethanol, ethylene glycol

and glycerol

6.5 mg

1.5 wt% Au/P25 TiO2

Tubular pyrex reactor

UV light

Spectroline model SB-100P/F lamp (100 W,

365 nm)

UV flux of 6.5 mW cm�2

(27.9 mmol g�1 h�1)

Au/P25 > Au/anatase SGz Au/brookite > Au/anatase

HT z Au/rutile HT

Glycerol > ethylene glycol > methanol > ethanol

[72]

2015 Methanol, ethanol, ethylene glycol and

glycerol

75 ml

TiO2

2.1 wt%Pt/TiO2

Borosilicate photo reactor light source is 3

Philips Solarium lamps (4 � 15 W)

l ¼ 300, 400 and <365 nm

Temperature is 25 �C, pH ¼ 5

(1134 mmol h�1)

Methanol (17.13 M) > ethanol (7.34 M) > ethylene

glycol > glycerol.

[73]
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Fig. 16 e (a) Plot of H2 production in different sacrificial reagent; (b) The structure of sacrificial agents according to the

hydrogen production; and (c) Effect of methanol concentration [72,279].

Fig. 17 e Type of photoreactors for UV and visible light

photocatalytic H2 production.
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When powders or pellets are dispersed in liquid, the

quantum efficiency of the catalyst, absorption properties of

catalyst and reactants and light intensity determine the rate

of reaction. The advantage of slurry system is the use of entire

external surface illumination during the reaction. This is
Please cite this article as: Fajrina N, Tahir M, A critical review in strate
production, International Journal of Hydrogen Energy, https://doi.org
because the small particle size of the catalyst and phase

segregation is not occurring as the solution is homogeneously

mixed. Although, slurry system design offers high catalyst

loading and simple structure design, separation of catalyst

particles from mixture is quite difficult. The size of the cata-

lyst crystals will determine the separation process required

which could be costly and time consuming. However, the light

utilization into the reactionmedium can also be limited by the

strong light absorption of organic species and catalyst parti-

cles. A large proportion of the catalyst surface might be

inactive due to low photon energy received, as most of the

light irradiation would be lost due to absorption by liquid

when light approaches the catalyst through the bulk liquid

phase. The amounts of photo catalyst used should be in a

minimum quantity to avoid poor light penetration in the

suspension [306].

Optical fiber and honeycomb reactors

Optical fibers are made by silica to transmit light between two

ends of the fibers. The difference of refraction index between

the semiconductor (e.g., TiO2) coating and the quartz core

causes the light to split into two beams when hitting the in-

ternal surface fiber. The light is reflected and transmitted

along the fiber, while the rest penetrates and excites the
gies to improve photocatalytic water splitting towards hydrogen
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Table 12 e The advantages and limitations of different types of photoreactor.

Reactor design Advantages Limitation Ref.

Slurry reactor � Can be operated in fixed bed mode or

continuous flow patterns

� Combination of gas-liquid-solid phase

� Continuous stirring causes the additional cost

� Active contact surface for reaction is low

[302,303]

Fluidized reactor � High photocatalytic activity

� Efficient heat and mass transfer rate by

vigorous agitation of solid

� Abrasion of particles and attrition of the catalyst

causes erosion at reactor

� Catalyst is difficult to be separated from mixture

[302,303]

Optical fiber reactor � Surface area is larger

� Efficiency of light utilization is higher

� Efficient processing capacities of the catalyst

� Deactivation catalyst at high temperature

� Maximum reactor volume cannot be applying

� Uniform coating of fibers is complex

[302e304]

Monolith reactor � Ratio of surface to volume is higher

� Pressure drop is low

� Flow rate is higher

� Light efficiency is low

� Catalyst adhesion on wall is lower

[302e304]

Fixed bed reactor � Surface area is large

� Reaction time is faster

� Conversion rate per unit mass of catalyst is high

� Operating cost is lower

� Temperature gradient between gas and solid

surface is common

� Exposure of catalyst to light is low

� Conversion and yield rate is low

[302,303]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x26
titania layer at the interface. Thus, the electronehole pairs are

generated and the photo-reactions would occur. Therefore,

optical fibers can be used to radiate the light uniformly inside

a photoreactor [307]. Light is transmitted along the fibers core

by the cladding with lower refractive index that traps light in

the core through total internal reflection [303]. Previously,

photocatalytic water splitting have been conducted using

optical fiber coated TiO2 and SiO2 with enhanced H2 produc-

tion rate [308].

Some of the advantages of optical fibers are high efficiency

of uniform light distribution throughout the reactor and cause

high interaction between irradiations and catalyst surface.

Hence, it can give higher conversion and yield rates and it is

economic with low cost operation. However, they have

various disadvantages such as lower adhesion strength, rela-

tively low surface area for chemical reaction and only 20e30%

of the reactor volume is available for photocatalysis. The

catalyst coating needs special method and uniform coating of

fiber is complex with low adhesion strength.

Typically, in an optical fiber reactor, the photocatalyst is

coated on the fibers, where light is propagated along the fiber
Fig. 18 e Annular reactor for photocatalytic water splitting

to produce H2 [305].

Please cite this article as: Fajrina N, Tahir M, A critical review in strat
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length by reflection on the fiber wall as shown in Fig. 19(a).

However, light intensity can decay exponentially along the

axial direction of the coated fiber and the amount of refraction

in the fiber depends on the thickness of the photo catalyst

coating. In addition, the electrons and holes are generated

from the interface between the photo catalyst and the re-

agents due to the back-irradiation and consequent suscepti-

bility to recombination loss. Hence, an improvement has been

done by designing optical fiber honeycomb reactors, where

the photocatalyst is immobilized on the monolith wall [309].

As shown the Fig. 19(b), Taboada et al. [306] reported that the

optical fiber honeycomb photoreactor is much better with

fivefold increases than the slurry photo reactor system and

Fig. 19(c) shows the H2 production in the optical fiber honey-

comb reactor. With this new design of reactor, the light effi-

ciency and availability combinedwith optimummass transfer

and scale-up potential can be achieved.

Monolith reactor

Usage of monolith having micro channels with higher light

interaction surface area can increase the conversion and yield

rates [310]. The monolith designs are uniform blocks with

parallel channels that can be extruded into different shapes

and sizes. Ceramic monolithic structures show an attractive

option to conventionally prepared catalyst pellets or powders

because of its excellent properties. Monoliths can provide

better mass transfer, better porosity, good coating adherence,

low pressure drop, good mechanical strength and thermal

stability over typical catalyst powders or pellets [311].

Recent advancements in photo technology showed that

monolith reactors have various benefits when compared with

commercial reactors. In 2017, Gaudillere et al. [312] have

testedwater splitting for hydrogen productionwith ethanol as

sacrificial agent in a monolith photoreactor. The quantum

efficiency in microchannel monolith reactor was proven

much higher (0.10%) than using cell type reactor (0.0005%)

[313]. The photo catalyst employed was NiOeIn2O3/TiO2 and

showed better performance efficiency in the batch monolith

photoreactor than using cell type reactor under same reaction

conditions with efficiency 14.13 folds higher [314]. Xiong et al.
egies to improve photocatalytic water splitting towards hydrogen
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Fig. 19 e (a) Schematic diagram of light propagating in a TiO2-coated optical fiber [306]; (b) Scheme of optical fiber

honeycomb reactor; and (c) Hydrogen photo-production rate at different VHSV over 1 wt% Au/TiO2 in the optical fiber

honeycomb reactor.
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[315] reported that V-W/TiO2 produces H2 of 0.27 mol g�1 h�1

using honeycomb reactor was much higher than using con-

ventional reactor due to high surface area per unit volume.

For preparing a newmonolith catalyst, the active species is

required to be deposited onto a monolith and acts as sec-

ondary support. This secondary support layer usually pro-

vides high surface area for photocatalytic water splitting. The

cross-sectional single monolith channel for monolithic cata-

lyst is illustrated in Fig. 20(a) [316]. The typical methods used

for depositing the catalysts at monolith are solegel, slurry

coating and colloidal coating [317]. Coating active catalyst
Please cite this article as: Fajrina N, Tahir M, A critical review in strate
production, International Journal of Hydrogen Energy, https://doi.org
layer onto monolith depends upon what nature of the active

species. The commonly used techniques are precipitation and

wet impregnation. The illustration of monolith photoreactor

is shown in Fig. 20(b) [314]. There are several key factors to be

considered when coating the secondary support to the

monolith. These key factors consist of pH scale, concentration

of slurry, appropriate calcination and drying procedure. The

rheology and coating homogeneity can be improved by

altering the pH scale of the coating solution in acidic medium.

For concentration of slurry, it can be described in term of

viscosity and solid content. The higher secondary loading can
gies to improve photocatalytic water splitting towards hydrogen
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Fig. 20 e (a) The cross-sectional of single monolith channel; and (b) Monolith photo reactor [310].
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be achieved at optimum slurry concentration of viscosity be-

tween 50 and 150 mPa and 25e45% of solid content. In addi-

tion, drying and calcining procedures must not be rushed,

since this may affect coating on the monolith surface and to

achieve good coat adherence [314].
Conclusion and future perspectives

With this review, recent progress in TiO2 and g-C3N4 modifi-

cation and development of photoreactors for photocatalytic

H2 production has been systematically discussed. The future

efforts for more effective photocatalytic water splitting can be

focused on the next aspects:

1. There are advantages and limitations for both TiO2 and g-

C3N4 modification strategies. However, these limitations

can be overcome by ingenious ideas and engineering based

on TiO2 and g-C3N4. Combining TiO2 and g-C3N4 with other

semiconductors with Z-scheme construction can be pre-

dicted to generate more efficient photo-catalysts in water

splitting. Although, the performance of Z-scheme is still

low, it is expected to give impact to the innovation of

catalyst in near future. While, the metal co-catalyst with

SPR effect shown to have better potential and research into

modification with suitable semiconductors can lead to

great effect on the advancement of photocatalysts.

2. Recently, there is very little knowledge about the monolith

photoreactor for photocatalytic water splitting. The

monolith photoreactor, in which reaction is conducted in a

gas phase, can lead to a new development in the reactor

design due to higher photon flux utilization with larger

illuminated surface area. It can inhibit the side product

during the production of H2 due to efficient absorption

process, surface reactions and minimum mass transfer

limitations. Hence, the monolith photo reactor can be ex-

pected to produce more yield of H2 with higher selectivity.

3. It is well known that operating parameters such as tem-

perature and pH also can enhance the efficiency of the

photocatalysts. In addition, narrowing the band gap and

controlling catalyst morphology enables efficient H2 pro-

duction. Therefore, future researches in catalyst synthesis
Please cite this article as: Fajrina N, Tahir M, A critical review in strat
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and surface modification is necessary for the purpose of

tuning the band gap to enhance visible light absorption

with minimum charges recombination.

4. Previous researches of water splitting in the present of

sacrificial agent only focus on the performance of H2 pro-

duction. Detailed study on role and mechanism of water

splitting towards H2 production in the presence of sacrifi-

cial agent should be given more attention. Specifically, gas

phase water splitting reaction for H2 production in the

presence of sacrificial reagents has great importance.

5. Equipped with this comprehensive knowledge, the more

effective system and performance of photo catalyst can be

achieved.

In conclusion, regardless of the previous reports, the prob-

ability of TiO2 and g-C3N4 modification for more efficient pho-

tocatalytic water splitting apparently has not been fully

discovered. While the challenges in heterojunction have not

been studied in detail, Z-scheme photocatalytic system is

similar to the natural photosynthesis. It is recommended that

full exploration of this can results in discovery in the efficiency

of photocatalytic activity while using monolith photoreactor

system. As a concluding remark, both opportunities and chal-

lenges are present in future development of this encouraging

technology. Ideally, this review will enhance further advance-

ment of TiO2 and g-C3N4 modification for attaining its applica-

tion for effective photocatalytic water splitting in the presence

of sacrificial reagents with different types of photo-reactors.
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