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ARTICLE INFO ABSTRACT

Keywords: Globally, energy demand and environmental pollution affect the development of society. However, solar fuel
Cadmium Sulfide generation via photocatalytic water-splitting became the most viable approach to address the global energy
Z-Scheme crisis. Cadmium sulfide is considered an ideal material for solar fuel (hydrogen) generation due to its promising,
:j:lrlefr:l low-cost, suitable bandgap energy, desired band alignment, affordability, and simple preparation method.
Hydrogen However, the solar-to-hydrogen (STH) conversion efficiency of CdS-based materials still needs to improve due to
Photocatalyst the high rate of photogenerated electron-hole pair recombination and photocorrosion, resulting in poor photo-

catalytic performance. Herein, an emerging approach for enhancing the stability and photocatalytic activity of
CdS is discussed, including designing heterostructure, co-catalyst loading, etc., with a focus on charge carrier
separation and transfer. Particular attention is given to the mechanism of the emerging approach that influences
photocatalytic water-splitting. This review focuses on designing and developing of strategy for enhancing anti-
photocorrosion CdS-based materials for solar fuel generation. Notably, the solar Hy production improvements
achieved in studying the CdS material as the main photocatalyst, not a co-catalyst, were exclusively reviewed and
discussed. The prospective, challenges and development in preparation for anti-photo corrosion CdS are dis-
cussed. Thus, this review would likely motivate researchers to broaden the applications for CdS-based materials
in solar fuel (hydrogen) generation in an economical and eco-friendly approach.

1. Introduction abundant source i.e. water [3]. Economically, H; is extensively consid-

ered and widely gained acceptance as an alternative fuel due to its

There is a worldwide emphasis on the importance of energy con-
sumption as a basic necessity for human daily activities. However, the
reliability of energy security provided by fossil fuels, which are carbon-
based, is being questioned due to their depletion and their association
with greenhouse gasses (GHG), water pollution, energy security con-
cerns, global warming, and climate change. As an alternative energy
source, hydrogen (Hy) is considered a renewable option to replace fossil
fuels, which currently account for 80% of the world’s energy demand.
Hydrogen is considered pollution-free because it does not contain COy
when combusted, has 0.08988 g/L density at standard temperature and
pressure (STP), and is lighter in comparison with other fuels e.g., natural
gas and ethanol [1,2]. Moreover, the highest energy content of Hy is
~140 MJ/kg compared to other fuels and can be produced from an
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excellent properties in terms of renewability and free-pollution charac-
teristics to address the global energy security concerns regarding envi-
ronmental issues, energy availability, prices, societal effects, etc., [4].
Also, Hj is considered a most promising candidate for solar fuel con-
version and storage though its production is accompanied by many
challenges both scientific and technical which obstruct its worldwide
implementation [2]. Therefore, producing H; via photocatalytic
water-splitting has become the most viable approach to address global
energy demands and environmental pollution.

Single photocatalysts exhibit low photocatalytic Hy production due
to fast charge carrier recombination, wide band gap, and photocorrosion
[5]. Several research work has been carried out to address the problem
associated with single photocatalysts such as TiO5, CdS, and g-C3N4 [6].
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Irrespective of the potentiality of semiconductors in photocatalysts,
their practical use is constrained by a number of problems such as
inefficient usage of sunlight, poor quantum yield, charge carrier
recombination [7]. For example, Pristine CdS is an n-type material that
attracted much attention of researchers because of its excellent prop-
erties such as the efficient charge transfer separation, tunable light ab-
sorption, suitable band gap of 2.42 eV, and appropriate band alignment
that makes it an efficient photocatalyst for solar fuel application [8].
However, despite the numerous advantages of CdS, it suffered from fast
recombination and photocorrosion which hindered its productivity. The
construction of heterostructure between CdS and other photocatalysts is
considered the best way to enhance it photocatalytic performance [9]. S.
liu et al. reported that CdS coupled with other cocatalysts such as TiOo,
ZnS, WOs, etc., will be an effective technique to overcome the recom-
bination effect of photo-induced charge carriers [10,11,12]. Recently, T.
Kim et al. reported that rod-shaped CdS wrapped around WSy nano-
sheets under solar light produced a maximum hydrogen production rate
of 3935.1 pmol h™! ¢! with a quantum efficiency of up to 50% [13]. J.
Bai et al. prepared CdS@Fe;03-Ti3Cy-Zng; Ohmic/S-scheme hetero-
junction and reported excellent hydrogen production of 8.93 mmol
h~!gL. It shows that using the cascade boundary of 2D connection in
Ohmic S-scheme heterojunction reduced the lifetime of Zn-CdS, which is
different from its average fluorescence lifetime. This reduction in life-
time potentially helps and prevent the recombination of photogenerated
carriers, especially in CdS. However, it’s noticed that their investigations
on S-scheme charge transfer are limited particularly with n-n hetero-
junction [14]. Furthermore, X. Ning et al. prevented the photo-corrosion
formed on CdS by adding a shell of Al;03 and a TiO; film, resulting in a
significant increase in Hy production rate of 62.1 pmol h™ g™, with a 6
and 126 times enhancement for the Pt/TiO,@CdS and Pt-CdS@Al»O3
catalysts, respectively, when compared to CdS [15]. W. Zhen et al. re-
ported that using NisP@CdS or NiSe/MnO,@CdS photocatalysts was
successfully controlled and prevented the photo-corrosion of CdS
throughs artificial gills that removed oxygen [16]. J. Zhang et al. re-
ported that combination of CdS and g-C3N4 nanostructures exhibited
significant photocatalytic activity under solar light [17]. X. L. Yin et al.
prepared NiosP@CdS nano-heterostructure using green and in-situ syn-
thesis and achieved exceptional Hy production rate of 44.65 mmol g’1
h~! [18]. Using hydrothermal method, Y. Wang et al. synthesized
Mn-doped CAS@NH2-MIL-125 (Ti) nanocomposites. The results
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demonstrated a significantly improved catalytic activity, with an Hy
production rate of 3.61 mmol h™!g™! | compared to a single material
[19]. R. Gao. et al. reported Pt/NFNi(OH),@CdS multi-heterostructured
for Hy production. The result shows Hy production activity of ~ 44.05
mmol g1 h™}, this attributed to the reactivity of Ni ions with OH~ and
form Ni(OH), [20]. CdS-base photocatalysts can be modified into three
strategies these includes the kinetics of surface reaction and separation
of charges as well as stability as seen in Fig. 1 which demonstrated the
modification strategies.

Therefore, adjustment of the co-catalyst, doping, and synthesis
method is considered the best approach in solving the problem of CdS as
a photocatalyst and improving the separation of photo-generated holes
and electrons for Hy production [21]. Incorporating metal and
non-metal oxides can significantly enhance the higher activity. Herein, a
comprehensive review has been designed to detail the role of
CdS-materials for efficient solar fuel Hy generation and applications.
Nevertheless, to the best of our knowledge, there is no review, detailing
the CdS materials as the main catalysts to produce sufficient Hy in the
literature with the exception of co-catalyst.

2. Crystal structure of CdS

CdS is widely known for its exceptional photochemical characteris-
tics and photocatalytic performance by visible light irradiation [22]. The
CdS structures are made up of tetrahedrally coordinated Cd and S atoms,
where the Cd atom is surrounded by four neighboring S atoms, and vice
versa. In the cubic zinc blend structure, the CdS* tetrahedra are arranged
with the (111) plane in parallel, which is a plane that cuts through the
center of the cube and intersects the four corners of the cube at equal
distances. This arrangement of tetrahedra gives rise to a cubic symme-
try, with the Cd and S atoms occupying alternating positions in a
face-centered cubic lattice. In contrast, the hexagonal wurtzite structure,
and the CdS* tetrahedra are arranged to the (001) in a parallel plane,
which is a plane that is perpendicular to the c-axis of the hexagonal
lattice as shown in Table 1. This arrangement of tetrahedra gives rise to a
hexagonal symmetry, with the Cd and S atoms occupying alternating
positions in a hexagonal lattice Fig. 2. The different arrangements of the
CdS* tetrahedra structures upsurge the differences in both physical and
chemical properties of the materials, such as its electronic band struc-
ture, optical properties, etc.
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Fig. 1. Illustration of CdS base photocatalysts modification strategies.
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Table 1
Displays information on CdS and its two crystal phases regarding their structural
Parameters [24].

Structure Crystal Space Lattice Atomic position

type phase group parameter

Waurtzite Hexagonal P63mc a=0.4160, c Cd(0.333, 0.667, 0), S
= 0.656 (0.333, 0.667, 0.375)

Zinc blende  Cubic F43m a = 0.5832 Cd(o, 0, 0), S(0.25,

0.25, 0.25)

v

(a) ® \T

Fig. 2. Illustration of CdS crystal structures, (a) cubic-zinc-blend (b) hexagonal-
wurtzite [23].

Generally, the synthesis of CdS at a temperature below 100 °C dis-
plays a cubic zinc blend phase. At higher temperatures usually above
300 °C there is the presence of a hexagonal wurtzite phase [25]. Higher
crystallinity of CdS hexagonal phase is observed at ambient pressure and
temperature and it’s more stable than cubic phase. In line with many
research works, the CdS hexagonal phase has a higher oxidation ca-
pacity for photocatalytic water splitting tests than that of the cubic
phzase usually for some common sacrificial agents e.g., sulfide (S0%7) or
(87 [26].

3. Methods of synthesis of CdS photocatalyst

To overcome the crystalline structure, shapes, and dimensions, CdS is
typically synthesized by different methods, namely, sonochemistry,
solution-based approach, chemical bath deposition, solid state reaction,
sol-gel method, solvothermal or hydrothermal etc.

3.1. Hydrothermal method

This method was introduced by Roderick Murchison a well-known
geologist i.e., the term “hydrothermal” and later used for the synthesis
of various nanostructures [27]. The technique involves preserving the
precursor solution in a sealed chamber with high vapor pressure and
temperature. The reaction undergoes several types of reactors such as
bath reactors, autoclaves, and stirred reactors. Autoclave is commonly
used because it is made of thick cylindrical wall steel containers with a
cover that is airtight and can withstand high temperatures and pressure
for extended periods of time. The temperature required for preparing
photocatalysts may vary from 100 °C to 800 °C, and the pressure used is
typically between a few bars to 2.5 Kbar [28]. However, synthesis via
hydrothermal is typically undertaken below 300 °C; this is because of
ionic products with maximum value between 250 °C and 300 °C
respectively. At the supercritical state, the water solubility decreases
resulting in the creation of ultra-fine nanoparticles [28]. The method has
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the following advantages (i) The precursors used are inexpensive (ii) The
reaction is conducted under mild conditions (iii) The system is heated
and pressurized to a point where the material becomes soluble and forms
precise phases (iv) The materials obtained have high vapor pressure, low
melting points, and are produced through pyrolysis (v) The final prod-
uct’s shape, size, and crystallinity can be precisely controlled by modi-
fying parameters such as the solvent, surfactant type, reaction
temperature, and precursor. Solvothermal synthesis results in a very
high crystallization rate. The disadvantages include; (i) A high rate of
aggregation (ii) Safety issues throughout the reaction are a concern (iii)
Combustion may cause a significant risk of chemical contamination (iv)
Expensive equipment is required for preparation (v) Mass production is
challenging in solvothermal synthesis due to difficulties in controlling
reaction conditions. Out of the methods mentioned, solvothermal syn-
thesis has the advantage of controlling the nanocrystalline properties of
histidine/CdS particles, resulting in an average size of 105 nm. This
suggests that the crystallinity of the CdS nano-composite could be
further improved. On the other hand, large particle sizes of 1.5 ym are
commonly observed in the hydrothermal synthesis of histidine/CdS,
which may lead to the reduction of specific surface area and poorer
photocatalytic performance [29]. To put it differently, the size of CdS
crystals can also be regulated through a method that involves solution.
By doing so, it is possible to obtain CdS-based photocatalysts with fewer
flaws. This approach can also lead to better distribution, ideal crystal
structure, and reduced thermal strain [30]. Initially, CdS was created
using a one-step hydrothermal method with a 1:1 CdS molar ratio.
0.925 g of Cd(NO3)2-4H20 and 0.721 g of NayS-9H,0 were mixed in 20
mL of ammonium chloride solution at varying concentration levels be-
tween 1% to 9%. The resulting mixture was stirred for 15 min and then
transferred to a Teflon-lined autoclave and heated at temperatures
ranging from 160 °C to 220 °C for 24 h, as shown in Fig. 3. After cooling,
the resulting material was dried at 80 °C for 24 h after cleansing with
deionized water and ethanol [31].

3.2. Solid state reaction technique

In the past, CdS nano compounds were produced through solid and
liquid phase synthesis techniques, where the method used, raw mate-
rials, reaction time, and temperature affected the morphology and
crystal phase. The solid-state reaction method took place at the interface
of the phase, resulting in granular morphology with low crystallinity and
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Fig. 3. Schematic of hydrothermal synthesis for CdS [32].
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high energy consumption.

Solid-state reactions involve solid mixtures that do not react at
normal room temperature. When an external force is applied, the par-
ticles of the reactant and the reacted powder come together, resulting in
what is known as a mechanochemical reaction [33]. When subjected to
higher temperatures, the substance produces an end result and its atoms
disperse throughout the material’s interior through a process called
diffusion. This leads to the occurrence of nucleation processes as the
temperature increases. The sole phase in which all components are
combined at the atomic level is the solid solution [34]. It is true that the
properties and structure of a material can change as its constituents
change. Solid-state reactions can often lead to the formation of materials
with different properties than their individual components. In addition,
the crystal structure of a material can also changes during solid-state
reactions, leading to changes in properties such as density, strength,
and thermal conductivity. Solid-State reaction technique has the
following advantages and disadvantages; the advantages are: (i) easy
fabrication, (ii) simple to scale up, (iii) the process is low cost [35]. The
disadvantages include [36]: (i) the grain morphology is usually found to
be non-uniform, (ii) inconsistency (iii) lack of purity because the for-
mation of the product does not occur at the ionic level etc.

3.3. Sol-gel method

Sol-gel method was first introduced by Ebelman (1845) [37]. The
process involves three steps: sol preparation, sol gelation, and solvent
removal. The sol is a colloidal suspension obtained from a solution of
inorganic liquids such as metal chlorides and alkoxides. The sol particles
are mono-sized nanoparticles that are held together by surface charges
and Van der Waals forces, which create a Columbic repulsive force. The
sol suspension contains amorphous materials ranging from 1 nm to 1 pm
in size. The gel is a highly viscous material that forms when the solvent
begins to evaporate, creating a solid solvent-encapsulating matrix.
During the evaporation process, the sol particles connect thereby
forming a network of gel-like particles. The sol is made by incomplete
condensation and/or hydrolysis of inorganic salts and/or alkoxides,
which creates metal-oxo-metal or meta-hydroxy-metal bonds for gel
formation. The time taken for the transformation of the liquid solution is
known as the time for gelation, which may take a few minutes or hours.
An increase in time results in shrinkage of the solution and solvent
expulsion. Aerogel and xerogel formation occur when the gel is dried at
supercritical conditions or ambient pressure. The mechanical properties
of nano-sized particles are improved by calcination processes, which
remove metal hydroxide groups at high temperatures close to 800 °C,
resulting in shrinkage of the particle’s surface area [38].

The sol-gel process is affected by various parameters such as reaction
time, temperature, type of solvent, precursor, pH of solution, concen-
tration of precursor as well as the solvent. There are two types of sol-gel
methods: aqueous and non-aqueous. In the aqueous method, water is the
solvent while alcohol is used in the non-aqueous method. Amorphous
precipitates are more commonly formed in aqueous solutions, which is a
disadvantage compared to the non-aqueous route. Despite this draw-
back, sol-gel is still utilized to prepare Wurtzite (hexagonal phase) or
sphalerite (cubic phase) cadmium sulfide [39]. Sol-gel has several
benefits compared to other techniques, including its ability to regulate
porosity and particle size while maintaining high purity. It is also
cost-effective and enables the creation of nanoscale materials at low
temperatures. However, one significant drawback is that some of the
organic solvents employed may be hazardous, and the processing time
may be lengthy [40]. The sol-gel method is used to introduce
metal-positive ions into the crystal lattice of CdS through doping.
Typically, this involves substituting or inserting transition metal positive
ions such as Zn?*, Mn2*, Ni2™, etc. in place of Cd?* ions, with similar
ionic radii and charges to cd** (which has an ionic radius of 0.85 10\).
This process can improve the stability and photoactivity of the doped
CdS, making it more effective for hydrogen production [41]. The

Applied Surface Science Advances 18 (2023) 100520

method has the following merits and demerits; the merits of using the
sol-gel method include (i) low-temperature synthesis, (ii) a greater
ability to manipulate the shape, structure, and size of particles, and (iii)
the potential to control the purity of the final products by carefully
selecting the initial precursor. Hence the disadvantage is that the soli-
tary challenge with the sol-gel technique is the extended time required
for the creation of the precipitate.

3.4. Co-precipitation method

The co-precipitation approach is similar to the precipitation method,
as both rely on super-saturation conditions to produce insoluble prod-
ucts. In the formation of a photocatalyst via co-precipitation, several
crucial steps occur, including nucleation, growth, coarsening, and
agglomeration. The creation of a homogeneous precipitate through the
mixing of two or more salt solutions is dependent on differences in
solubility and precipitation kinetics. Precipitation kinetics involve
nucleation as well as growth of the precipitated particles, this situation
is governed by various factors. The pH level, level of supersaturation of
the solute, and other similar factors can strongly influence various
processes [42]. The advantages and disadvantages of the
co-precipitation method are; its simplicity and speed of preparation, the
ability to control particle size and composition with ease, and the rela-
tively low temperatures required for the process. Additionally, there are
various options available to regulate particle surface state uniformity,
and the process does not involve the use of organic solvents. The dis-
advantages are; that it’s time-consuming, issues with reproductivity,
and the potential for impurities to precipitate with the final products.
Additionally, co-precipitation may not be effective if the initial reacting
species possess a distinct precipitation rate. Proper monitoring of the
entire process is crucial to ensure that the pH of the solution is adjusted
as needed, leading to high-quality products.

Comparably to the precipitation method, co-precipitation is viable in
the condition of super-saturation where the resulting nanomaterials are
insoluble. The process of producing nanoparticles of Cadmium Sulfide
involved adding solutions of cadmium in 500 mL of distilled water, and
then slowly adding a solution of sodium sulfide drop by drop while
stirring. The resulting solution was left to stir for an hour, which caused
a yellow and white precipitate to form for the cadmium sulfide solution.
After 24 h, the stirring was stopped, and the particles were washed with
isopropyl alcohol and water to prevent them from clumping together.
The particles were then allowed to settle, and dried in an oven at 90 °C
for 12 h. The same process was used to prepare nanoparticles of CdS
[43].

4. Photocorrosion mechanisms of CdS

The photocorrosion of pristine CdS is primarily ascribed to the
oxidation of surface lattice sulfur through its photogenerated holes. As a
result of high photoinduced holes on the surface of the sulfide, the sul-
fide will become greatly unstable as a photocatalyst [44]. Generation of
electrons as well as holes will occur when the metal sulfide is irradiated
for appropriate light irradiation. In this regard, the excited electrons in a
photo-sensitive material will move to the surface without any difficulty.
Later on, the photogenerated holes will gather on the outermost surface
of the sulfide and subsequently be used by the donors of electrons pre-
sent in the reaction system [45]. Therefore, Sulphur or sulfate oxidation
might occur, and the working properties of the material in the photo-
catalytic reaction are inhibited hence resulting in the oxidation of
photocatalyst [46,47]. Photocorrosion is important for the oxidation of
photo-induced holes within a semiconductor and can be minimized by
inhibition of a newly formed oxygen within the water [48]. On
considering Hy and O, in water O, is higher soluble, therefore O5 has
the highest tendency to cause photocorrosion of CdS in the photo-
catalytic Hp production. The photocorrosion of CdS would be acceler-
ated if the oxygen combined with the induced light-electron creates Oq
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radicals [48]. The cause of photocorrosion by two-hole leading to
oxidation reaction can be seen in eqn. (1).

CdS— e~ +h* (€D)

CdS + 2h—>Cd** + 8 @)

Thus, eqn. (3) and 4 represent the presence of oxygen which account
for CdS photocorrosion.

CdS + 4h"2H,0 + 0,~Cd*" + SO;™ +4H™ 3
0, +4e” +2H"—20H" (€]
CdS +20,~Cd*" + 803~ (5)

4.1. Eliminating oxygen from the photocatalytic system

It is well known that CdS is a potential candidate in photocatalytic Hy
production which shows excellent activity for water splitting in the
presence of sacrificial reagents e.g., NayS/NaSOs, lactic acid, ethanol,
etc. Hence, it is desirable for practical application to construct an overall
based-CdS photocatalyst for a water-splitting system. The main consid-
erable factor of the caused photocorrosion of CdS-based photocatalysts
is photogenerated holes. However, for the water-splitting process, the
nascent oxygen impact on semiconductor stability is disregarded.
Despite the fact that in water oxygen solubility is greater than Hy [49].
High oxygen solubility has a negative effect on the CdS photocatalyst,
causing an increased serious photocorrosion in CdS. However, reverse
recombination of oxygen and Hj is caused by excess oxygen accumu-
lation in water, this is due to the fact that low energy activation (16.5
kJ/mol) of oxygen and Hy recombination regardless of whether there is
light irradiation or not, over co-catalyst, hinders the effectiveness of
water splitting for a semiconductor. Thus, it has become mandatory to
eliminate oxygen from photocatalytic water splitting via some reagent
for better stability and to enhance the efficiency of Hy production using
CdS-based photocatalysts [23].

The effect of photocorrosion of CdS-based photocatalysts can be
overcome by using many strategies to improve its stability, this might be
achieved by; i) Perfluoro decalin (PFDL), is a completely fluorinated
organic compound stands as an exceptional synthetic oxygen carrier,
possessing high oxygen blend capacity. ii) TiO, anti-photo corrosion
layer, semiconductors with wide bandgap have been considered a
promising candidate for enhancing the stability of sulfide photocatalytic
systems. iii) AlyOs anti-photo corrosion layer, a stable metal with
chemical inertness has been regarded as a catalytic supporter. Other
semiconductors that act as an anti-photocorrosion layer and also can
serve as coating materials include; NiO, WO3, MnOy, Cr203, NisP, and
artificial gill respectively [50].

5. Photocatalysts for hydrogen production

Photocatalysis received significant attention in research as a viable
method for converting solar energy through the surface of photocatalyst,
which has the potential for hydrogen production and water splitting.
Due to the fast-growing demand for photocatalysts for H, production,
one crucial contest in this process is the design of visible light active,
inexpensive materials, and methods for Hy production. Hence, designing
an appropriate catalytic structure that can significantly upsurge the gain
in photon ability, and improve reduction efficiency that can lead to
intrinsic catalytic ability toward Hy production is required. There are
many procedures for photocatalytic Hy production such as migration,
generation, and separation of photogenerated carriers, light absorption
by virtue of photocatalysts, and generation of H and O via free electrons
and hole’s reaction with HyO respectively. Therefore, many nano-
composites and nanostructures of inorganic semiconductors are efficient
for photocatalysts growth such as metal oxides (ZnO, TiO3, Cuz0, V205,
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WO3, M0Qs3, ZrO,, CoO, etc.), metal sulfides (MoS, CdS, ZnInySy4, ZnS,
CulnSy, etc.), metal selenides (ZnSe and CdSe), oxynitrides (LaTaONa,
TaON, and BaTaO,N), and organic semiconductors which includes g-
C3N4 are widely used for photocatalytic Hy production [51]. In photo-
catalytic reactions, some possible mechanisms need to be considered
including heterogeneous and homogeneous photolysis.

5.1. Photocatalysis for water splitting

The fundamental of photocatalytic water splitting is considered
artificial photocatalysis since it looks like a process of photosynthesis in
green plants below solar energy. The Hy production from water/
wastewater could be succeeded via photocatalytic processes through the
advantage of sun radiation that always invades the earth’s surface [52].
During the photocatalytic process, there is noticed energy conversion in
light energy which is converted to chemical energy, as such Gibbs free
energy is built up by water splitting reaction [53]. Two techniques are
considered to produce Hj such as the photocatalytic water splitting and
photocatalytic reforming of organics [54]. In the initial technique, with
electron holes, water endures a redox reaction, while in the other
technique, the donated electron by an organic substance oxidizes to
generate proton ions which are finally converted to Hy through the
electron participation over the photocatalyst [54].

When chemicals are reacted in the presence of a suitable photo-
catalyst, which absorbs visible, ultraviolet, or IR light, the process is
known as a photocatalytic reaction [55]. Such reactions involve several
crucial stages, starting with light harvesting, where a photon with
appropriate energy triggers the photocatalyst. The following step in-
volves the stimulation of electrical charge, whereby electrons from the
valence band (VB) are stimulated to move to the conduction band (CD),
resulting in the formation of photoexcited electrons and holes in both
the conduction and VB of the photocatalyst. The primary challenge in
photocatalytic water splitting is the speed at which the photogenerated
electrons and holes recombine [56]. The photoexcited electrons and
holes serve as forceful oxidizing and reducing agents, driving oxida-
tion-reduction reactions. However, the process of recombination, which
can occur through radiative or non-radiative transitions, hinders the
movement of photoexcited electrons from the conduction to the valence
band. This leads to the loss of electron-hole pairs. To overcome this, any
remaining free electrons or holes diffuse to high-energy locations on the
surface. In water oxidation is causing by photoexcited holes transport,
creating protons (H ), while the photoexcited electrons are participated
in (H") reduction creating molecular hydrogen [57]. The performance
of CdS in photocatalytic processes is heavily influenced by its band
structure. In CdS, the S3p orbitals contribute to the highest point of the
VB, while the Cd®S and 5p orbitals contribute to the lowest point of the
CB. Typically, the dissociation of water for water splitting requires high
temperature exceeding 2070 K. However, this reaction can be achieved
at room temperature through the use of photocatalyst under the influ-
ence of light with energy [58].

catalyst—catalyst (e* + h") (6)
catalyst (e~ + h*)—catalyst 7
H,0 + h*—%Oz +2H" ®
2¢” +2H'— H, ©
RCH,OH + 2h* -RCHO + 2H™ (10)

The main challenge associated with photocatalytic water splitting is
the tendency for the photogenerated electrons and holes to recombine,
which results in the release of unproductive heat, as shown in Eq. (7).
Therefore, when studying photocatalysis for water splitting, sacrificial
agents like Triethanolamine (TEOA), lactic acid, ethanol, methanol, and
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electrolytes such as NayS/NaySOs etc., are important to prevent the
recombination [59]. In general, electrolytes do not undergo reduction or
oxidation through the CB and VB of electrons/holes. Instead, they have
the capability to move ions and facilitate electron transfer to nearby
semiconductors, which can enhance the process of photocatalytic water
splitting.

To achieve efficient photocatalysis, it’s necessary for the energy
difference between the electrons (e”) and holes (h™) to be greater than
the required energy for the targeted redox reaction, and for the redox
reaction rate to be faster than the rate of e /h" recombination Fig 4.
Generally, photocatalysis involves five key processes: light absorption,
excitation, charge separation, transport of charge carriers, and surface
reactions on the catalyst. However, if the bandgap energy is low, there’s
a risk of competing process, charge carrier recombination which is seen
as a significant drawback of photocatalysis.

6. Oxygen evolution reaction (OER)

The oxidation of hydroxide ions or water molecules into oxygen
molecules on the anode surface is known as the oxygen evolution re-
action (OER). In the characteristic of water splitting OER is critical due
to its inactive kinetic. This is the reason why OER catalysts always
exhibit a high overpotential of 300 — 400 mV. Therefore additional work
is required to overcome overpotential [61]. Oxygen evolution reaction
has four electron oxidation reactions comprising *OH, *O, and *OOH
intermediates. Owing to the presence of an acidic medium water mol-
ecules oxidize when electrons produce an OH group and the proton then
adsorbs on the catalyst surface (OH*ads). An additional oxidation of
OH*ads ejects the proton and a surface-adsorbed oxygen atom (O*ads)
remains. At this point, the reaction pathways can proceed along two
distinct routes. Water molecules react with the low concentration of
O*ads to produce OOH*ads group in the first place in the presence of
OOH*ads group hindered by oxidation there is exist oxygen molecules.

——

—

Oxidation co-
catalysts
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This may occur if the surface of the catalyst is highly occupied by O*ads,
the neighboring O*ads atoms can undergo a reaction with each other,
resulting in the formation of oxygen molecules. In the case of an alkaline
medium, OER is somewhat different from that of an acidic medium.
Instead of the water molecule, the abundant hydroxide ion experiences
single-electron oxidation on the catalyst’s surface, producing a proton
and an adsorbed hydroxyl radical (OH*ads) [62]. The second oxidation
stage is when hydroxide ion reacts with OH*ads and the primary steps
for O*ads and water molecules. A high concentration of O*ads results in
the formation of oxygen molecules. In contrast, the O*ads interact with
the hydroxide ions, leading to a two-step oxidation process through the
intermediate formation of the OOH*ads group. This eventually results in
the production of oxygen molecules and a molecule of water. The for-
mation of OH*ads and OOH*ads groups plays a vital role in the OER.
Similar to the HER, the change in Gibbs free energy of O*ads (AGo*aqds)
is a critical parameter used to assess the OER activity of a specific
electrocatalyst. The pH solution has a direct influence on the OER. For
example, in alkaline conditions, water undergoes disassociation into
oxygen and protons, while hydroxyl ions are oxidized to produce oxygen
and water [62].

7. Hydrogen evolution reaction (HER)

The phenomenon that occurs at the side of the cathode which brings
a decrease of protons or water molecules into molecular hydrogen is
known as the hydrogen evolution reaction (HER) [63]. The HER is sig-
nificant in the electrochemical process with a critical role in water
splitting, the reaction occurs in the cathode, and the mechanism as well
as the kinetic are frequently explored. Under a critical electrolytic cell,
the key components of electrocatalytic water splitting basically utilize
the anode, cathode, and electrolyte for neutral, alkaline, or acidic,
water. Over potential dropping and increasing the efficiency of the
electrolysis is dependent on the electrocatalyst [64]. The cathode is the

2H,

4H*

Reduction co-

catalyst
Recombi

nation

Fig. 4. Schematic overall photocatalytic water splitting for light irradiation [60].
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initial process and single electron proton reduction, subsequently, the
adoption over the cathode surface is called the ‘Volmer reaction’ Eq. (6)
below. Two steps are well recognized for hydrogen molecule formation
these are well determined from the number of adsorbed hydrogen atoms
(H*ads). If the H*ads concentration is much lower, H*ads atom is needed
for hydrogen molecular formation to obtained the desired proton as well
as the electron from the solution, Eq. (7) below and is called Heyrovsky
reaction. Furthermore, if H*ads is high, the molecule of hydrogen evo-
lution would occur via a combination of two adjacent H*ads atoms on
the surface of the cathode which satisfied Eq. (8), and is called Tafel
reaction [63]. Hence the exist three equations for elemental reactions
proposed for HER in acidic media includes:

H™+* + [:Hads (Volmer reaction) (6)
—
—
H + Huy + e —Hy+*(Heyrovsky reaction) 7)
—
«—
2H,4s—H, (Tafel reaction) 8)
—

From the equation, this means (*) the active site of the catalysts
surfaces the intermediate surface can adsorb. Furthermore, hydrogen
production from water splitting through hydrogen evolution is a result
of renewable resources, which is in line with future sustainable energy
supply, as such there is a need for adequate photocatalysts to recover the
efficiency of the energy conversion [63]. However, one of the significant
parameters to estimate the target electrocatalysts for efficient water
splitting, the electrocatalysts should have low overpotential to attain 10
mA cm 2 (110). Hydrogen evolution reaction should display a proper
H*ads which is an indication that the Gibbs free energy change of H*ads
(AGy-) would be nearly to zero [63]. The binary metal atom catalysts
with a unique advantage for spinning H*ads because of the special co-
ordination structure [65]. Hydrogen evolution reaction super with many
challenges for instance, on the surface of electrocatalysts hydrogen
bubbles may adhere and block the active sites, upsurge overpotential,
and generate unwanted electrolyte diffusion, consequently, worsening
the HER performance [66]. Enhancing the performance of electro-
catalysts for the HER poses additional challenges, such as enhancing the
atomic utilization of Pt and developing noble-metals electrocatalysts
with increased intrinsic activity. Again, there is a need for an upsurge in
catalytic active site density to attain the desired current density by
reducing the overpotential. However, enhancing the catalyst conduc-
tivity is an advantage for lessening the ohmic resistance for electron
transfer to be efficient. Currently, in industrial settings, alkaline elec-
trolytes are employed for the electrocatalytic HER due to the detri-
mental effects of equipment corrosion and the potential contamination
of acidic electrolytes with acid steam [61].

To enable the efficient and cost-effective mass production of
hydrogen using the electrolytic HER, it is crucial to obtain electro-
catalysts that possess the following characteristics: excellent conduc-
tivity, a substantial quantity of active sites, effective formation of gas
bubbles, capability to generate high levels of electrical current, afford-
able synthesis costs for large-scale manufacturing, stability in both
acidic and alkaline conditions, and availability of abundant earth-based
materials.

7.1. Photoelectrochemical for hydrogen generation

Hydrogen is produced from water in photoelectrochemical water
splitting by the use of sunlight and semiconductors known as photo-
electrochemical materials, whereas irradiated light energy dissociates
molecules of the water into Hy or Oy. The key components of photo-
electrochemical cell (PEC) water-splitting semiconductors are light-
absorbing photoelectrodes, electrolytes, and separation of membrane.
In terms of sustainable Hy generation PEC has numerous advantages e.
g., it is appropriate for portable and stationary applications, pressures
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and temperatures are moderate to operate, etc. The photo-
electrochemical system is similar to the one used in photovoltaic solar
production; sunlight is applied to activate water-splitting by putting the
semiconductors in water-based electrolytes in a photoelectrochemical
application. Electrons moved up to the higher energy level when the
electrode of the semiconductor absorbed light, at the same time elec-
trons and holes at the liquid interface, may undertake redox reaction
processes. In photoelectrochemical water splitting the procedure in-
volves energy conversion in which light energy is converted to chemical
energy. The transport of electrons and hole pairs is prevented through
massive amounts of photogenerated carriers. By incorporation of Nb
with CdS will promote adequate transmission of photogenerated charges
indicating that a successful PEC can be achieved by enhancing the di-
vision of electron and hole pairs [67]. The advantages of
photo-electrochemical are; that it is economically feasible and conve-
nient for synthesis and processing, easy to manufacture, possibility of in
situ storage. Considering the advantage of using direct sunlight, PEC
schemes are environmentally benign, chief, and efficient ways to pro-
duce H; respectively. CB and VB are the main parameters to be
considered in water splitting as mentioned earlier. In PEC water splitting
the conduction band of the selected semiconductors must have a higher
energy band over the reduction potential and lower valence band energy
than the oxidation potential with a band gap of about 2 eV respectively
[67].

8. General mechanism of photocatalysis

Efficient water splitting in photocatalytic Ho production requires a
suitable band gap of greater than +1.23 eV. Both the CB and the VB play
important roles in proton reduction reactions and H,O oxidation in
semiconductors. The material band gap must allow a wide spectrum for
effective solar radiation absorption. Additionally, the photoelectrodes
must have effective charge transport under various operating condi-
tions. The surface band-edge position of the semiconductors provides
the highest oxidation-reduction possibilities for photogenerated elec-
trons and holes. Therefore, semiconductors with a narrow bandgap
(~1.23 eV) are considered a potential candidate for photocatalysts in
water splitting. In photocatalytic Hy production, overpotential and
reorganization energies are caused by the process of interfacial charge
transfer, and this increases the lowest potential requirement for the
photocatalytic Hy production process and lessens the solar to Hy effi-
ciency almost by 18% [68].

The mechanism of photocatalytic water splitting can be divided into
several phases. Firstly, when the semiconductor absorbs energy that
exceeds its band gap, it generates pairs of electrons and holes. Secondly,
according to Eq. (9), water is oxidized by these holes (h™) to create both
H' and O,. Thirdly, the photogenerated electrons (e~) migrate to the CB
and generate Hy by reducing H' ions, as shown in Eq. (10). Finally, Eq.
(11) also plays a role in this process. In photocatalytic water splitting
knowing these concepts is significant. These include Planck’s constant
(h), light frequency (n), band gap energy (Eg), VB, and CB. In addition,
understanding the catalyst and sacrificial donor is essential. Once the
catalyst absorbs sufficient light, it can initiate the processes of Hy and O4
evolution by breaking down water which can lead to water splitting
[69]. By introducing a sacrificial donor, the vacancies that lead to
self-oxidation are eliminated, resulting in a decrease in charge carrier
recombination. This, in turn, enhances the production of Hy and O,.
Generally, water splitting involves the following reactions [69].

H,O0 +2h"—=2h" + 1/20,E’oxidation = —1.23 V 9
2H" + 2e¢” —H,Eoxidation = 0.00V(2) (10)
Overall reaction : H,O—H, + 1/20, an

A suitable band gap less than 1.23 eV is required for photochemical
water splitting; and required a least thermodynamic potential around
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1.23 eV.

8.1. Heterogeneous photocatalysts

One of the types of photocatalysis that produces chemical reactions is
heterogeneous photocatalysis, the transformation here is that catalyst
and light are well required. At the surface of the heterogeneous semi-
conductor, the reactivity of a large scope of adsorbates is impacted, and
redox reactions are induced in these molecules by light emission from
the surface. By introducing light, there would be a generation of highly
explosive species, which are holes (h™), superoxide ions (03%), hydroxyl
radicals (OH®), and peroxide radicals (HO3) [70]. The formation of
contact between the hard metal photocatalyst, the reaction of the
product, and the conditions for liquid reaction holding is entailed by a
heterogeneous photocatalysis scheme [70]. Usually, heterojunctions
(type I1, type IL, type III), Z-scheme heterojunctions, p-n heterojunctions,
and S-scheme, etc., are considered heterojunctions that can be catego-
rized on their structural types [70].

8.1.1. Type-I heterojunctions

In this type of heterojunction photocatalyst, photons generating e”/
h' that easier to move from the CB of semiconductor with high energy
level to other semiconductors Fig. 5. Owing to the inability to separate
carrier charges of the type-I heterojunction which resulted in the accu-
mulation of e /h" at the same semiconductor which cause rapid
recombination. At the same time, the processes of photocatalysis in
semiconductors are observed with low reduction and oxidation poten-
tial, as such the photocatalysis efficiency decreases under visible light
irradiation [71].

8.1.2. Type-II heterojunctions

The alignment of band gaps can be attained by creating a high-
quality heterojunction between CdS and certain other semiconductors,
which offers an alternative approach to manipulate the charge separa-
tion kinetics of CdS [73]. Type II is the most effective method for
separating electron-hole pairs, and noble metals are commonly used to
create heterojunctions as shown in Fig 6. In type II heterojunctions’
electrons are migrating in semiconductors at a lower level of conduction.
Concurrently, within the device holes are moving with a high VB level,
diminishing the interaction between e /h" interaction and recombina-
tion [74]. For example, Yang et al. produced CdS/ZnO core/shell
nanofibers using a type-II heterojunction and discovered that they had
better photocatalytic activity for Hy production than CdS or ZnO alone.
Graphene is another promising material for creating heterojunctions
with CdS, as it has good electron conductivity and a suitable potential of
(—0.08 V, pH = 0). When CdS generates photogenerated electrons, they
tend to flow onto the surface of graphene, promoting efficient separation
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Fig. 5. Illustration of type-I heterojunction photocatalysts [72].
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of electron-hole pairs [75].

However, despite the similarities in structure between type-III and
type-II heterojunction formations, there is a significant difference in the
energy bandgap at the interface due to the elevated energy levels within
the band.

8.1.3. Evolving heterojunction for Z-scheme charge transfer mechanism

Owing to the different mechanisms of photocatalysis, Z-scheme is
also another type of mechanism describing the photogenerated electrons
transfer between the photocatalysts. The light illuminated photo-
generated electron-hole pairs of two semiconductors (S1 and S2) [76].
The effectiveness of solar energy utilization with photocatalytic semi-
conductor materials primarily relies on their characteristic band-gap
energy (Ebg), which is determined by the CB and VB sites of S1 and
S2, the exciting electrons to the CB requires sufficient energy [77]. The
capability of oxidation and reduction of photo-generated e /h* pairs are
determined by the band positions. When the position of the conduction
band is negative and the position of the valence band is positive with
respect to the balanced potentials, photo-induced e /h" pairs can
effectively participate in surface oxidation and reduction reactions [77].
The oxidation and reduction photocatalysts possess low valence band in
position with strong oxidizing properties, the subsequent one is reduc-
tion photocatalysts which have higher conduction band positions and
effective reduction abilities that usually occurs in hydrogen production
[78]. A. J. Bard et al. (1979) proposed that Z-scheme photocatalysts
have the potential to overcome the reduction in the oxidation-reduction
ability of photocatalysts that occurs due to electron-hole separation and
this finding was found to have many problems. This is because Z-scheme
photocatalysts can maximize the oxidation-reduction potential of het-
erojunction [79]. The successful creation of a photocatalyst with a
solid-state Z-scheme was achieved using two semiconductors, MnO and
CdS, as an intermediary, Au, to enhance the photocatalytic production of
Hy. The movement of photogenerated electrons from the VB to CB of
MnO,; and then to CdS VB through the Au intermediary is considered to
be the cause of the improvement. The band alignment of these phases
creates a type-Il junction, allowing for the suppression of charge
recombination by the migration of charges within the internal and
external charge space regions. However, the CB site of CdS is negative
compared to MnO,, while the VB site of MnOj is positive compared to
CdS Fig. 6. Therefore, the Z-scheme charge transfer mechanism is more
effective in photoreduction of photogenerated electrons, but not only
ineffective separation of photogenerated charges, than the conventional
charge transfer mechanism [80]. Despite numerous studies that have
extensively discussed four basic primary photocatalytic mechanisms are
considered: (i) separation of photo-induced charge carriers; (ii) surface
oxidation-reduction reactions induced by photo-generated electrons
and holes; (iii) transport and movement of charge carriers to the active
oxidation-reduction sites on the surface of the photocatalyst; and (iv)
light absorption by the photocatalyst [81]. To overwhelm the effect of
photo corrosion (Sz’ oxidation), and enlarge the light absorption,
developing advanced CdS nanostructure is an important strategy for the
efficient separation of photogenerated e /h™ pairs [82].

The process shown in Fig. 7 involves the accumulation of photoin-
duced electrons in CdS and holes in MnO; through the electron-transfer
system Au (represented by a black narrow arrow). The accumulation of
these charge carriers is physically separated, with the CdS surface
reducing and MnO, surface oxidizing (represented by a white wide
arrow) in different locations. However, these two functions combine
vectorially to create a continuous driving force for the photoinduced
charge carriers. The electrons are concentrated in the conduction band
of CdS, while the holes remain in the valence band of MnO». Yet, all the
mechanisms discussed encounter several difficulties during their fabri-
cation and are regarded as wrong. If water-free electrons cannot exist,
then the photogenerated electrons can never transfer through a water
medium, hence the Z-scheme charge transfer mechanism is inappro-
priate. The composite reduction ability decreases with the transfer of
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Fig. 6. Schematic representation of type-II heterojunction.

Fig. 7. Illustration of charge transfer and H, production of the Z-scheme photocatalyst CAS@MnOy/Au.

photogenerated electrons from high to CB. However, this transfer occurs
with the holes from low high VB, which lowers the oxidation ability.
Again, electrons are difficult to transfer from the CB of two different
photocatalysts due to strong electron-electron repulsion [72]. Likewise,
holes are difficult to transfer from low to high VB. Finally, its diminu-
tions the energy of photogenerated electrons and holes. Hence, the
mechanism of carrier transfer of type II heterojunction is wrong [76]. J.
Yu and his core workers reported in 2019 and 2020, that the charge
transfer mechanism of type-II, all solid-state Z-scheme, and liquid-phase

heterojunctions were wrong [83,84]. These difficulties have prompted
the creation of S-scheme heterojunctions which are now replacing
Z-scheme.

8.1.4. Evolving heterojunction for S-scheme charge transfer mechanism
The construction of an S-scheme heterojunction will involve reduc-
tion photocatalyst (RP) and oxidation photocatalyst (OP) with staggered
band structures, the direct Z-scheme heterojunctions lack strong redox
ability, due to the limitation type-II heterojunction by charge transfer
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mechanism from the kinetic point of view. The S-scheme heterojunction
is derived from the Z-scheme which maintains an effective redox po-
tential and enhances the recombination of unnecessary electron-hole
pairs [85]. Meanwhile, the photogenerated hole has a negative impact
which donates to oxidation photocatalysts, but the photogenerated
electron has no impact [84]. Photogenerated electrons and holes accu-
mulate upon the CB of the OP as well as the VB of the RP, resulting in
type-II heterojunctions having a lower redox capacity [83].
Eventually, the CdAS@MnO; junction composite is the collection of
RP and OP here with opposite surface charges, and at the less defective
junction, the unnecessary recombination of electron-hole occurs, hence
accelerating electron transfer and improving charge separation. As a
result of the oxidation reaction, an excellent photocatalytic Hy product is
achieved. It is therefore inferred that CAS@MnO; heterojunction follows
the S-scheme charge transfer mechanism, Spin-trapping ESR analysis
was performed to detect ¢OH and ¢O,-in H,O2 and methanol solutions
by using DMPO as a free-radical trapping agent to estimate the S-scheme
charge transfer path in CdS@MnO, junction. Fig. 8, represents the
mechanism for Hy production in the CAS@MnOs, catalysts. The electron
in the conduction band of CdS excited by a single source of light cor-
responding to the wavelength transferred to the conduction band which
migrates to the valance band of MnO; and recombined with the holes.
The built-in electric field is produced by getting rid of largely un-
productive photogenerated holes in the valence band and electrons in
the conduction band. However, this electric field is not very helpful in
creating oxidative species because the energy potential of these charge
carriers is not high enough. Instead, the remaining charge carriers that
are effective in photochemical reactions have a potent redox ability,
such as the ability to create (Oz) through reduction reactions and (OH)
through oxidation potential. Afterward, the MnOy CBs electrons, which
have a potent reducing capability, reduce hydrogen ions, leading to the
production of Hy. This process follows the S-scheme of electron transfer.
When water splits, the oxidation of OH™ at the VBs h* of CdS results in
the stoichiometric formation of Oy gas. On the other hand, the intro-
duction of lactic acid has the effect of donating electrons to the hole,
which in turn hinders the recombination of electrons and holes. Addi-
tionally, when lactic acid undergoes decomposition, it produces 12H"
and 3CO,. However, when a pure CdS catalyst is present, the activated
CB potential for Hy production is unstable, which results in a low Hy
reduction rate. However, when a catalyst consisting of a CdAS@MnO,
junction is present, electrons induced by light can move efficiently from
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Fig. 8. Schematic of S-scheme charges transfer mechanism on the

CdS@MnO, particles.
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CdS to MnO». This is because MnO; is a competent co-catalyst for the
reduction of protons, which allows for H' to be efficiently reduced,
producing Hs. Additionally, when MnO, and CdS particles are combined
effectively in a core-shell configuration, the junction interface is acti-
vated, and the absorption of the sacrificial agent is increased. As a result,
the transfer of electrons from CdS to MnO; can be enhanced, and the
recombination of electrons and holes can be minimized. These effects
lead to an improved catalytic activity. Similar work was reported by
Hyerim Park using the co-catalysts of 1CoS@2TiO; and lactic acid as an
electronic sacrificial agent, the hydrogen production reached up to 1945
pmol g ~ !, compared to single doping of CoS and TiOs, respectively
[86]. Therefore, S-scheme heterojunctions not only enhance the transfer
and division of charge carriers but also optimize the redox capabilities of
photocatalytic systems [87]. It is easier to create S-scheme hetero-
junctions because the RP and OP are directly connected without the
need for extra redox couples or carrier-transfer tunnels [88]. Because of
these distinctive benefits, S-scheme heterojunctions have found use in
various significant photocatalytic processes, including water splitting
for Hy production [89].

8.1.5. Creating a p-n heterojunction

Establishing p-n heterojunction by combining the n-type CdS with a
p-type semiconductor is a suitable technique to enhance the stability and
photocatalytic effectiveness of CdS. This generates an internal electric
field in the vicinity of the p-n junction, creating a positively charged
region for the n-type semiconductor and a negatively charged region for
the p-type semiconductor. When exposed to light, the photogenerated
charge carriers in both the p-type and n-type semiconductors are effi-
ciently separated in space by the internal electric field near the p-n
junction. Additionally, as a result of hole transfer from the valence band
of the n-type CdS to that of the p-type semiconductor, the CdS becomes
enriched with electrons. This leaves behind fewer holes to oxidize the
CdS, leading to a decrease in photo corrosion [90].

J. F. D. Reber and M. Rusek managed to create a p-n heterojunction
between CdS nanorods and NiS nanoparticles, which demonstrated a
considerably greater rate of photocatalytic hydrogen production
compared to CdS alone and even CdS loaded with 1 wt% of Pt [90]. The
reason for this enhanced performance is due to the formation of a p-n
heterojunction that promoted the transfer of charge and inhibited the
recombination of charge carriers. Furthermore, the oxidation reaction of
$2~ and SO3~ with holes occurred predominantly on the surface, which
served as a protective layer for CdS, significantly mitigating photo
corrosion.

9. Problem associated with photocatalytic hydrogen production
and possible solution

Owing to the numerous methods adopted and technological
advancement, there are still a number of challenges associated with
photocatalytic Hy production. The responsible factors include; (i)
interfacial charge transfer inhibition (ii) charge carrier recombination
(iii) oxidation-reaction. These processes have the potential to reduce the
photocatalysis effectiveness usually when exposed to visible spectrum
[91]. The solution to photocatalytic Hy production is:

i. On using the co-catalysts doped photocatalysts improve photo-
catalytic activity by modifying the electronic structure and
reducing the bandgap [92].

ii. To overcome the defects of semiconductors which include inter-

stitial states, which can be able to widen the sunlight near the

visible light region [93].

The use of sacrificial reagents is crucial in enhancing photo-

catalytic performance, which is typically influenced by both the

physical and chemical characteristics of the photocatalyst. Most
reagents for photocatalytic Hy production are classified into two
main categories, such as the organic compounds comprising

iii.
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alcohol, hydrocarbons, and organic acids acting as scavengers (i.
e., e-donors). In general, sacrificial reagents such as crude glyc-
erol, methanol, glycerol, ethanol, tri-ethanolamine, and lactic
acid are commonly utilized. Adding a small amount of these re-
agents as e-donors can react with the valence band holes gener-
ated by light, leading to an increase in the photogenerated
electrons. This ultimately enhances the efficiency of hole
neutrality, resulting in greater quantum efficiencies [94].

Likewise, inorganic sacrificial agents e.g., NasS, NapSO3, NasSOyq,
NayS203, NaS20g, TEOA are also used as best reagent sulfide based
photocatalysts for hydrogen production. They tend to serve as hole
scavengers. However, inorganic salts tent to prevent the photo-corrosive
nature of the metal sulfides (CdS, MoS, ZnS, etc.) [95]. NayS/NaySOs is
used as a sacrificial agent because during photocatalytic reactions,
photogenerated electrons on the CB reduce water to produce Hj, while
photogenerated holes on the VB oxidize S*~ and SO3~ to form S3~ and
SOZ~ respectively. The holes cannot fully oxidize CdS photocatalysts
until the sacrificial reagent is completely used. The resulting
S3~contributes somewhat to the light absorption of the photocatalyst.
The results reported from the literature have shown that CdS-based
photocatalysts alone exhibited low Hy production activity and the
least activity performed was 4900 pmolg 'h™!. Therefore, the use of
co-catalysts is also important to enhance the use of visible light and
overcome the problem of photogenerated charge carriers, thereby pro-
moting the Hy production activity, which can be observed in Table 2.

The stability of photocatalytic Hy production for CdS-based photo-
catalysts with the support of graphene nanocomposites was successfully
reviewed. In Table 3 it is clear that ZnS/rGO presents the optimum
photocatalytic H, production rate of 24,930 ymolg th~! with 8.7-fold
enhancement. This is attributed to the sacrificial reagent used,
compared to the less Hy production rate of 500 ymolg *h™! obtained.
The observed excellent photocatalytic activity attributed to the different
types of composites used.

In Table 4, numerous MXene co-catalysts were prepared by different
strategies. The photocatalytic activity of MXene supported CdS@TiO,
core shell revealed an optimum Hy production rate of 16,200 umol h™
g1, This may be ascribed to the charge carrier separation enhancement
as well as the structural properties. Further addition of defect MoSy/
TigCo@CdS via hydrothermal method upsurged the catalytic activity
which exhibited excellent H, production around 14,100 umol h™ 1 g L
with the enhancement of 18.5, 12.4, and 1.2 higher than that of CdS,
TizCy/CdS and defect MoS,/CdS, respectively. This result is ascribed to
the excellent electrical conductivity of MXene which transfer electron
faster. Incorporation of the defect MoSy overcomes the recombination of
electron and hole pair and offers more active site. The result established
that defect MoSy/Ti3Cy play an important role in photocatalytic Hy
production [100], compared to Ti3Cy/ZIS photocatalysts with the
accumulation of layer with Hy rate of 8.93 uymol h™ ! g~ ! and 7.320
enhancement which is higher than that of CdS respectively [14]. How-
ever, CdS@Ti3Cy MXene exhibited a low Hy production rate of 1730
umol h™ ! g~ ! compared to the ones reported, this attributed to the
increasing content of MXene [104].

The comparison between other semicondoctor materials loading on
CdS-based photocatalysts as shown in Table 5. The result presented
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indicated that CdS/Zn/g-C3Ny gives the best result and was achieved
with the help of TEOA as a sacrificial reagent the Hy production rate of
8870 ymolg 'h~! was recorded compared to the ones presented [108].
Furthermore, the comparison shows that the incorporation of
g-C3N4/ZnFe304 on CdS hindered the photocatalytic activity and less-
ened the H, production rate to 165 pmolg ~*h~?, this is mainly attributed
to the use of different sacrificial reagents [109].

The comparison of CdS-based photocatalysts-supported transition
metals is described in Table 6. Metal oxides, sulfides, selenide, and
phosphide were investigated and considered as excellent co-catalysts
due to their great photocatalytic capability. Xing-Liang Yin. et al. re-
ported that the incorporation of Ni;P@CdS composite shows an excel-
lent photocatalytic stability with a Hy production rate of 44,650
umolg'h~! by a factor of 127 compared to that of pure CdS was re-
ported and this is due to the optimization of Ni,P@CdS heterostructure
[18]. It was revealed that the synthesized NioP@CdS inhibited the
recombination between electron and hole which lessened the involved
electrons in the reaction of H™ reduced into Hs. The result also shows
that using Na;S/NaySOs3 as a sacrificial reagent and 300 W 4 > 420 nm
light source contributed to excellent photocatalytic stability and activity
compared to the other transition metals co-catalysts listed in Table 6.

Metal-organic frameworks (MOFs) a classic porous material with
numerous advantages such as strong adsorption capacity, tailorable
structure, and high specific surface area these make them widely
accepted in the field of photocatalysis. The Hy production performance
of samples prepared via MOFs is displayed in Table 7 below. It can be
also observed that the samples prepared with CdS@Zr-MOF-S displayed
low H, activity of 1861.7 umol g~ h™, this attributed to the use of lactic
acid as a sacrificial reagent, whereby the highest H, produced observed
from CdS@Co4S3 was 12,360 umol g’1 h~! and 26 folds enhancement
this attributed to the loading of co-catalysts.

10. Conclusion

In conclusion, a recent advancement in the modification of CdS
coupled with co-catalysts for efficient solar fuel (Hy) production has
been systematically reviewed and discussed. The upcoming efforts for
efficient and effective photocatalytic water splitting can be addressed. A
well-designed heterostructured significantly suppresses the charge car-
rier recombination rates, resulting in higher photocatalytic activity.
Moreover, adding oxygen transfer reagent eliminates oxygen that causes
CdS photocorrosion. In addition, we apply oxygen transfer reagents (AG
or PFDL) to remove nascent O, from water to prevent oxygen-leading
CdS photocorrosion and inhibit the hydrogen and oxygen recombina-
tion back into the water. By these strategies, CdS-based semiconductors
achieved satisfied stability for photocatalytic overall water splitting
under visible light irradiation.

The review recommended that the CB of the co-catalyst should be
more negative than that of the photocatalyst so that the photoexcited
would move from the CB of the co-catalyst to the photocatalyst semi-
conductors. In photocatalytic application, CdS-based heterojunctions
have potential due to their suitable bandgap and great characteristics,
particularly in the photochemical aspect. Therefore, coupling CdS with
other supportive co-catalysts will be an important approach for gener-
ating based CdS heterojunctions. However, the types of photocatalytic

Table 2

Represents CdS-based single photocatalysts for photocatalytic hydrogen production.
Photocatalysts Co-catalyst Sacrificial agent Light source H, generated Enhancement (folds) Ref.
cds - Na,S/Na,SO3 350 W (1 > 420 nm) 2155 umolg 'h~? 3.1 [%6]
cds - Lactic acid 300 W(2 > 420 nm) 4900 ymol h ~ g~ 1! - 51
Cds - NayS/NaySO3 300 W(4 > 420 nm) 180 ymolh ! - [97]
cds - Lactic acid 300 W (1 > 400 nm) 330 ymolg ~ ' h ! -

[98]
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Table 3

Comparison of solar fuel hydrogen production of CdS-based material/graphene composite.
Photocatalysts Co-catalyst Sacrificial agent Light source H, generated (umol g ~ ' h ~ 1) Enhancement (folds) Ref.
Cds Ni/GO Ethanol 4 W (4> 420 nm) 8866 - [99]
Cds rGO NayS/NaySO3 300 W (2 > 420 nm) 500 - [100]
Cds rGO/ZnO Lactic acid 300 W (12 > 420 nm) 10,550 - [101]
Cds Ni@graphene TEOA 300 W (2 > 420 nm) 5900 - [102]
Cds ZnS/rGO NayS/NaySO3 300 W (1 > 420 nm) 24,930 87.4 [103]

Table 4

Comparison of solar fuel (hydrogen) production of CdS-based material supported MXene.
Photocatalysts Co-catalyst Sacrificial agent Light source H, generated (umol g ~*h ~ 1) Enhancement (folds) Ref.
Cds TizCy MXene Lactic acid 350 W(4 > 420 nm) 88.162 91.57 [105]
Cds Ti3Cz MXene - 300 W (A > 420 nm) 1730 - [104]
Cds MoS,/TisCs Lactic acid 300 W (A > 420 nm) 14,100 18.5 [106]
Cds @TiO,/ Mxene Lactic acid 300 W (A > 420 nm) 16,200 - [107]
CdS TizCy/ZIS triethanolamine 300 W (A > 420 nm 8930 7.32 [14]

Table 5

Comparison of solar fuel (hydrogen) production of CdS-based material.
Photocatalysts Co-catalyst Sacrificial agent Light source H, generated (umolg 'h™!) Enhancement (folds) Ref.
Cds g-C3Ny Lactic acid 300 W (4 > 420 nm) 392.84 - [110]
cds g-C3Ny4/ZnFe,04 NaSO3/NayS 300 W(A > 420 nm) 405 45 100]
Cds Zn/g-C3Ny TEOA 300 W (4 > 420 nm) 8870 3.46 [108]
Cds g-C3N4-GA TEOA 300 W (4 > 420 nm) 8638 2-3 [111]
Cds NizS2/CusS NayS/NaySO3 300W(2 > 420 nm) 568.1 1.8 [112]
CdS a-Fe;03/CdS/g-C3Ny4 NayS/NaySO3 1000 W xenon lamp 165 - [113]

Table 6

Represent CdS-based photocatalyst with metal oxides, sulfides, selenide, and phosphide.
Photocatalysts Co-catalyst Sacrificial agent Light source H, generated (umolg 'h™!) Enhancement (folds) Ref.
Cds FeyCoy4P (NH4)2S03 300 W (4 > 420 nm) 18,270 - [114]
Cds CoS/ lactic acid 300 W (4 > 420 nm) 3193.7 32 [115]
Cds CuzMoS4 Lactic acid 150 W 15,560 4.2 [116]
Cds MoS/ NayS/NaySO3 300 W (A > 420 nm) 2300 8 [117]
Cds ZnO NayS/NaySO3 150 W (A > 420 nm) 4076 76.91 [98]
Cds MoS Lactic acid 500 W 5240 - [118]
Cds Cu; g1S NayS/NaySO3 300 W 2714 150 [119]
Cds Co (NH4)2SO03 (A > 420 nm) 1299 17 [120]
Cds NiyP NayS/NaySO3 300 W (1 > 420 nm) 44,650 127 [18]
Cds ZnO/MoS; NayS/NaySO3 300 W (1 > 420 nm) 10,247.4 30.7 [121]
Cds MoS, Lactic acid 3000 W A > 420 nm 13,600 - [69]
CdS ZnSe Ethylenediamine 3818.7 - [122]
Cds Pt/CdS@Al,03 Lactic acid 62.1 - [15]

principles were described pointing to the semiconductor heterojunction
schemes such as the Z-scheme and S- scheme photocatalysts. It is
revealed from the review that S-scheme photocatalysts offer a great
advantage in Hy production via converting and transferring photo-
generated carriers. Hence, utilization of the S-scheme can significantly
improve the production of Hj respectively.
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