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A B S T R A C T

Photocatalytic hydrogen (H₂) generation via solar-powered water splitting represents a sustainable solution to 
the global energy crisis. Cadmium sulfide (CdS) has emerged as a promising semiconductor photocatalyst due to 
its tunable bandgap, high physicochemical stability, cost-effectiveness, and widespread availability. This review 
systematically examines recent advancements in CdS-based heterojunctions, categorized into CdS-metal 
(Schottky), CdS-semiconductor (p-n, Z-scheme, S-scheme), and CdS-carbon heterojunctions. Various strategies 
employed to enhance photocatalytic efficiency and stability are discussed, including band structure engineering, 
surface modification, and the incorporation of crosslinked architectures. A critical evaluation of the underlying 
photocatalytic mechanisms highlights recent efforts to improve charge separation and photostability under 
operational conditions. This review highlights the challenges and opportunities in advancing CdS-based pho
tocatalysts and provides a direction for future research. The insights presented aim to accelerate the development 
of efficient and durable CdS-based photocatalysts for sustainable H₂ production.
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1. Introduction

Energy plays an emergent role in economic activity. The majority of 
the energy produced currently comes through fossil fuels’consumption. 
The extensive use of fossil fuel-based energy resources causes undesir
able side effects including environmental pollution, global warming and 
climate change [1,2]. The supply of fossil fuel is not unlimited. The 
explosive enhancement of urbanization and manufacturing is the root 
reason for the world’s energy resource shortage. It is crucial to address 
both present environmental risks and emerging energy difficulties as the 
global energy emergency intensifies. It is urgently necessary to switch 
from carbon-rich non-renewable resources to zero-carbon, safe, and 
renewable sources of energy in order to address both of these major 
concerns. Numerous initiatives for developing new and sustainable en
ergy sources are being stimulated by the growing public’s consciousness 
of the impacts of both the energy crisis and global warming. This ne
cessitates promoting studies on environmentally friendly innovations to 
tackle those mentioned threats and energy challenges [3,4].

The advancement of technology to generate renewable energy has 
drawn an enormous amount of attention. Hydrogen (H2) has been 
considered to be the fuel of the future in this context. H2 fuel burns 
cleanly and has an extremely particular enthalpy of combustion. H2 fuel 
has garnered a lot of interest as a possible environmentally friendly 
substitute to fossil fuels for addressing the present problem of energy 
and degradation of the environment [5]. In addition to being directly 
utilized in combustion engines to power automobiles like other fossil 
fuels, carbon-free H2 can also be utilized to generate electricity through 
fuel cell technology. At the moment, the steam reforming of methane is 
the main technique for acquiring H2 from natural gas, and the H2 
generated by this process is still a fossil fuel unlike a source of renewable 
energy [6,7]. The creation of a successful H2 preparation strategy in
dependent of the usage of fossil fuels is one of the fundamental chal
lenges for the practical utilization of H2 fuel. Amongst the available 
renewable energy options, if effective absorption and conversion are 
rendered possible, sunlight can become the greenest and cleanest energy 
source on Earth [8,9].

A substantial enhancement has been observed recently in the study 
of developing a process of turning sunlight into useable chemical energy. 
An approach for generating carbon-free H2 by harnessing limitless solar 
energy is water splitting to produce H2 photocatalytically. This approach 
has quickly become an effective and available option [10]. To minimize 
the degradation of hazardous elements and the reliance on fossil fuels in 
renewable energy production, it is essential to optimize the hydrogen 
(H2) manufacturing process to reduce energy consumption [11,12]. As 
well solar energy is the most likely alternative to other renewable energy 
sources since it has a lot of benefits them, including extensively existing, 
biodegradable, and releasing no hazardous gases [13]. The 
semiconductor-based photocatalysis by visible light has been regarded 
as one of the most likely approaches for concurrently resolving the issues 
of environmental pollution as well as the worldwide energy crisis [14,
15].

Since the first time, Fujishima used TiO2 to produce photocatalytic 
H2 from water in 1972 [16,17]. To intensify H2 production efficiency, 
researchers have concentrated mostly on TiO2’s photocatalytic effi
ciency. Because of TiO2’s wide bandgap (3.2 eV), the analogous pho
tocatalytic H2 evolution process can onl be carried out upon only 
illumination of UV light, which is merely 4% of sunlight [18]. In recent 
decades, numerous semiconductors are being explored as photocatalysts 
to split water. The majority of them suffer with issues including high 
cost, rarity on Earth, toxicities, poor stability, and ineffectiveness. 
Research into low-cost, ecologically friendly, metal-free semiconductor 
photocatalysts with incredibly potent and reliable performance is still 
very appealing. It is crucial to explore photocatalysts that are made from 
semiconductors of appropriate narrow bandgap with the goal of 
achieving high photocatalytic H2 evolution rates upon illumination of 
visible light. It is imperative to explore semiconductor photocatalysts 

with suitable narrow bandgaps to attain significant rates of H2 produc
tion by visible-light illumination.

Metal sulfides (MSs) have tremendous potential for developing effi
cient photocatalysts for the production of H2 by exposing them to visible 
light because of their exceptional semiconductor features of significant 
specific surface areas and suitable band structures [19,20]. As an n-type 
photocatalyst of a tiny bandgap of almost 2.4 eV, CdS performs as a 
potent photocatalyst for H2 production attributed to its auspicious 
negatively conduction band (CB) potential for converting H+ to H2 [21]. 
Apart from CdS, ZnS, MoS2, and CuS having suitable semiconductor 
features were further extensively explored for H2 production in photo
catalysis [22–24]. The metal-sulfide photocatalysts also have some un
avoidable limitations that are challenging to address at the present stage 
of the study. Even though CdS possesses outstanding semiconductor 
characteristics that facilitate effective visible light photocatalytic H2 
evolution, the relevant photoactivities still remain difficult to scale up to 
industrial levels. CdS-based photocatalysts typically have photo corro
sion problems throughout the photocatalytic H2 generation process, 
which leads to insufficient photostability. The fast charge carriers 
recombination renders the photoactivity of CdS insufficient [21,25].

To address these issues, it is urgent to develop a more effective Cds- 
based photocatalyst. CdS photocatalysts can be modified using several 
approaches, such as chemical doping, utilization of distinctive mor
phologies, surface functionalization, loading with co-catalysts and car
bon compounds, and formation of heterojunctions. In recent years, the 
effectiveness of photocatalytic production of H2 of CdS-based hetero
junction has been optimized via significant research endeavors. Devel
oping photocatalytic heterojunctions is an efficient path through 
coupling semiconductors of acceptable bandgap. The formation of het
erojunction will enhance the function of photocatalysts by promoting 
charge-carrier separation. The electrons and holes migrate efficiently to 
the respective photocatalysts due to the formation of an electric field at 
the interface, generated by the transfer of charge carriers. This electric 
field enhances the photocatalytic process by facilitating the rapid sep
aration and migration of photo-induced electron-hole pairs within the 
heterojunction, thereby promoting charge conduction and improving 
the efficiency of the photocatalytic reactions [26,27].

Various CdS-based heterojunctions were extensively investigated to 
improve their photocatalytic functions. Enhanced H₂ production was 
achieved with MoS₂/CdS heterostructures due to the efficient charge 
separation facilitated by the heterojunction interface. Kafadi et al. [28] 
synthesized CdS nanorods (NRs) combined with ultrathin Ti₃C₂ MXene 
sheets via a solvothermal route, demonstrating superior photocatalytic 
activity. Schottky heterostructures provided efficient charge partition
ing and a reduced Schottky barrier for H₂ generation under solar irra
diation, attributed to their unique interfacial properties [29,30]. Several 
recent studies focused on the advancement of CdS-based heterojunctions 
for energy and environmental applications [31,32]. However, a sys
tematic investigation into the application of these heterojunctions for 
water-splitting photocatalysis remains limited, highlighting the need for 
further development. This review presents an in-depth evaluation of the 
mechanisms underlying photocatalytic H₂ evolution and the factors 
influencing efficiency. The crystal structures, optical and electronic 
properties, and synthesis strategies of CdS are summarized. Addition
ally, the photocatalytic mechanisms of diverse CdS-based hetero
junctions, including their impact on performance and photostability, are 
critically assessed. Challenges and opportunities for improving CdS 
heterojunctions are outlined, with potential solutions suggested. The 
novelty of this review lies in providing a comprehensive analysis of 
CdS-based heterojunctions while offering recommendations for 
advancing their development as efficient photocatalysts for sustainable 
H₂ production.
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2. Fundamental mechanisms of photocatalysis over CdS for H2 
evolution

The sunlight is transformed into a form of chemical energy through 
the process of photo-catalysis. For environmental remediation, it is 
incredibly efficient, environmentally friendly, and sustainable. Photo
catalytic splitting of water is considered as an artificial form of photo
synthesis, due to its similarity to the photosynthesis process which takes 
place in green plants under sunlight [33]. Utilizing the concept of 
photo-catalysis, H2 could be generated from organic materials found in 
wastewater or even from freshwater by utilizing the rays of sunlight 
[34]. This process involves the redox reactions of water with electrons 
and holes [35]. For the production of H2, a photocatalytic system usually 
needs a photoreactor, reactant, photocatalyst, and supply of light. Water 
alone or even with a mixture containing a sacrificial reagent can act as 
the reactant. Either visible or ultraviolet light is required to be utilized 
by a photocatalyst to allow for it to function properly. The photo
catalysts that absorb visible light may ensure that they can capture a 
considerable portion of the energy released by the sun [36]. The inter
action of light, photocatalyst, and reactants must be effective for 
hydrogen synthesis to be efficient [37]. Through intricating multi-step 
procedures, the photo-excited charges of a semiconductor are capable 
of converting sunlight into chemical energy during photo-catalysis.

Basically, through six complementary and crucial steps, a photo- 
catalyst produces H2 by photocatalytic splitting of water when it is 
exposed to light. 1) Photo-excitation: Electrons in the valence band (VB) 
of a photocatalyst (PC) become induced when it is exposed to photons 
with energies higher or equal to their forbidden energy gap. 2) Sepa
ration: photo-excited holes (h+) in VB are released as photo-induced 
electron migrates to the conduction band (CB) (Eq. (1)). 3) Migration: 
photo-induced charges (electron-hole) migrate to the semiconductor 
periphery or interface. 4) Reduction reaction: the migrated photo- 
excited electrons at the surface of the photocatalyst lead to a reduc
tion reaction. 5) Oxidation reaction: the migrated photo-excited holes at 
the surface of the photocatalyst lead to an oxidation reaction. 6) 
Recombination: the pairs of photo-excited electrons-holes recombine 
within the bulk of the photocatalysts or on the surfaces of photocatalysts 
(Eq. (2)), thereby releasing energy [38]. Water breaks down into H+ in 
the oxidation reaction (Eq. (3)), and H+ then acquires electron to 
generate H2 in the reduction reaction (Eq. (4)). When CB and VB are 
upper and inferior to potentials of reduction and oxidation, corre
spondingly, redox reactions conduct on photocatalyst surface. As strong 
oxidants, photo-excited holes are able to oxidize water (Eq. (3)). 
Although the reactions perform at temperatures higher than 2070 K with 
the thermal dissociation of water. But by employing a photocatalyst and 
light that has an energy above the band-gap energy, it is possible to split 
water at ambient temperature [39]. 

PC̅→hν PC(e− ) + PC(h+
) (1) 

PC(e− ) +PC(h+
)→PC (2) 

H2O+2h+ →
1
2

O2 + 2H+ (3) 

2e− +2H+→H2 (4) 

Electron-hole recombination is the main barrier to split water in 
photocatalysis. Through releasing unproductive heat, a pair of electrons 
and a hole might recombine. The effectiveness of H2 generation is 
reduced as a result. Because of the rapid recombination of charges, 
conducting water splitting for producing H2 is challenging through 
utilizing photo-catalysts, especially in pure water. That is why sacrificial 
reagents and electrolytes are frequently employed while investigating 
the photocatalytic splitting of water. The CB electrons and VB holes are 
neither reducing or oxidizing the electrolytes. Electrolytes serve as a 
means of transferring electrons and ions to nearby semiconductors. The 

acceleration of the water-splitting process during photocatalysis is 
provided by its reagents. To boost charges-separation, holes undergo 
reactions with reagents or donors of electrons [40]. Due to the limita
tions associated with hydrogen production from freshwater, maximizing 
the performance of photocatalysis can be achieved by analyzing the 
thermodynamics related to reduction-oxidation potentials and bandgap 
energies. In addition to the kinetics process, the basic thermodynamic 
conditions for a specific photo-catalytic process must be fulfilled. The 
multi-electron water-splitting process is endothermic [41]. Oxidation 
and reduction are both reactions that occur in this process, which is the 
thermodynamically uphill reaction (Eq. (5) and (6)), and has a change of 
typical Gibbs free energy of 237 kJ mol− 1 [42]. Semiconductor’s pho
tocatalytic performances are influenced by their CB, VB, and band gap. 
The half-reactions for the production of O2 and H2 are described in Eqs. 
(5) and (6), correspondingly. 

2H2O → 4H+ +4e− +O2 ;Eo
ox = +0.82 V vs. NHE,pH =7 (5) 

4H+ +4e− → 2H2 ;Eo
red = − 0.41 V vs. NHE, pH =7 (6) 

Water is unable to dissociate under normal circumstances until the 
potential difference between the two half processes is more than 1.23 
eV. The energy barrier for the whole operation is 1.23 eV, making it 
thermodynamically nonspontaneous [43], which could be overcome 
using photocatalysts having optimum band-gap and redox potentials 
appropriate for the reduction of protons. In an ideal photocatalyst, the 
presence of oxidation and reduction potentials within the band gap is 
imperative to facilitate the generation of desired products. The reduc
tion process for H+/H2 conducts at a reduction potential of − 0.41 eV vs 
NHE (pH = 7) and the oxidation process for O2/H2O conducts at +0.82 
eV vs NHE (pH = 7). The upper edge of VB needs to have a higher 
positive potential compared to the oxidation potential of O2/H2O. On 
the other hand, the bottom edge of CB ought to be larger negative to the 
potential of H+ reduction into H2 [41]. A single semiconductor with a 
lower negative CB would be less capable of conducting a reduction 
process. By coupling to other semiconductors of higher negative CB, 
transportation of electrons onto neighboring semiconductors for pro
duction of H2 is possible by the reduction of H+.

Due to the discrepancy between the quantity of absorbed photons 
and the incident photons, in a simple photocatalysis, the AQY is always 
lesser than the real QY. The photoelectrochemical and photocatalytic 
water splitting reactions correlate to a further parameter during solar to 
H2 conversion efficiency (STH) (Eq. (7)) to demonstrate the water 
splitting effectiveness [44]. 

STH=

(
mmoles of H2 × 237 kJ mol− 1

Ptotal (mW cm− 2) × Area (cm2) × t (sec)

)

A.M1.5G

x 100% (7) 

Numerous reduction processes might be driven by their photo- 
excited electrons with greater reduction potentials migrating to the 
CdS with higher work function. The related semiconductor/CdS hybrids 
were widely used in numerous photo-catalytic sectors. During the last 
few years, several engineering methods have made substantial ad
vancements in improving kinetic processes and meeting thermodynamic 
requirements [44]. Such engineering approaches might be separated 
into kinetics and thermodynamics. By creating excellent heterojunction 
interfaces, very effective charge-transfer nanostructures, and excep
tionally reactive surfaces and cocatalysts [48], CdS could be employed 
to implement each of these approaches for improving photocatalysis 
kinetically. The development of broad-spectrum responding photo
catalysts and the appropriate composition engineering of large band-gap 
semiconductors are two typical instances of thermodynamic ap
proaches. Due to the much greater value of the Coulomb constant than 
the gravitational constant, the faster recombination of charge carriers on 
the surface of semiconductor photocatalysts poses a significant chal
lenge for the development of viable photocatalysis techniques in 
large-scale commercialization [45]. From the perspective of practical 
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implementation, developing appropriate CdS-based heterojunctions has 
been determined to be one of the most likely techniques to construct 
efficient photo-catalysts with successfully separated photo-induced 
electron-hole pairs. Numerous CdS-based hetero-junctions have been 
developed for employing extensively in photocatalysis up to this 
moment [45].

3. Insights into the photocatalytic properties of CdS

3.1. Electronic properties of CdS

The visible light response and photo-generated carrier redox capa
bilities of CdS semiconductor materials are greatly influenced by the 
distinct band structures. The impact on photocatalyst performance is 
directly observed [46]. The photocatalysis effectiveness is significantly 
affected by the band configuration of the semiconductors [46]. A 
semiconductor’s band structure, comprising VB, CB, and forbidden 
bandgap (Eg), serves as a significant component in assessing 
photo-stimulation outcomes [44]. During photo-stimulation, electrons 
are photo-excited to CB from VB, releasing behind holes. Simulta
neously, the CB is filled with electrons. In wide bandgap semi
conductors, the photo-excited electrons face a barrier preventing them 
from reaching higher energy-band locations. However, following a path 
established by previously formed internal electric fields (IEF), 
photo-induced electron-hole pairs can overcome potential barriers. This 
successfully enables to separation and transfer of electron-hole pairs 
through the depletion layer of contact, preventing charge recombination 
[44,47]. The Fermi level is situated near CB of n-type with a difference of 
0.1 V or 0.2 V. It exists near VB of p-type. In CdS, the top edge of VB is 
exploited by the S 3p orbital, while the bottom edge of CdS CB is 
contributed by Cd 5s and 5p orbitals. Cd 3d orbital dominates the bot
tom location of CB [48,49]. The thermodynamic requirements for 
variously explored photocatalysis, notably water splitting, are fulfilled 

by CB and VB locations of CdS, which have been identified at − 0.93 V 
and 1.47 V, respectively, vs NHE. Precise bandgap of CdS makes it 
suitable for absorbing light in the visible region. VB and CB locations of a 
photocatalyst signify its redox ability and photocatalytic performance. 
CdS emerges as a semiconductor with high potential quantum efficiency 
(QE) for photocatalysis activated by irradiation of light in visible range 
[50]. The photocatalytic function of bare CdS is constrained through the 
separation of charges, the charges transportation mechanism, and the 
recombination of charges [51], despite its broad optical absorption 
ability and substantial electron reduction potentiality. Achieving 
optimal photocatalytic efficiency and long-term reliability remains a 
significant challenge for CdS photocatalysts [52]. Numerous initiatives 
have been undertaken to improve the effectiveness of CdS-based pho
tocatalysts in photocatalysis applications.

3.2. Optical properties of CdS photocatalysts

The ultraviolet (UV) range, visible range, and near-infrared (NIR) 
range are distinct regions of the electromagnetic spectrum, each offering 
varying advantages and limitations for photocatalytic hydrogen pro
duction. while each range of the electromagnetic spectrum has its 
merits, visible light stands out as the most practical and effective option 
for photocatalytic H2 evolution.

Visible light-driven photocatalysts can harness the abundant sun
light, making them well-suited for sustainable and energy-efficient 
hydrogen generation processes. Researchers continue to focus on 
enhancing visible light-responsive photocatalysts, solidifying their 
importance in the quest for clean and renewable energy sources. Fig. 1
displays the photocatalytic H2 production rates for various hetero
junction photocatalysts illuminated with different wavelengths of light, 
alongside their corresponding optical absorbance wavelengths. UV 
range photocatalysts, including Ni(OH)2/CdS [53] and NiS/Mo2C/CdS 
[54], had shown to exhibit high hydrogen production rates (40.18 and 

Fig. 1. Photocatalytic H2 production rate over several heterojunction photocatalysts under the illumination of light of different wavelengths and their corresponding 
optical absorbance wavelength. UV Range: (Ni(OH)2/CdS [53]; NiS/Mo2C/CdS [54]; CuMOF/CdS [55]; 40 wt% CdS/W18O49 (CW40) [56]).Visible range: (TiO2/CdS 
[57]; CdS/PT [58]; g-C3N4/CdS [59]; Ti3C2/ZIS/CdS [60]; 2D MX-CdS/WO3 [61]; NiS/Mo2C/CdS [54]; CdS@Nb2O5/Nb2CTx [62]; CdxZn1xIn2S4–CdS–MoS2 [63]; 
Ni2P–SNO/CdS-D [64]; CdS/NiAl LDH [65]; NiCoP-g-C3N4/CdS [66]; CdS@W18O49 [67]; ZnO/CdS hierarchical [68]; CdS/g-C3N4/Ni(OH)2 [69]; Ni(OH)2/CdS 
NFlake [70]; TiO2–Ni(OH)2/CNT/CdS [71]; CuMOF/CdS [55]). NIR range: (MnO2@CdS [72]; Ni(OH)2/CdS [53]).
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24.03 mmol g− 1 h− 1, respectively). However, they require UV light for 
activation, which is only a small fraction of the solar spectrum. Visible 
range photocatalysts, such as CdS/PT [58], g-C3N4/CdS [59], 2D 
MX-CdS/WO3 [61], and NiCoP-g-C3N4/CdS [66], can utilize a extended 
range of solar spectrum and have also been shown to exhibit high 
hydrogen production rates (9.28, 15.3, 27.5, and 55.63 mmol g− 1 h− 1, 
respectively). NIR range photocatalysts, such as MnO2@CdS [72], are 
still under development and have lower hydrogen production rates 
(3.94 mmol g− 1 h− 1) than UV and visible range photocatalysts. 
Visible-range photocatalysts are important because they can utilize a 
wider range of the solar spectrum, which makes them more efficient for 
solar-driven hydrogen production. Additionally, visible-range photo
catalysts are generally more stable than UV-range photocatalysts, which 
makes them more suitable for long-term operation. The maximum H2 
evolution efficiency reported in the table is 55.63 mmol g− 1 h− 1 for 
NiCoP-g-C3N4/CdS upon visible light irradiation [66]. The lowest 
hydrogen production rate reported in the table is 3.94 mmol g− 1 h− 1 for 
MnO2@CdS [72] by illumination in the NIR range. Visible range pho
tocatalysts are the most promising class of photocatalysts for 
solar-driven hydrogen production because of their high efficiency and 
stability. NiCoP-g-C3N4/CdS is the most promising visible range pho
tocatalyst reported in the table, with a hydrogen evolution of 55.63 
mmol g− 1 h− 1 yielding rate [66]. The importance of visible range pho
tocatalysts is evident from their ability to efficiently harness solar energy 
for hydrogen production, with significantly higher rates compared to 
both UV and NIR range photocatalysts. The development of visible range 
photocatalysts holds great promise for sustainable and efficient 
hydrogen production processes. Performances of CdS-based hetero
junction photo-catalysts for H2 production from water splitting and their 
corresponding optical absorbance wavelength are presented in Table 1.

The effectiveness of the photocatalysis for producing H2 in a usual 
photocatalytic process is largely dependent on how well solar light is 
harvested, how well charges are generated, and how well charges are 
transported. The photocatalytic performance was increased by the speed 
up separation of photo-induced charges. Combining of more than one 
substance to built heterojunction at nanoscale range is a successful 
method for enhancing spatial charges-separation and photocatalytic 
performance. With appropriate band structure, CdS for its visible light 
response ability displayed a significant role for reducing water to H2. 

Some limitations including high photo-corrosion, faster recombination 
of charges, lesser reactive sites as well as higher water splitting over- 
potential were identified over on modified CdS sample. These limita
tions lead to diminish QE in photocatalysis. The construction of heter
ojunction by coupling of CdS with appropriate substances could lead to 
accelerate separation of charges, which prevented photo-corrosion of 
the semiconductors. The photo-current, photo-luminescence (PL) and 
electro-chemical impedance spectroscopy (EIS) indicate the mecha
nisms of separation and transportation of charges of a photocatalyst. For 
example, co-doping of Bi and Ni onto CdS’s surface exhibited excellent 
charge-carriers separation [75]. The Bi10–Ni6–CdS showed a significant 
photo-current density of almost 18 μA cm− 2, which indicatinted its 
optical-absorption capability. The lower resistance of electron mobility 
was indicated by the lowest arc radious of EIS of Bi10–Ni6–CdS [75]. The 
obtained Bi–Ni–CdS coralloid exhibited a significant efficiency for 
photocatalytivc H2 production upon illumination of visible-light (≥400 
nm). The Bi/Ni–CdS photocatalysts produced a mximum 5.2944 mmol 
g− 1 h− 1 yielding rate of H2. This rate was 20-folds greater to that of CdS. 
By using a solvothermal technique, Ba et al. [76] prepared the 2D 
snow-flake CdS through the use of galvanic replacement by coating 
various Pd–Ni hollow alloys on CdS’s surface. The maximum 
photo-current density of 42 mA cm− 2 was observed over Pd–Ni/CdS 
sample. Photo-excited charges separation and enhance electric con
ductivity were improved by 2D CdS and Pd–Ni NPs. The transportation 
of electrons from CdS to Pd–Ni was greater to that of Pd–CdS. This 
enhancement was predominantly responsible for faster capture of elec
trons by Pd–Ni co-catalyst. The maximum H2 production of 54 mmol 
g− 1 h− 1 yielding rate was achieved over Pd–Ni/CdS. This corresponds to 
QE of 63.97% at 420 nm. With coating of Zn-anchored C-layer on CdS’s 
surface, charges separation was significantly increased [90]. The 
CdS@Zn–C photocatalyst’s photo-current density was obtained up to 12 
μA. This indicated that the CdS@Zn–C photocatalyst had accelerated 
charge separation. The higher photocurrent as well as the lesser Rct of 
EIS for CdS@Zn–C indicated that CdS@Zn–C was the remarkably effi
cient photocatalyst for the evolution of H2. The optimum CdS@Zn–C 
displayed a remarkable evolution of H2 with a 6.6 mmol g− 1 h− 1 yield 
rate. AQE of 13.1 % was also observed under illumination of 420 nm 
wavelength.

Mesoporous carbon matrix inclusion into photocatalysts substan
tially separated photo-induced charges, increased the durability of the 
substance, and prevented the recombination process. Banerjee et al. 
[77] prepared an MC-CdS sample through a facile route. The semi
conductors’ bandgap was run by mesoporous carbon matrix inclusion. 
The CdS’s photostability was improved by promoting photocurrent re
sponses through loading increasing of MC slowly. Compared to bare CdS 
NPs, the photocurrent response of about 25 μA cm− 2 was remarkably 
larger. MC seemed to promote electrons’ mobility through the porous 
and significantly reactive surface of mesoporous carbon, which was 
identified from the photo-current response. The lower arc radius (Rct) of 
40-MC/CdS indicated the higher mobility of charges in CdS and MC. A 
maximum 37,641 μmol g− 1 h− 1 yielding rate of H2 from water was 
obtained over the as-prepared photocatalyst in existence of CH3OH.

Noble metals including Pt and Au are efficient co-catalysts. Electrons 
may be easily injected to precious metal NPs from semiconductor and 
rapid proton-reduction. The deficit and high-cost inhibit the usage of 
precious metals. Earth abundant and cost-effective metals necessity to 
be investigated. Several available and low-cost photocatalysts have benn 
studied including graphdiyne-CdS, Fe2P–CdS, Ni3S2–CdS, Ni2P–CdS, and 
so on [64,79,89]. Yang et al. [78] exhibited an excellent H2 production 
over heterostructure composites of spatially charges separation. The as 
prepared MoP/CdS presented a fantastic H2 evolution performance up to 
13.88 mmol h− 1 g− 1 yielding rate and highly AQY of 66.7% using light 
of 420 nm wavelength. It was 1.44-times greater than that observed for 
Pt–CdS sample. The 2.5 wt% MoP-300/CdS exhibited very lesser arc 
radious than pure CdS and 2.5 wt% MoP-700/CdS samples, which 
suggested a smaller resistance of charge-mobility. A significant 

Table 1 
Evaluation of CdS-based heterojunction photo-catalysts in the context of H2 
evolution from water splitting, along with analysis of their associated optical 
absorbance wavelengths.

Catalysts H2 evolution rate 
(mmol g− 1 h− 1)

Light 
response (nm)

Reference

Ni(OH)2/CdS NFlake 20.14 420–566 [70]
CdS@W18O49 11.732 420 [73]
TiO2/CdS 2.32 400–500 [57]
CdS/PT 9.28 <550 [58]
Ti3C2/ZIS/CdS 8.93 450 [60]
NiS/Mo2C/CdS 24.03 200 to 750 [54]
TiO2–Ni(OH)2/CNT/CdS 12 >400 [71]
Ni(OH)2/CdS 40.18 200–900 [53]
CuMOF/CdS 4.017 420, 320- 

550− 800
[55]

40 wt% CdS/W18O49 

(CW40)
15.4 370 [56]

g-C3N4/CdS 15.3 520, 450-550 [59]
2D MX-CdS/WO3 27.5 450 [61]
CdS@Nb2 O5/Nb2CTx 2.7158 >420 [62]
CdxZn1xIn2S4–CdS–MoS2 27.14 400, 471.9 [63]
Ni2P–SNO/CdS-D 11.992 520 [64]
CdS/NiAl LDH 7.0918 415 to 656 [65]
NiCoP-g-C3N4/CdS 55.63 570 [66]
ZnO/CdS hierarchical 4.134 550 [68]
CdS@g-C3N4/Ni(OH)2 28.91 420–680 [69]
MnO2@CdS 3.94 700 to 1400 [72]
Ni–Ni(OH)2/CdS 428 500–800 [74]
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photo-current of 1.4 μA was obtained over the optimal photocatalyst 
indicating a considerable photoelectrochemical function. The utmost 
proficient path to increase the photocatalytic performance of semi
conductor is to develop 2D ultra-thin nanomaterials as co-catalysts. 
Liang et al. [79] fabricated the new 2D-1D Fe2P–CdS photocatalyst. 
The optimized 11 wt % Fe2P–CdS photocatalyst showed the maximum 
photocurrent density of 79.23 μA, while merely 7.73 μA photo-current 
was observed over CdS sample. The optimal 11 wt% Fe2P–CdS photo
catalyst exhibited a strong optical absorption performance and efficient 
separation photo-excited charges. These enhancement was benefitted 
owing to inclusion of Fe2P NSs. EIS measurements revealed that arc 
radius of 11 wt% Fe2P–CdS NSs’ Nyquist plots was much lesser to CdS 
NSs. The electric conductivity of Fe2P–CdS was increased efficiently by 
Fe2P NSs. Upon irradiation of visible-light, an exceptional H2 produc
tivity of 207.82 mmol g− 1 h− 1 was determined over Fe2P–CdS with 11% 
Fe2P loading. This rate was significantly more compared to bare CdS.

NiS/CDs/CdS (NCCS) composites with excellent H2 production effi
ciencies were reported by Wei et al. [80] without the use of noble 
metals. In contrast to unique CdS photocatalyst and binary composites 
such as NiS–CdS and CDs-CdS, the obtained NCCS composite showed 
noticeable enhancement of H2 production. This performance was due to 
convenience of strong ability of absorbing light, electron buffering fea
tures of CDs, and the internally forming of p-n heterojunction. During 
exposure to light in visible region (>420 nm), the best ternary hybrid 
produced H2 at a rate up to 1.4445 mmol g− 1 h− 1 yielding rate. This rate 
was 5.38-folds greater to pristine CdS spheres. Due to swift charges’ 
recombination, bare CdS had a minimal photocurrent density. The 
increased photo-current of CDs-CdS indicated that CDs’ deposition is 
advantageous for optical absorption and electron extracting. Compared 
to CDs-CdS and NiS–CdS, NiS-CDs-CdS sample had a substantially 
stronger photocurrent output. The NiS/CDs/CdS has a very high rate of 
photocatalytic release of H2 owing to the combined advantages of CDs 
and flimsy NiS, which can minimize the recombination of 
charge-carrier. A brand-new and incredibly effective NiC
oP/CdS/NiCoPi photocatalyst for H2 production was constructed by 
Zhao et al. [81]. By employing sodium hypophosphate as a phosphorus 
source, during one phosphating phase, duplex co-catalysts were 
concurrently accumulated on CdS. In order to better understand inter
facial charges-separation and migration in pristine CdS and 5 mol% 
Ni–CoP/CdS/Ni-CoPi, electrochemical studies were conducted. The 
surface impedance of 5 mol% Ni–CoP/CdS/Ni-CoPi mixture was lower 
compared topristine CdS. The addition of Ni–CoP/Ni-CoPi co-catalysts 
was advantageous of charges separation and transmission. CdS’s 
photo-current greatly increased after dual-cocatalysts were loaded, 
whilst the impedance of the electricity and photo-luminescence emis
sion sharply dropped, suggesting an improvement in charge-carriers’ 
separation. It was claimed that the Ni–CoP co-catalyst donated electrons 
and speeded up the oxidation of sacrificial substances. NiCoPi 
co-catalyst taken electrons and encouraged the production of hydrogen. 
As a result, the evolution into hydrogen of this composite photocatalyst 
powered by visible light significantly boosted. Assuming a loading 
percentage of 5 mol%, CdS modifying by dual co-catalysts demonstrated 
an impressive H2 evolution reached to 80.8 mmol g− 1 h− 1 yield rate. 
This rate was 202-folds better compared to that of unmodified. When 
CdS was treated with metal phosphide, this was the maximum 
enhancement factor. Additionally, it demonstrated impressive stability 
in an uninterrupted photo-catalytic testing with a 24 h. Various 
CdS-based heterojunction photocatalysts’ H2 generation rates are shown 
in Fig. 2 together with the corresponding photo-current responses.

Fig. 2 shows the photocurrent responses of CdS heterojunction in 
photocatalytic hydrogen production. Low current density with high 
hydrogen yield is a key factor in assessing the efficiency of photo
catalysts. In this category, various photocatalysts demonstrate impres
sive hydrogen production rates even at low current densities, 
exemplifying their superior performance. For instance, Ni–Ni(OH)2/CdS 
[74] exhibits a remarkable H2 yield of 428 mmol g− 1 h− 1 at a current 

density of 60 mA cm− 2, highlighting the exceptional capability of this 
photocatalyst to efficiently convert light energy into hydrogen. 
Conversely, high current density with low hydrogen yield signifies less 
effective photocatalysts, leading to decreased hydrogen production. For 
example, TiO2–Ni(OH)2/CNT/CdS and CdS/CoOx/Co-metal achieve 
only 12 mmol g− 1 h− 1 and 0.318 mmol g− 1 h− 1, accordingly, at high 
current densities, reflecting their reduced ability to harness light energy 
for hydrogen generation [71,86]. Low current density with low 
hydrogen yield is associated with limited photocatalytic capabilities. 
Photocatalysts in this category, such as CdS/CeO2 [98], and g-C3N4/CdS 
[102], exhibit low hydrogen production rates, indicating their subopti
mal performance in converting light into hydrogen gas. Achieving low 
current density with high hydrogen yield is needed in the development 
of effective photocatalysts for sustainable and clean hydrogen produc
tion. These photocatalysts hold great promise for meeting the growing 
energy demands with minimal energy input. Photocurrent responses in 
the CdS-based heterojunction for photocatalytic H2 production are 
presented in Table 2.

3.3. Morphological properties CdS photocatalysts

The impact of different morphologies of cadmium sulfide (CdS) on its 
photocatalytic activity for water splitting under visible light has been a 
subject of intense research. CdS is a well-known photocatalyst that is 
widely studied for its ability to generate hydrogen via water splitting 
when exposed to solar light. The photocatalytic performance of CdS, 
however, can vary considerably depending on its morphological struc
ture. This variation arises from the influence of morphology on factors 

Fig. 2. Photocurrent response of several CdS-based heterojunction photo
catalysts with corresponding H2 production rate. High current density with low 
hydrogen yield: (TiO2–Ni(OH)2/CNT/CdS [71]; CQD/CdS [82]; CdS/NiO 
core-shell [83]; Fe2P–CdS [79]; CdS/BiVO4 [84]; MoP/CdS [85]; CdS/CoOx/
Co-metal [120]). Low current density with high hydrogen yield: (Ni–Ni 
(OH)2/CdS [74]; CdS/Mo2C–NiS [54]; CdS@Au into Ultrathin Ti3-xC2Ty [87]; 
ultrathin CdS@BDC nanosheets [88]; NiS/CDs/CdS (NCCS) [80]; 
CdS–Ni3S2/NF [89]). Low current density with low hydrogen yield: 
(Bi10/Ni6–CdS [75]; CdS@Zn–C [90]; 40-MC-CdS [77]; MoP/CdS composites 
[78]; g-C3N4 NSs/CdS NPs [91]; Co3O4/CdS [92]; Cu2S/CdS p-n [93]; CdS/ZnS 
(CSZS–VZn) [94]; W18O49/CdS [95]; CdS NR/CoSx [96]; Pt–C3N4/CdS [97]; 
CdS/CeO2 [98]; CdS/W18O49/g-C3N4 [99]; Co9S8/Cd/CdS [100]; NH2-MIL-125 
(Ti)/CdS [101]; g-C3N4/CdS [102]; CdS/W18O49 [73]; 20% CuMOF/CdS [55]; 
ZnO/CdS/MoS2 [103]; NiCoP-g-C3N4/CdS [66]; In2Se3/CdS [104]; MnO2@CdS 
[72]; 2 wt% PT with CdS [58]; Hollow Octahedral Cu2S/CdS [93]; 2D 
CdS/Nb2CTX MXene NSs [105]; Co3O4 (3 wt%)/CdS/Ni [106]; CdS/CoP [107]; 
0D/2D NiS/CdS [108]; CoP NPs/CdS/NiWO4 [109]; CdS NRs/Ag2S/NiS [110]; 
C–N–Co3O4/CdS [111]; H–CdS@NiCoP [112]; CdS/MoS2/rGO [113]; 
PRGO/CdS-DETA [114]; CdS@UiO-66@MoS2 [115]; NiSx/CdS [116]; 
WO3-xNRs/Zn0.3Cd0.7S NPs [117]; CdS@G@TiO2 [118]; Hierarchical 
ZnO/CdS [68]).
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such as surface area, charge carrier dynamics, light absorption proper
ties, and the interaction between CdS and dopants, which collectively 
affect the overall photocatalytic efficiency. The morphology of CdS plays 
a significant role in its photocatalytic activity for water splitting under 
visible light. Common CdS morphologies, such as nanoparticles, nano
rods, nanosheets, nanoflowers, and hollow structures, exhibit distinct 
characteristics that influence photocatalytic behavior. CdS nano
particles, for example, are widely studied due to their high surface area- 
to-volume ratio, which is favorable for photocatalytic reactions. How
ever, their small size can lead to rapid recombination of photogenerated 
charge carriers (electrons and holes), thereby reducing photocatalytic 
efficiency. This issue can be mitigated through modifications such as 
doping or coupling with other materials. For instance, doping CdS 
nanoparticles with transition metals like platinum (Pt) has been shown 
to enhance the separation of charge carriers, improving hydrogen evo
lution under visible light [125].

CdS nanorods, with their high aspect ratio, offer an efficient pathway 
for charge carrier transport along the rod axis, which helps to reduce 
charge recombination. The increased surface area of nanorods provides 
more active sites for photocatalytic reactions. Furthermore, the aniso
tropic shape of nanorods improves light absorption compared to 
spherical nanoparticles, which is beneficial for visible light-driven 
photocatalysis. Doping CdS nanorods with metals such as copper (Cu) 
has been shown to enhance photocatalytic activity by facilitating charge 
separation [126]. Two-dimensional (2D) CdS morphologies, such as 
nanosheets and nanoflowers, provide a high surface area and abundant 
active sites for photocatalytic reactions. These 2D structures facilitate 
efficient electron-hole separation, which is critical for improving pho
tocatalytic efficiency. Doping with elements like nickel (Ni) and cobalt 
(Co) has been demonstrated to enhance the photoactivity of CdS nano
sheets by reducing charge recombination and promoting the transfer of 
electrons to reaction sites [127]. CdS nanoflowers, with their hierar
chical structure, improve light absorption and provide multiple path
ways for charge separation, which further boosts photocatalytic 
performance [128]. Hollow CdS nanostructures, such as hollow spheres, 
have garnered attention for their unique ability to serve as reservoirs for 
reactants or charge carriers. These structures typically exhibit high 
surface areas and enhanced light scattering properties, which can in
crease light absorption efficiency. Additionally, hollow structures can 
reduce the recombination rate of charge carriers by extending the 
diffusion length of the charges. The photocatalytic hydrogen evolution 
performance of hollow CdS structures has been significantly enhanced 
by doping with metals like silver (Ag) [128]. The photocatalytic per
formance of CdS can also be further optimized through metal doping. 
Metal doping improves the electronic properties of CdS, facilitates 
charge carrier separation, and alters the optical absorption properties, 
thereby enhancing its performance for water splitting under visible 

Table 2 
Photocurrent reactions in the heterojunction based on CdS for the photocatalytic 
production of H2.

Photocatalyst Type of 
heterojunction

H2 
evolution 
rate (mmol 
g-1 h-1)

Photocurrent 
response (μA/ 
cm2)

References

Bi10/Ni6–CdS Schottky 5.2944 18 [75]
CdS–Ni3S2/NF – 100.50 205 [89]
CdS/NiO core- 

shell
p-n 243.9 29 [83]

CdS NRs/Ag2S/ 
NiS

p-n 48.3 5.4 [110]

Hollow 
Octahedral 
Cu2S/CdS

p-n 4.76 16.9 [93]

2D CdS 
/Nb2CTX 
MXene NSs

– 5.040 10 [105]

CdS@Au into 
Ultrathin 
Ti3− xC2Ty

Schottky 
junction

5.371 260 [87]

Co3O4/CdS p-n 7.131 5.6 [92]
CdS/CoP hollow 

nanocages
p-n 15.74 0.24 [107]

H–CdS@NiCoP 
core–shell 
nanosphere

p-n 13.47 4.2 [112]

NH2-MIL-125 
(Ti)/CdS

Z- scheme 6.62 1.5 [101]

CdS/ZnS 
(CSZS–VZn)

Z-scheme 46.63 44 [94]

CdS/BiVO4 Z- scheme 197 4.7 [84]
W18O49/CdS Z- scheme 55.24 25 [95]
CdS/W18O49 S-scheme 5.9 16 [73]
2 wt% PT with 

CdS
S-scheme 9.28 11 [58]

CdS/Mo2C–NiS S-scheme 24.03 280 [54]
CQD/CdS – 309 55 [82]
TiO2–Ni(OH)2/ 

CNT/CdS
– 12 410 [71]

CdS/MoS2/rGO CdS-Graphene 11.33165 135 [113]
PRGO/CdS- 

DETA
– 10.5 95 [114]

CdS@Zn–C Schottky 6.6 12 [90]
20% CuMOF/ 

CdS
S-scheme 0.3348 >16 [55]

NiCoP-g-C3N4/ 
CdS

S-scheme 55.63 12 [66]

Hierarchical 
ZnO/CdS

Z 4.134 60 [68]

MnO2@CdS S-scheme 3.94 2.5 [119]
Ni–Ni(OH)2/ 

CdS
– 428 60 [74]

40-MC-CdS Schottky 37.641 25 [77]
MoP/CdS 

composites
– 13.88 1.4 [78]

Fe2P–CdS – 207.82 79.23 [79]
NiS/CDs/CdS 

(NCCS)
– 1.4445 220 [80]

MoP/CdS – 163.2 75 [85]
CdS/CoOx/Co- 

metal
– 0.318 290 [120]

ltrathin CdS@ 
BDC NSs

– 13.081 250 [88]

g-C3N4 NSs/CdS 
NPs

Type II 3.67 52 [91]

CdS NR/CoSx Z- scheme 9.47 59 [96]
Pt–C3N4/CdS Z- scheme 35.3 126 [97]
CdS/CeO2 Z- scheme 0.0701 2.1 [98]
CdS/W18O49/g- 

C3N4
Z- scheme 11.658 21 [121]

Co9S8/Cd/CdS Z- scheme 5.2 4.8 [100]
g-C3N4/CdS Z- scheme 1.80907 4.4 [102]
ZnO/CdS/MoS2 S-scheme 10.2474 13.5 [103]
In2Se3/CdS S-scheme 1.632 103 [104]

Table 2 (continued )

Photocatalyst Type of 
heterojunction 

H2 
evolution 
rate (mmol 
g-1 h-1) 

Photocurrent 
response (μA/ 
cm2) 

References

Co3O4(3 wt 
%)/CdS/Ni

p-n 5.120 5.4 [106]

0D/2D NiS/CdS p-n 18.1 4 [108]
CoP NPs/CdS/ 

NiWO4

p-n 47.7 5.7 [109]

C, N co-doped 
Co3O4/CdS

p-n 64.36 1.3 [111]

CdS@UiO- 
66@MoS2

– 0.786 70 [115]

NiSx/CdS – 44.7286 12 [116]
WO3–x NRs/ 

Zn0.3Cd0.7S
– 3.521 50 [122]

0D/2D CdS/ 
MoO3‒x

S-scheme 7.44 740 [123]

CdS@G@TiO2 – 1.510 150 [124]
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light. The interplay between morphology and metal doping is crucial for 
achieving the highest photocatalytic efficiency.

Platinum (Pt) is one of the most widely used co-catalysts for 
enhancing the photocatalytic activity of CdS. Pt nanoparticles act as 
electron sinks, facilitating the reduction half-reaction and improving the 
overall hydrogen production rate. In the case of CdS nanoparticles, the 
incorporation of Pt has been shown to reduce charge recombination and 
enhance hydrogen production [129]. Copper (Cu) doping in CdS nano
rods has been reported to promote charge separation by acting as a hole 
sink, preventing recombination and improving photocatalytic perfor
mance [126]. In CdS nanosheets and nanoflowers, doping with nickel 
(Ni) and cobalt (Co) has been shown to act as electron traps, improving 
charge transfer efficiency and enhancing hydrogen evolution rates 
[130]. Among the various CdS morphologies, nanorods and nanosheets 
have shown the most promising photocatalytic performance for 
visible-light-driven water splitting. Nanorods offer efficient charge car
rier transport due to their anisotropic structure, and they are highly 
effective when doped with metals like Cu or Pt. Similarly, CdS nano
sheets provide abundant active sites and efficient charge carrier sepa
ration, both of which are crucial for high photocatalytic efficiency. On 
the other hand, CdS nanoflowers and hollow structures present signifi
cant advantages, particularly in terms of light scattering and charge 
separation. However, they may suffer from lower stability and more 
complex synthesis procedures. CdS nanoparticles, although extensively 
studied, often exhibit lower photocatalytic activity due to the high 
recombination rates of charge carriers. This limitation can, however, be 
alleviated by doping or coupling with other materials.

The various morphologies as well as structures of CdS-based photo
catalysts are depicted in Fig. 3. The usage of functioning sites and 
photocatalytic performance can be remarkably increased by hetero
junctions of lesser dimensions [131]. The superior photocatalytic func
tions can be achieved through utilizing NPs in the fabrication of 0D/0D 
heterojunction. H2 production performance and simultaneously 
increasing of NPs crystallinity could be increased through varying molar 
proportion of Cd2+ and S2− [132]. Billah et al. [132] prepared the CdS 
nanocomposite with 5.5 wt% Pt and 1 mmol of histidine. The optimal 
5.5 wt% Pt/CdS exhibited a remarkable H2 evolution efficacy of 21.35 
mmol g− 1 h− 1 yielding rate. This production rate was one of the highest 
rates ever reported. Wet chemical and hydrothermal methods were 
combined to fabricate Au@CdS nanocomposites by Lin et al. [133] at 
lower temperatures during the reaction. The optimized Au@CdS nano
composites exhibited an excellent H2 yields of 1.041 mmol g− 1 h− 1 rate, 
which was 175.3-folds larger as compared to CdS NPs in pure water 

upon blue-LED light illumination. This activity benefited from the 
amplification of photo-induced charges-separation as well as the strong 
optical absorption ability by Au core. This considerable photocatalytic 
efficiency was larger than that of CdS NPs by a factor of 512.3. The 
Au@CdS nanocomposites exhibited an excellent long-term photo-
stability. The decoration of Au NPs with CdS shell successfully achieved 
the highly conversion from photon to hydrogen energy. These reasons 
mainly benefitted from inclusion of Au NPs as well as the systematically 
combining of the reaction procedure. This inclusion of Au NPs enabled 
the synergy usage of photo-excited charges and promoted ability to 
absorb light in visible range by the effect of surface plasmon resonance. 
Xiang et al. [134] prepared the oil-soluble CdS QDs via solvothermal 
route. Subsequently, by employing mercaptopropionic acid at pH 13, 
oil-soluble CdS QDs were transformed into water-soluble QDs through 
ligand swapping. The H2 production performance was remarkably 
improved by water-soluble CdS QDs. The optimized sample exhibited H2 
production up to 1.61 mmol g− 1 h− 1 yielding rate. This efficiency was 
assigned to existence of Sn2+, water-soluble CdS QDs and glycerol.

Effective transportation of electrons and stimulation by light are two 
distinctive benefits of 1D CdS. Li et al. [135] prepared the 1D CdS 
nanowires (NWs) with loading of NiS2 NPs through a two step route. 
When lactic acid was employed as sacrefacial reagent, the optimized 
40% NiS2 loaded CdS NWs exhibited the enhanced H2 production of 
14.49 mmol g− 1 h− 1 yielding rate. CoP QDs anchored carbon skeleton 
was loaded as co-catalyst on CdS nanorods (NRs) by Sun et al. [136] to 
exhibit photocatalytic H2 evolution. The as-prepared CoP/CdS photo
catalyst showed outstanding H2 production of 104.947 mmol g− 1 h− 1 

yielding rate, which was 55.2-folds compared to pristine CdS. The ob
tained photocatalyst also demonstrated an extensively enhanced 
photo-durability. The highest AQY of 32.16 % was further obtained over 
the CoP/CdS composite. Upon illumination of light, metal nano
structures and its surrounding materials are interacted by Plasmon. 
Plasmon phenomena can be classified into two categories including 
localized surface plasmon resonance (LSPR) and surface plasmon 
polariton (SPP). Creation of excessive electric fields can be elucidated 
solely at nanoscale by the impact of plasmon. This impact has been 
disclosed with a novel insight to accomplishment of TiN in various 
fields, including electronic devices, photocatalysis, and solar energy 
harvesting. A wide range optical absorption range (500 nm–1200 nm) is 
provided by TiN. For conquering three predominant challenges of con
cerning CdS to generate H2 simultaneously, Liu et al. [137] fabricated a 
core-shell structured CdS/TiN through coating of TiN layer with 
different thickness on CdS NWs. The optimized thickness (15 nm) of 
outer layer of TiN simultaneously provided outstanding protection, 
reduced probability of charge-carriers’ recombination, and enhanced 
SPR effect. The optimal TiN/CdS core-shell NWs exhibited 3.62-fold 
enhancement in H2 producing with 86.1 mmol g− 1 h− 1 yield rate in 
comparision to bare CdS NWs. This also displayed an outstanding QE of 
62.4%. It exhibited superior reliability and chemical stability. This sig
nificant enhancement was due to plasmonic impacts of TiN layers. This 
effects lead to remarkable a significant dominance on optical absorption 
and superb H2 evolution. A high conductive ohmic contract was built by 
TiN/CdS, which accelerated transportation of electrons to the surfaces.

The 2D semiconductors have garnered significant interest during 
photocatalysis owing to their plentiful reactive surface as well as 
outstanding contact charges-separation performance. The 2D ultrathin 
photocatalyst has a greater surface-to-volume ratio than their equiva
lents in other dimensions. These characteristics allow them to speed up 
the ability of charge-carriers separation and able to transport charge- 
carriers rapidly. Incorporating specialized coatalysts or boosters onto 
the surfaces of a feasible photocatalysts is frequently indispensable.By 
using CDs to reduce metal precursors in-situ, Qiu et al. [138] devised a 
straightforward and repeatable method to synthesis highly effective NSs 
CdS@CDs/Pt–SAs samples under solar-light. The optimal 
CdS@CDs/Pt–SAs with 1.15 wt%-loading of Pt significantly out
performed compared to pristine CdS and CdS/CDs/Pt-NPs during 

Fig. 3. Several morphologies and structures of CdS-based photocatalysts (NPs 
[141], NCs [142], QDs [134], NWs [135], NRs [136], Core-shell [137], NSs 
[138], Flake [139], Hollow spherical [140], Nano sphere [141], 
Flower-like [142]).
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production of H2. It demonstrated a superior H2 production efficiency of 
45.5 mmol g− 1 h− 1 yielding rate. This rate was almost 133-folds more 
compared to CdS@CDs. 2D-2D Ni2P/CdS NSs was constructed for H2 
production by Huang et al. [139]. The Ni2P NSs were combined with 
snow-flake CdS. The optimum 5 wt% Ni2P/CdS showed an outstanding 
H2 production with 58.33 mmol g− 1 h− 1 by visible light illumination. 
The highest QE of 34.38% was further obtained under 420 nm. The 
formation of heterojunction between Ni2P and CdS remarkably pro
moted charges-separation. Ni2P provided a plentiful reactive sites for 
producing H2.

In photocatalysis, the three-dimensional (3D) hollow structure ex
hibits a number of unique features. Hollow structured photocatalysts 
exhibit a higher photocatalytic efficiency because they provide an 
enlarged particular reactive surface. Moreover, enhanced photo- 
absorption capabilities are achieved through increasing the scattering 
of light inside the hollow structure. A faster charge transportation rate 
can be achieved by reducing the charge transportation length to the 
semiconductor surfaces by employing a thinner shell. The porous type 
hollow spherical Pd/CdS/NiS was constructed by Wang et al. [140]. The 
optimal 0.7% Pd/CdS/3% NiS photocatalyst exhibited a significant H2 
evolution efficiency of 3.8046 mmol g− 1 h− 1 yielding rate, which was 
higher compared to bare CdS by the factor of 33.4. An AQE of 0.24% was 
also obtained at 420 nm wavelength. This photocatalytic improvement 
was possible owing to load Pd and NiS as co-catalysts inside and outer 
surface of hollow structured CdS shell. The 3D S–Ta2O5/CdS nanosphere 
was prepared by Liu et al. [141]. The as-prepared S–Ta2O5/CdS sample 
exhibited a superior H2 production efficiency of 54.51 mmol g− 1 h− 1 

yielding rate upon irradiation in visible range, which was superior to 
CdS and Ta2O5. The S–Ta2O5/CdS nanosphere further showed high 
photo-durability. Zhang et al. [142] prepared the newly NiS/CdS NFs 
photocatalyst by modifying CdS nanaoflowers with β-NiS film via hy
drothermal route. The NiS/CdS NFs presented an outstanding H2 gen
eration performance of 30.1 mmol g− 1 h− 1 yielding rate with AQE of 
almost 43% at 420 nm and high durability. This photocatalytic 
improvement was attributed to the boosted photo-excited electrons 
transportation capability and strong light absorption power of 
well-prepared NiS/CdS NFs nanocomposite.

The widespread application of CdS is restricted through its fast 
recombination of charges, intense photocorrosion, and inadequate sur
face area. To address these shortcomings, a lot of efforts has been con
ducted. Recently, a number of studies involving CdS QDs are being 
reported. Tiny dimensions of CdS QDs (2–10 nm), increased exposure of 
reactive sites, quantum confinement impact, minimal charge transit 
length, and unique interfacial impact make them as suitable photo
catalysts for light responsive in visible range [143]. CdS QDs serve as a 
great alternative for photocatalytic H2 generation due to their suitably 
negative flat-band potential. Nevertheless, the photocatalytic efficiency 
is reduced because facily CdS QDs aggregation produce bigger particles, 
which raises electron-hole recombination rate. Some strategies 
including integrating CdS QDs with different semiconductors have 
recently been proposed to overcome these shortcomings. The laborious 
process of developing CdS QDs is extremely complicated and chal
lenging to handle. Aggregation of CdS QDs is still caused by the unfa
vorable anchoring capability of supporting materials. Developing a 
viable synthesis method and effective supplemental substances to 
fabricate CdS QD-based photocatalysts is particularly fascinating as well 
as difficult. A new class of conjugated polymer semiconductors termed 
covalent triazine-based frameworks (CTFs) have gained extensive 
application in photocatalysis. The CTFs with a substantial dispersion of 
metal-sulfide QDs provide an appropriate foundation for developing an 
effective photocatalyst via a one-pot route. For instance, Huang et al. 
[144] constructed CdS QD-loaded CTFs through a simple 
photo-reduction route. The optimal CdS QD/CTFs showed a significant 
H2 evolution with 27.8 μmol h− 1 yielding rate for 20 mg photocatalyst 
(equivalent to 1.39 mmol g− 1 h− 1 yielding rate), which was almost 
larger compared to bare CTFs and pristine CdS by the factors of 55 and 4, 

accordingly. The faster charge-separation capability caused by the 
synergistic interaction between CFTs and CdS QDs made this enhance
ment of photocatalytic efficiency.

The in-situ oil bath technique has been employed for decorating CdS 
QDs on P-doped hexagonal g-C3N4 tube (P-CNT) for developing a unique 
highly active CdS QDs/P-CNT photocatalyst [145]. An instance of 
0D/1D heterojunction was produced by the homogenous implantation 
of the ultra-small CdS QDs onto the outer and interior surfaces of the 
hollow-structured P-CNT tube. The optimal CdS QDs/P-CNT-1 exhibited 
an excellent H2 evolution of 1.579 mmol g− 1 h− 1 yielding rate utilizing 
visible light illumination. This rate of H2 production was greater 
compared to P-CNT and CdS/CNT by the factors of 31.6 and 3.1, 
correspondingly. Enlarged surface, P doping, and the formation of 
0D/1D heterojunction could boost optical absorption capability, reduce 
band gap, and encourage spatial separation of charges. These were the 
predominant causes of this enhanced photocatalytic performance. 
CdCO3 nanoflakes/CdS QDs heterostructures for investigating its pho
tocatalytic H2 evolution activity were developed by Li et al. [146] via a 
hydrothermal route. The optimal CdCO3/CdS QDs exhibited remarkable 
H2 yields of 1.93 mmol g− 1 h− 1 upon visible light irradiation. A plentiful 
quantity of CdS QDs reactive sites generated by the cubic CdCO3 was 
responsible for this improvement in photocatalytic performance.

The method of surface modification presents novel possibilities for 
developing novel kinds of QD-based photocatalysts. In addition to 
providing extremely active catalytic sites for H2 evolution, the MoS2 
catalysts operate as a barrier for CdS to limit photocorrison. For 
instance, Zhuge et al. [147] devised a simple technique for MoS2 pho
todeposition onto CdS QDs. The CdS QD surface was intimately deco
rated with thin-layered MoS2 through the in-suit photodeposition 
technique. Close interaction encouraged charge separation in CdS/MoS2 
by facilitating the establishment of junctions between CdS and MoS2. 
Exceptional photocatalytic performance was demonstrated by the 
resulting CdS/MoS2 photocatalysts. The H2 production rate reached to 
13.129 mmol g− 1 h− 1 upon illumination in visible range. This rate of H2 
evolution was larger compared to pure CdS QDs by a factor of 7.2. 
Additionally, under visible light, the CdS/MoS2 photocatalysts demon
strated better photocatalytic durability. One useful method for 
achieving successful energy conversion is the fabrication of 
QDs-linker-MOFs photocatalysts. Mao et al. [121] prepared the novel 
thiol-laced UiO-66 (UiO-66-(SH)2)/CdS QDs to improve photocatalytic 
efficacy. The optimal UiOS-CdS presented highly H2 generation effi
ciency of 15.32 mmol g− 1 h− 1 utilizing visible light. Under irradiation of 
light at 420 nm wavelength, this sample further showed an AQE of 
11.9%. This improved performance was attributed to efficient charge 
carrier transportation bridge between CdS and UiO-66. Nevertheless, 
the strong photo-corrison limits applications of CdS QDs photocatalyst 
in photocatalysis.

Up to now, H2 production efficiency of CdS/ZnO remains signifi
cantly lower than the acceptable limit of usage due to swift charges 
recombination in inner portions of bulk ZnO and bulk CdS. The photo- 
induced charge migration impedance decreased due to close interac
tion between the two semiconductors. The 0D-2D CdS QDs-ZnO NSs 
heterostructures was constructed by Ma et al. [148]. The optimal 
CdS/ZnO-12 showed a superior H2 evolution efficiency with 22.12 
mmol g− 1 h− 1 yielding with an excellent durability for 5-cycles. This rate 
was larger compared to pristine CdS ZnO by the factors of 13 and 138, 
respectively. Numerous favorable characteristics were identified as the 
cause of this increased photocatalytic performance, including develop
ment of Z-scheme, small dimensins of CdS QDs and ZnO NSs, and close 
interaction of ZnO NSs and CdS QDs. The potential for charges was 
efficiently mitigated by substantial impact of extremely small size. To 
alter the physicochemical characteristics of CdS QDs, element doping 
are being employed as a significant strategy. Shi et al. [149] constructed 
Se/CdS QDs by through a solvothermal route. The introduction of Se 
facilitated the creation of efficient trapping sites, enabling the accu
mulation of photo-induced electrons. This injection of Se resulted in an 
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upward shift of CdS’s Fermi level position, significantly reducing 
charges recombination and extending life-time of charge-carriers. The 
enhanced charge-carrier density in CdS, made possible by the additional 
and substantially increased charge-carriers density from photo-induced 
electrons. The resulting CdS0.9Se0.1 QDs demonstrated an elevated H2 
production of 29.12 mmol g− 1 h− 1 upon illumination in 320–780 nm 
range. This H2 yield rate was 23.5-folds higher than compared to bare 
CdS QDs. Furthermore, the CdS0.9Se0.1 QDs showed an AQE of 27.1% at 
400 nm wavelength.

Considerable enhancement of electron interfacial transportation and 
acceleration of proton reduction are achieved by the co-catalysts Ru and 
Ru/NC, thereby reducing the recombination of photoinduced charges. 
For instance, Stavitskaya et al. [150] prepared Ru/CdS QDs to exhibit 
visible light driven efficient H2 production activity. The optimized 15 wt 
% CdS QDs/0.2 wt% Ru exhibited excellent H2 yields of 2.600 mmol g− 1 

h− 1 with AQE of 15%. Recently, Xie et al. [151] prepared Ru/N-doped 
carbon (NC)/CdS QDs photocatalyst. The optimal 0.59 wt% 
Ru/NC/CdS-5 sample exhibited superb H2 producgion efficiency of 73.6 
mmol g− 1 h− 1 utilizing visible light irradiation, which was 21-folds 
larger to pristine CdS QDs. AQE of 3.6% was evaluated over 
Ru/NC/CdS-5 under irradiation at 420 nm. The Ru/NC/CdS-5 demon
strated excellent durability. Fig. 4 presents a comparison of the perfor
mances of several CdS QDs-based photocatalysts in H2 evolution. As 
depicted in Fig. 4, when covalent triazine-based frameworks (CTFs) 
[144], P-CNT [145], Sn2+ [134], CdCO3 [146] were utilized as 
co-catalysts or additives with CdS QDs, the resulting CdS QDs-based 
photocatalysts exhibited a low-performance photocatalytic H2 evolu
tion rate. Conversely, high-performance photocatalytic H2 production 
rates were achieved over CdS QDs-based photocatalysts when MoS2 
[147], UiO-66-(SH)2 (UIOS) [121], ZnO nanosheets (NSs) [148], Se 
[149], and Ru/NC [151]) were employed as co-catalysts/additives with 
CdS QDs.

3.4. Crystallinity of CdS heterostructure

The crystallinity of Cadmium Sulfide (CdS) has been recognized as a 
crucial factor influencing its photocatalytic performance, primarily due 
to its effects on the material’s electronic properties, charge carrier dy
namics, and surface characteristics. Higher crystallinity in CdS generally 
leads to improved charge carrier mobility, reduced recombination los
ses, and enhanced photocatalytic efficiency [152,153]. The influence of 
crystallinity on photocatalytic activity is attributed to several factors, 

including the availability of active sites, the structural stability under 
reaction conditions, and the optimization of electronic band structures. 
In materials with high crystallinity, the charge carriers generated upon 
light absorption can migrate more efficiently through the well-ordered 
crystal lattice. Crystalline CdS offers fewer defects and dislocations 
compared to its amorphous counterparts, which act as recombination 
centers for photogenerated electrons and holes. These recombination 
centers can significantly reduce the efficiency of photocatalytic pro
cesses by limiting the number of charge carriers available for redox re
actions [154]. Additionally, the defects in poorly crystalline CdS 
materials serve as trap states that hinder the transfer of charge carriers to 
the surface, thereby reducing the material’s overall photocatalytic ac
tivity [155,156]. Thus, crystalline CdS is expected to exhibit lower 
recombination rates, better electron-hole separation, and enhanced 
photocatalytic performance.

The surface properties of CdS are also critically influenced by its 
crystallinity. Crystalline CdS generally exhibits a more stable surface 
structure with fewer surface defects than amorphous CdS, which im
proves the material’s ability to adsorb reactants and participate in 
photocatalytic reactions. Furthermore, the crystalline phase often pro
vides more well-defined and active sites on the surface, which are 
essential for effective photocatalytic processes such as water splitting or 
pollutant degradation [157]. The higher surface area of crystalline 
materials, coupled with the ordered atomic arrangement, contributes to 
more efficient adsorption of reactants, a key factor in photocatalytic 
efficiency. Moreover, the optical properties of CdS, including its band 
gap and light absorption characteristics, are influenced by crystallinity. 
Crystalline CdS typically exhibits a more defined band gap compared to 
amorphous or poorly crystalline CdS, leading to better utilization of the 
visible light spectrum. The band gap in crystalline materials is more 
predictable and uniform, enhancing the material’s ability to absorb light 
in the visible range, which is essential for photocatalytic processes 
driven by solar energy [158]. In contrast, the band gap of amorphous 
CdS is often broadened or distorted due to the lack of long-range order, 
limiting its photocatalytic activity under visible light.

The stability of CdS under photocatalytic reaction conditions is 
another important factor that is influenced by crystallinity. Crystalline 
CdS has been shown to exhibit better resistance to photocorrosion 
compared to amorphous CdS. The stability of the crystal lattice under 
photoreaction conditions prevents the material from breaking down or 
undergoing phase transitions, which is critical for long-term photo
catalytic applications [159]. Amorphous materials, in contrast, are more 
prone to degradation due to their higher defect density and lower 
structural integrity. Several methods have been employed to improve 
the crystallinity of CdS, thereby enhancing its photocatalytic perfor
mance. Solvothermal and hydrothermal synthesis methods have been 
widely used to control the crystallinity of CdS. In these processes, Cd 
precursors are reacted with sulfur sources in a high-temperature solvent 
under controlled pressure. This process allows for the slow crystalliza
tion of CdS, which leads to larger and more uniform crystalline domains. 
By optimizing parameters such as temperature, pressure, and precursor 
concentration, the crystallinity of CdS can be significantly improved, 
leading to enhanced photocatalytic properties [160]. These methods 
have proven effective in obtaining CdS with well-defined crystal struc
tures and improved surface characteristics, both of which contribute to 
better photocatalytic efficiency. Another strategy to improve crystal
linity involves the use of template-assisted methods. Templates, such as 
mesoporous silica or carbon-based materials, have been employed to 
guide the growth of CdS nanocrystals. These templates provide a 
controlled environment for the nucleation and growth of CdS crystals, 
resulting in materials with higher crystallinity and more uniform sizes. 
After the crystallization process, the template is typically removed, 
leaving behind highly crystalline CdS with a controlled morphology 
[161].

This approach has been particularly useful for preparing CdS nano
structures with improved photocatalytic performance due to the 

Fig. 4. Comparision of performances of CdS QDs-based photocatalysts in H2 
evolution (Low-performance CdS QDs-based photocatalysts: Covalent triazine- 
based frameworks (CTFs)/CdS QDs [144], Phosphorus-doped hexagonal 
g-C3N4 tube (P-CNT)/CdS QDs [145], W–CdS QDs with Sn2/CdS QDs [134], 
CdCO3/CdS QDs [146]; High-performance CdS QDs-based photocatalysts: 
MoS2/CdS QDs [147], UiO-66-(SH)2 (UIOS)/CdS QDs [121], ZnO NSs/CdS QDs 
[148], Se/CdS QDs [149], Ru/NC/CdS QDs [151]).
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enhanced crystallinity and surface area. Post-synthesis thermal treat
ment, such as annealing in an inert or reducing atmosphere, has also 
been shown to improve the crystallinity of CdS. During thermal treat
ment, the disordered or amorphous regions of CdS undergo recrystalli
zation, resulting in a more ordered lattice structure. The temperature 
and duration of the annealing process can be adjusted to optimize 
crystallinity and improve photocatalytic properties [162]. Thermal 
annealing has been particularly effective in enhancing the stability and 
photocatalytic activity of CdS under prolonged reaction conditions. 
Chemical vapor deposition (CVD) has been employed to grow 
high-quality CdS films with controlled crystallinity. In CVD, Cd and 
sulfur precursors are vaporized and allowed to react on a heated sub
strate, where CdS crystals form. The temperature and deposition rate are 
carefully controlled to promote the formation of large, well-aligned 
crystals with minimal defects. CVD-grown CdS films typically exhibit 
higher crystallinity and improved photocatalytic activity compared to 
those synthesized by other methods [163]. Additionally, the concen
tration of precursors used in the synthesis of CdS has been found to in
fluence the crystallinity of the material. By optimizing the precursor 
concentration, the rate of nucleation and crystal growth can be 
controlled, leading to higher crystallinity. Lower precursor concentra
tions tend to favor the formation of larger, well-ordered crystals, while 
higher concentrations result in smaller, more uniform crystals. These 
changes in crystallinity can significantly impact the photocatalytic 
properties of the material, with optimized conditions leading to 
improved performance in photocatalytic applications [162].

The impact of crystallinity on the optoelectronic and photocatalytic 
properties of CdS materials has been extensively studied. Crystallinity 
was observed to significantly influence the energy bandgap, which plays 
a vital role in determining the efficacy of CdS as a semiconductor pho
tocatalyst for hydrogen (H₂) production under solar irradiation [164,
165]. Efficient charge separation, essential for effective photocatalytic 
activity, required the development of CdS materials with appropriate 
crystallinity and band configurations [166]. Two primary crystalline 
phases of CdS, hexagonal (wurtzite, WZ) and cubic (zinc blende, ZB), 
were identified, each exhibiting distinct optoelectronic and photo
catalytic characteristics. Hexagonal CdS was synthesized at higher 
temperatures, while cubic CdS was typically fabricated at lower tem
peratures [167]. The hexagonal phase demonstrated higher crystal
linity, greater stability, and better durability under ambient conditions 
compared to the cubic phase. These attributes contributed to the supe
rior photocatalytic H₂ evolution efficiency of hexagonal CdS [168].

The influence of crystallinity and phase on photocatalytic perfor
mance was systematically investigated. Bao et al. [169] demonstrated 
that monodisperse hexagonal CdS nanocrystals with high crystallinity 
outperformed cubic and mixed-phase CdS nanocrystals in H₂ evolution. 
The enhanced performance was attributed to optimized charge separa
tion and reduced recombination. Lang et al. [50] further confirmed that 
CdS nanostructures with a higher proportion of the WZ phase achieved 
improved H₂ production rates. Using a solvothermal approach, nano
crystals with varying ZB and WZ phase ratios were synthesized, and the 
R-50 sample, with a majority WZ phase, achieved an H₂ production rate 
of 231.4 μmol h⁻1 for 50 mg of catalyst and a quantum efficiency (QE) of 
28% at 420 nm. The enhanced performance was attributed to the syn
ergistic effects of the multi-armed nanorod shape and high WZ-phase 
crystallinity. Despite the focus on hexagonal CdS, recent studies high
lighted the potential of cubic CdS as a visible-light-driven photocatalyst. 
Yu et al. [170] synthesized cubic CdS nanocrystals (c-CdS-NC) using a 
precipitation approach in an S-rich Na₂S–Na₂SO₃ system. The optimized 
cubic CdS exhibited a higher H₂ production rate of 0.36 mmol h⁻1 for 50 
mg of catalyst, surpassing traditional hexagonal CdS by a factor of 2.6. 
The superior performance was attributed to the nanocrystals’ small size, 
enhanced surface area, and efficient charge carrier dynamics.

Qin et al. [165] prepared cubic and hexagonal CdS structures via a 
hydrothermal method and identified their respective crystal planes as 
(111) for cubic and (100) for hexagonal phases. The cubic CdS, 

characterized by a bandgap of 2.24 eV, exhibited a higher conduction 
band (CB) potential and lower electrochemical impedance than hexag
onal CdS. These properties enabled the cubic phase to achieve a 
hydrogen yield rate of 680 μL in 180 min under visible light, exceeding 
the performance of the hexagonal phase. Advancements in the synthesis 
of highly crystalline CdS were also reported. Jin et al. [171] prepared 
single-crystalline hexagonal CdS nanowires using a solvothermal 
approach. The incorporation of 0.3 wt% Pt into the CdS nanowires 
resulted in a remarkable H₂ production rate of 1.49 mmol h⁻1 for 50 mg 
of photocatalyst, with a QE of 61.7%. Similarly, Nagakawa et al. [172] 
demonstrated that heat-treated ZB-phase CdS could be converted into 
highly crystalline WZ-phase CdS with reduced sulfur defects, resulting in 
a quantum yield of 19.2% at 420 nm. This activity was approximately 50 
times greater than that of the ZB-phase precursor. These findings 
underscored the critical role of crystallinity in enhancing photocatalytic 
H₂ production. Both the phase and structural features of CdS materials 
were shown to influence their performance, and the development of 
highly crystalline, phase-controlled CdS materials remains an important 
focus for advancing photocatalytic technologies.

4. Classification of cadmium-sulfide (CdS)-based 
heterojunctions for hydrogen evolution

Photo-excited charge-carriers separation and transportation to 
destination reactive sites are indispensable in photo-catalysis. Recom
bination loses a larger portion of these couples [138]. The performance 
of CdS photocatalyst is diminished by charges recombination. A further 
predominant drawback is the limitations of the material’s practical use 
for its photo-corrosion. To get efficient photocatalytic performance by 
preventing recombination, the pairs of electron-hole are required to be 
adequately separated. The photo-induced charges have to be rapidly 
transferred throughout the surface or interface. Generally, the photo
catalytic performance is boosted by constructing heterojunction, leading 
to enhance H2 generation. The technique of coupling CdS with a sec
ondary substance is an efficient strategy for production of CdS-based 
heterojunctions, rather than a bare CdS photocatalyst [173]. This 
technique increases interfacial charges separation, prolongs visible-light 
absorbance, and extends area of surface. Each of these enhances pho
tocatalytic efficiency for enhanced H2 production. The quantum effi
ciency is further markedly improved by the crystalline structure of the 
CdS-based heterojunction photocatalyst. Additionally, the hetero
junctions are found to display enhanced photo-stability and recyclability 
over bare CdS samples. To date, several CdS-based heterojunction 
photocatalysts for H2 evolution were studied utilizing numerous 
co-catalysts including ions of metal, metal-oxides, metal-sulfide semi
conductors, carbon substances, and so on. The mechanisms of charges 
transportation depends on heterojunction catagories. The CdS-based 
heterojunction photocatalysts are mainly classified into three cate
gories, including: (1) CdS-metal heterojunction; (2) CdS-semiconductor 
heterojunction; and (3) CdS-carbon group heterojunction. The overall 
classification of CdS-based heterojunction is presented in Fig. 5. The 
design, principle and applications of the above-mentioned three cate
gories of CdS based heterojunction photocatalysts are described in de
tails below.

4.1. CdS-based Schottky heterojunction photocatalysts for H2 evolution

In a Schottky heterojunction structure, the metal plays a crucial role 
in the photophysical processes, particularly in the context of light ab
sorption and carrier separation. Metals, due to their unique electronic 
properties, can absorb incident light, leading to the excitation of elec
trons. When light interacts with the metal, electrons in the metal are 
excited from the Fermi level to higher energy states, creating electron- 
hole pairs. These photoexcited electrons and holes can subsequently 
be separated, especially when the metal is in contact with a semi
conductor, forming a Schottky junction [174]. The metal’s work 
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function and the properties of the semiconductor interface are critical 
factors in determining the efficiency of carrier separation. Although 
metals themselves do not typically exhibit significant light absorption in 
the visible range due to their high reflectivity and free electron density, 
they can still interact with electromagnetic waves, particularly in the 
ultraviolet or near-infrared regions. In many Schottky heterojunctions, 
the metal does not directly absorb light in the same manner as semi
conductors, but its role in promoting carrier separation is often linked to 
its ability to create an electric field at the junction. This electric field can 
effectively separate the photogenerated charge carriers, preventing their 
recombination and enabling efficient charge transfer to external circuits 
[174].

The metal in such structures is not typically the primary material 
responsible for light absorption. Instead, it serves as a catalyst that en
hances the efficiency of photocatalytic reactions. Metals, especially 
noble metals like platinum or gold, are known to act as co-catalysts in a 
variety of photocatalytic applications. They are believed to facilitate 
charge transfer processes by providing a pathway for the rapid move
ment of electrons, which can be critical for enhancing the overall pho
tocatalytic performance [175]. By reducing the recombination of 
photogenerated carriers, metals can enhance the overall efficiency of 
photocatalytic processes, despite their limited role in direct light ab
sorption. The Schottky barrier formed at the metal-semiconductor 
interface significantly influences the efficiency of carrier separation. 
The barrier height, determined by the metal’s work function and the 
semiconductor’s electron affinity, dictates how effectively the photo
generated electrons in the semiconductor can be injected into the metal. 
If the barrier is sufficiently low, electrons can move across the junction, 
while holes are left behind in the semiconductor, contributing to an 
efficient photocurrent generation [176]. This behavior is particularly 
useful in devices such as photodetectors, solar cells, and photocatalysts, 
where the separation and transport of charge carriers are key to per
formance. The distinction between EF of semiconductor and metal is the 
factor that drives charge-carriers mobility across Schottky junctions. 
Separate fermi levels, EFm and EFs are located in the incoherent metal and 
n-type semiconductor, respectively. When the semiconductor of larger 
fermi state and metal of lesser fermi state are electrically attached, the 
electrons easily transfer to the metal of higher work-function (WFm ) from 
the semiconductor CB of lower work-function (WFs ), whilst their 
Fermi-levels are being aligned (Fig. 6). As a result, a significant negative 
charges accumulate onto surfaces of metals. Conversely, a great deal of 
positive charges accumulate into semiconductor owing to the migration 
of electrons away from the barrier’s region. This procedure build a 
space-charge barrier at the contact of semiconductor and metal. An 
upward bend within energy band of semiconductor is displayed, thereby 
creating a Schottky barrier. This process also forms an intrinsic electric 

field towards metal from semiconductor. The following Eq. (8) provides 
barrier’s height, 

φb =WFm − Xs (8) 

Here, Xs indicates the electron affinity, which is determined from the 
semiconductor CB edge to the vacuum level. For photocatalysis, the 
Schottky barrier acts as an effective electron trap, providing an excessive 
partial electron density surrounding the co-catalysts, which stops un
wanted electron migration from co-catalysts returning to the semi
conductor [177]. This process largely inhibits recombination of charges 
and increases efficacy of spatial charges-separation.

The inclusion of precious metals onto CdS surface remarkably boosts 
its photocatalytic capability. The noble-metals deposition process which 
not only facilitates it easier to separate photo-excited charge-carriers but 
also lowers overpotential of reduction. Certain precious metals co- 
catalysts like Pd, Pt, Ru, Rh, Au, and Ag are utilized with CdS [178]. 
The improved CdS-based Schottky heterojunctions for H2 evolution have 
been developed through incorporating a number of fascinating nano
structures. Palladium (Pd) has been considered as an advantageous 
cocatalyst owing to its higher availability and energy level which built it 
beneficial for producing H2 [179]. Li et al. [180] found the dramatically 
enhanced photocatalytic H2 evolution on the Pd-decorated CdS nano
catalyst. The optimal 3.83%Pd/CdS nanocatalyst achieved a highly AQE 
of 4.47% and 1.81% under illumination of light at 420 nm and 500 nm, 
respectively without scavenger. Further, in existence of scavenger, the 
3.83%Pd/CdS nanocatalyst obtained a highly AQE of 1.81% and 27.49% 
under illumination of light at 420 nm and 500 nm correspondingly with 
considerable structural stability. The best H2 generation rate on 
Pd-decorated CdS nanocatalyst was better than that of bare CdS by a 
factor of 110. The synergetic interaction between CdS and single Pd 
metal promoted the fast migration of electron from bulk-to-surface. 
Since Pd is more costly than other metals with low Pt content, 
researching approaches to boost the usage of Pd is still a crucial 
challenge.

The affordable approach to enhance H2 productivity is the deposition 
of expensive noble metal NPs especially Pt NPs on CdS periphery. Dong 
et al. [181] reported the newly photo-reduction technique of Pt NPs 
depositing on CdS surface to significantly amplify photocatalytic per
formance for solar H2 production. The optimized Pt–CdS with loading of 
0.75 wt% Pt was constructed through photoreduction route, with exis
tence of aprotective reagents. Pt NPs were properly distributed on CdS’s 
surfaces by the help of NaI and PVP. The optimum 0.75 wt% Pt/CdS with 
4:1 ratio of PVP and NaI presented a maximum H2 yield of 1155.8 μmol 

Fig. 5. Overall classifications of CdS-based heterojunction photocatalysts for 
H2 evolution.

Fig. 6. Schematic of the Schottky barrier at Schottky heterojunction.
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h− 1 (for 5 mg samples equal to 231.16 mmol g− 1 h− 1), corresponds to 
1.8-folds compared to 0.75 wt% Pt–CdS under typical photo-reduction 
process and 17.3-folds compared to bare CdS. An excellent QE of 
39.3% with a good stability was further observed over the obtained 
sample. The superior average H2 evolution rate was achieved because of 
the charges transportation ability of Pt nanoparticles, the decreased 
dimension of Pt NPs on surfaces of CdS, and the expanded Pt–CdS sur
faces. Pt nanoframes (NFs) have gained much interest for their enlarged 
exploitable surface and greater contact potential [182]. Coupling of 
Pt3Pd NFs with CdS was employed to produce H2. The Pt3Pd NFs/CdS 
heterostructure was constructed by Gao et al. [183] through coupling 
CdS with Pt3Pd nanoframes (NFs). The optimum photocatalyst pre
sented an excellent production of H2 up to 92.5 mmol g− 1 h− 1 yielding 
rate, with AQY of 65.9% under 420 nm wavelength. This outstanding 
performance of Pt3Pd NFs/CdS was made possible by the amplification 
of separation and transportation efficiencies of charges because of co
catalyst’s role as trapping centers for the electro-hole pairs.

The surface of CdS modifying by bi-metallic co-catalysts consider
ably promotes photo-activity. The Pt-based bi-metals including Pt–Ru, 
Pt–Mo and so on were significantly utilized in the oxidations of CH3OH, 
CH3CH2OH, and C2H6O2 [184]. Integration of additional metals to Pt, 
catalyst improves catalytic performance while simultaneously lowering 
Pt utilization. The evolution of H2 in photocatalysis usually utilizes CdS 
NRs based multi-component photocatalysts. The Pt–Ru/CdS NRs was 
prepared through chemical-reduction following two steps [184]. The 
Pt–Ru/CdS exhibited an outstanding H2 production of 18.35 mmol g− 1 

h− 1 as a result of interaction of Pt and Ru. This production rate of H2 was 
2.9-folds larger compared to Ru–CdS. The inclusion of Pt and Ru NPs 
increased the lifetime of Pt–Ru NPs, facilitating separation of 
photo-excited charges. Adding Pt–Ru NPs on CdS NRs surfaces consid
erably increased the photo-activity. Doping of non-metals is also a po
tential approach for modulating electronic structures for developing 
effective photocatalysts. The usage of Mo increases the photocatalytic 
effectiveness of CdS. The H2 production rate becomes greater when Pt is 
loaded onto Mo–CdS NRs surface and bare CdS NRs surface. The 
Pt–Mo–CdS displayed superb H2 production of 35.23 mmol g− 1 h− 1 

yielding rate. This production rate was almost 4.72-folds greater than 
that of CdS–Pt. This outperformed photo-activity of Mo–CdS indicated 
the excellent Mo-doping effect on CdS for increasing its performance in 
photocatalysis.

For prolonging photo-excited charge-carriers lifetime, the develop
ment of schottky heterojunction by modification of CdS with precious 
plasmonic metals [185] has demonstrated to be an effective strategy. Ag 
is more appealing than other noble metals due to its potent electrical and 
thermal conductivity, antimicrobial abilities, inexpensive price, and 
nontoxic. The 1D Ag NPs display the wide range of optical and photo
electrochemical features that are closely linked with their 
geometry-dependent plasmon surface resonances [186]. Reduced 
charges-recombination results from the Ag NWs in the photocatalysis 
acting as an expedited method for successfully transporting electrons. 
Xiong et al. [187] constructed the hierarchical1D Ag@CdS of core-shell 
structured NWs composed of CdS NSs/NPs on Ag NWs through 
wet-chemistry route. Due to their distinctive hybrid nano-architecture, 
the obtained hetero-NWs exhibited a significant H2 yielding of 73.5 
μmol h− 1 (for 30 mg catalyst equivalent to 2.45 mmol g− 1 h− 1) into 
water splitting process.

Effectiveness of cobalt-based oxides including CoO, Co3O4 as O2 
production cocatalysts on a variety of semiconductors has been thor
oughly investigated. Kanan et al. [188] reported that Cobalt-phosphate 
(Co-Pi) exhibited an excellent O2 evolution. Co-Pi takes part as hole 
accumulator for diminishing recombination of charges that have been 
stimulated by light. Di et al. [189] demonstrated superior H2 evolution 
efficiency over Co-Pi/CdS NRs. Co-Pi-CdS NR was constructed through 
photo-deposition process. The ideal Co-Pi-CdS has an outstanding H2 
yields of 13.3 mmol g− 1 h− 1 upon illumination of visible light, which 
was superior compared to 1 wt% Pt/CdS. The optimal Co-Pi/CdS 

presented an AQE of 24.3% under 420 nm. The observed enhance
ment can be attributed to the Co-Pi co-catalyst’s capability of trapping 
holes, efficient inhibition of photo-excited charges recombination and 
augmenting the electron density, leading to increased H2 production.

Electric featured of MoS2 are modified by inclusion of MoS2 with 
transitional metals. Gopannagari et al. [190] constructed 
Fe–Co–MoS2/CdS NRs through a facile process. The obtained 
Fe–Co–MoS2/CdS nanocomposite presented the superior production 
activity. The maximum H2 of 350 mmol g− 1 h− 1 was observed. This 
efficiency was 58-folds as compared to pristine CdS. This result was 
owing to the synergic relationship of MoS2 with hetero-atom doped. This 
synergic effect facilitated separation sufficiency of photo-induced 
charges. This outstanding H2 production rate also benefitted from the 
abundant edge sites, the improvement of charges transportation.

The morphologies of CdS-TMPS photocatalytic systems can obvi
ously affect photocatalytic efficiency. Due to the benefits of having 
larger surfaces, active sites, and stronger heterojunction coupling with 
TMPS, 2D CdS NSs often display highly effective photocatalysis in 
contrast to 0D (or 1D) CdS. The catalytic efficacy of 2D CdS NSs depends 
on their thickness. Creating 2D-2D photocatalysts has emerged as a key 
strategy for achieving the best photocatalytic efficiency. Gai et al. [191] 
synthesized CoP–CdS heterojunction. An outstanding generation of H2 
was obtained 56.3 mmol g− 1 h− 1 over CoP–CdS by visible range illu
mination. This H2 production rate was 11.3-folds more than puer CdS. 
This enhancement was benefitted from an excellent photocatalytic 
performance of CoP and the speed up charges separation and trans
portation. CoN NPs acts as a predator to trap photo-electrons. Chen et al. 
[192] constructed the CoN/CdS hollow nanosphere (CoN/CdS-HS) 
through in-situ adsorption deposition process by following nitro
genization treatment. The optimum CoN/CdS-HS photocatalyst with 
loaded 15% CoN featured an outstanding H2 generation with 58.80 
mmol g− 1 h− 1 with highly durability. This rate was 4.57-folds better as 
compared to bare CdS-HS upon illumination of light in visible range. 
This corresponds to an AQE of 23.53% was also observed under 
visible-light (405 nm). This increased activity was due to the strong 
optical absorption, the promoted charges-separation, the accelerated 
transportation of photo-induced charges, and the lowered interface 
resistance owing to the hollow spherical shape of CoN/CdS-HS 
photocatalyst.

Although, the noble metals including Pt on CdS could collect photo- 
excited electrons and function as reactive-sites for H2 evolution. The 
exorbitant price and rarity of noble metals prevents their widespread use 
in the evolution of H2 via splitting water. The cost-effective and efficient 
non-noble metals, sulphide and grapheme need to be soughted as al
ternatives. Ni is gaining popularity in photocatalytic processes for lower 
expensive. Ni is a fantastic ligand among a variety of transition metals. 
The H2 production rate was significantly influenced by Ni NPs di
mensions [193]. The optimization of Ni inclusion could accelerate sep
aration of charges through generating shallower surface states for 
accumulating photo-induced electrons. Charges recombination, 
electro-chemical impedence, and band-gap of Ni–CdS are the vital fac
tors for enhancing photocatalytic H2 evolution efficiency. These factors 
are apparently lower to pure CdS. It also promotes optical absorption 
efficiency by reducing bandgap of CdS photocatalyst [194]. This further 
highlights the significance of Ni-composites including Ni(OH)2, NiO and 
NiS, which are utilized as co-catalysts for H2 production [195]. 
Employment of Ni-composites co-catalysts with CdS enhanced water 
splitting efficiency effectively when illuminated by visible light, 
providing excellent H2 evolution rates. For instance, Ke et al. [196] 
prepared NiS-deposited CdS-DETA through a rapid and facile photo
chemical route. The maximum 230.6 μmol h− 1 (7.49 mmol g− 1 h− 1) H2 
yield rate was obtained on NiS/CdS-DETA photocatalyst, which was 
8.42 and 1.72-folds better to bare CdS NPs and CdS-DETA. This 
improvement was because of the amplified charges-separation as a 
result of gwowing in situ of NiS NPs on CdS-DETA. Zheng et al. [197] 
fabricated the core-shell nanostructured Ni/(Au@CdS) photocatalyst via 

A. Islam et al.                                                                                                                                                                                                                                    International Journal of Hydrogen Energy 101 (2025) 173–211 

185 



the hydrothermal method following photodeposition. Ni/(Au@CdS) 
demonstrated remarkable H2 generation of 3.882 mmol g− 1 h− 1 yielding 
rate. This also presented an AQE of 4.09% under 420 nm. This 
improvement of photocatalysis was due to synergy of plasmonics and 
co-catalyst.

Ni-doping and Ni NPs of controllable size were concurrently intro
duced on CdS NRs through employing a simple and adjustable ALD 
reduction process to enhance its photocatalytic efficiency [198]. The 
produced Ni NPs-Ni/CdS NRs showed 20.6 mmol g− 1 h− 1 rate of H2 
production. This H2 production efficiency was larger compared to 
smaller size Ni NPs supported CdS NRs and bare CdS NRs by the factors 
of ~1.3 and 28.6, respectively. The outperformed AQE of 37.5% was 
also observed over this Ni NPs-Ni doped CdS NRs under 420 nm. The 
exceptional photocatalytic capability was because of a synergistic 
interaction between adding of Ni and evenly distributed. This synergistic 
effect facilitated charge-carriers separation. Nakibli et al. [199] suc
cessively studied the performance of Ni–CdSe@CdS NRs of numorous Ni 
NPs dimensions in photocatalysis. The combination of Schottky barrier 
and Electrostatic barrier charged energy connecting Ni and CdS could be 
the reason for the effect of Ni dimension on charge mobility. Chemical 
reduction was employed to develop the high-crystallization Ni NPs, and 
photo-reduction was employed for loading them onto the CdS surface 
[200]. The extended surface area of Ni–CdS was measured by BET 
procedure, which was larger compared to that of CdS NRs. The opti
mized 4%Ni–CdS sample presented outstanding H2 production effi
ciency of 25.848 mmol g− 1 h− 1 yield rate, and QE of 26.8% with 
excellent stability even after 20 h at 420 nm in existence of (NH4)2SO3 
reagents. This enhancement was because of superior capability to absorb 
visible-light, the extended Ni/CdS surface area, and the photoinduced 
electron trapper feature of Ni owing to the introduction of Ni NPs.

Though nickel-cobalt bimetals sulfide is rarely reported by the 
photocatalysis, but it can still deliver a novel sight to design a photo
catalyst. To further boost the photocatalytic HER efficiency, Ni–Co–S 
NPs with a 0D structure can increase particular surfaces, minimize the 
photo-generated electron transferring method and suppress photo- 
corrosion to boost photo-stability [201]. Through a simple hydrother
mal approach, Pan et al. [202] prepared the active-faceted Ni–Co 
bi-metals sulfide adapted CdS NRs. The hydrothermal approach was first 
used to construct the CdS NRs, after which Ni–Co–S NPs were deposited 
to their surfaces. The as-prepared Ni–Co–S/CdS presented a clearly H2 
evolution of almost 6.56 mmol g− 1 h− 1 yielding rate, which was almost 
240-folds increased photocatalytic capability when compared to normal 
CdS. The functional facets prompted photo-excited electron aggregation 
at the surface to boost H2 production process. Pt-like actions of Ni–Co–S 
encouraged photo-induced electrons to transfer/diffuse into water. CdS 
NRs and Ni–Co–S NPs’ lower dimentions stipulated adequate H2 pro
duction reactive-sites and decreased the transferring path, which was 
confirmed by electrochemical analyses. A stable PdNi alloy could be 
prepared utilizing Ni [203]. Compared to Pd, PdNi hollow structured 
catalysts greatly improved the electro-catalytic efficiency. It is infre
quently employed as a co-catalyst on CdS. Ba et al. [76] used a 
solvo-thermal process to prepare 2D snowflake-shaped CdS. Using a 
galvanic substitution technique, Pd–Ni hollow alloys of various com
positions were created and painted on CdS surfaces. The production of 
PdNi hollow NPs (HNPs) as well as PdNi HNPs decorated CdS 
(PdNi/CdS) were both shown by structural microscopic and spectro
scopic investigation. The photocatalysis reaction for H2 production was 
conducted while being exposed light of 420 nm wavelength. The 
maximum H2 production with 54 mmol g− 1 h− 1 yield rate on 
Pd1Ni1/CdS was 1.7-folds greater to that of Pd/CdS and had a QE of 
63.97% using light of 420 nm wavelength. The potent interaction of CdS 
and Pd1Ni1 HNPs, along with the development of the alloy’s distinctive 
hollow structure and porous nature were increased quantities of func
tional sites for producing H2. The interaction of Pd and Ni, and 2D CdS 
structure increased portability of photo-excited charges and reduced the 
rate of charges-recombination.

The establishment of a non-rectifying ohmic contact between TiN 
and CdS has been extensively studied as a fundamental aspect of CdS- 
metal heterojunctions. Ohmic junctions, unlike Schottky contacts, 
facilitate seamless charge transport without significant barrier forma
tion, which is critical for photocatalytic and electronic applications. In 
the TiN/CdS system, the work function alignment between the metallic 
TiN and the CdS semiconductor was achieved, ensuring minimal energy 
barriers for electron transfer at the interface. This characteristic enabled 
efficient bidirectional current flow, a defining feature of non-rectifying 
ohmic contacts. The formation of the TiN/CdS heterojunction was 
typically achieved through deposition processes such as magnetron 
sputtering, pulsed laser deposition, or thermal evaporation. During the 
fabrication, TiN films were deposited as a conductive layer onto the CdS 
surface, ensuring uniform contact. The resulting ohmic junction 
exhibited low contact resistance, attributed to the favorable band 
alignment between the Fermi level of TiN and the conduction band of 
CdS. Such alignment minimized potential barriers and enhanced carrier 
injection efficiency [204,205]. Similar behavior was observed in other 
metal-semiconductor ohmic contacts, such as Ti/CdS and Au/CdS 
junctions, where low-resistance contacts were formed by careful control 
of deposition conditions and interfacial engineering [206]. In the Ti/CdS 
system, the Ti metal’s work function closely matched the CdS conduc
tion band, further enhancing electron transport. Similarly, Au/CdS 
ohmic contacts showed effective charge transfer due to interfacial 
modification with sulfur passivation, reducing defects and promoting 
bidirectional current flow.

The absence of rectification in the TiN/CdS junction was confirmed 
through current-voltage (I–V) measurements, which displayed linear 
characteristics over a wide voltage range. These measurements 
demonstrated that the TiN/CdS interface allowed for symmetrical 
electron flow, indicative of an ohmic behavior. Additionally, the inter
facial properties were influenced by the surface states and defect levels 
in CdS, which were mitigated through annealing and surface passivation 
processes to improve contact quality [207]. In addition to TiN/CdS, 
heterojunctions such as Pt/CdS and MoS₂/CdS also demonstrated 
non-rectifying ohmic behavior. In the Pt/CdS system, the high conduc
tivity of Pt enhanced electron transport across the interface, improving 
photocatalytic performance in hydrogen evolution [208]. Similarly, the 
MoS₂/CdS ohmic contact benefited from strong interfacial bonding and 
synergistic effects between the semiconductor and transition metal 
dichalcogenides, enabling efficient electron injection and separation of 
photo-generated carriers [209].

The non-rectifying nature of the TiN/CdS ohmic contact played a 
pivotal role in enhancing photocatalytic hydrogen evolution. The 
improved charge transport across the interface reduced recombination 
losses and promoted effective separation of photo-generated carriers. 
This enhancement was particularly beneficial in photocatalytic systems 
where rapid charge transfer is critical for sustaining redox reactions at 
the catalyst surface [210]. Moreover, the thermal and chemical stability 
of TiN ensured the durability of the junction under operational condi
tions, further establishing TiN/CdS heterojunctions as a promising ar
chitecture for advanced photocatalytic and optoelectronic applications. 
These findings paralleled observations in Ag/CdS ohmic contacts, where 
the Ag layer provided robust interfacial conductivity and oxidation 
resistance, enhancing long-term operational stability [211]. Future ef
forts should focus on optimizing deposition conditions, interfacial en
gineering, and exploring alternative metal-semiconductor combinations 
to further improve the performance and reliability of such ohmic 
contacts.

To date, among various non-noble metal co-catalysts, a number of 
practical substitutes for Pt-based co-catalysts have been shown to be 
transition metal phosphides (TMPs), which have undergone extensive 
research. Ni2P is a suitable alternative to Pt noble metal. Ni and P sites 
positioned on the surface of Ni2P (001) displaying a combined effect, 
which allowed proton-accepting and hydride-accepting sites to simul
taneously speed up the process of H2 production. Ni2P acted as an 
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effective co-catalyst for recovering electrons from semiconductor with a 
lesser H+ reduction overpotential for producing of H2. Investigations 
and development have been conducted on several CdS–Ni2P hybrids. For 
instance, Cai et al. [212] prepared the Ni2P/CdS NRs photocatalyst by 
anchoring the surface of CdS NRs with Ni2P NPs through solvo-thermal 
process. The resulting 2 wt% Ni2P/CdS NRs showed H2 production with 
2.602 mmol g− 1 h− 1 rate. This rate was 20-folds more than pristine CdS 
NRs. The as-synthesized photocatalyst exhibited a highly stability, 
which was better as compared to Pt/CdS NRs. The significant efficiency 
was benefitted from effectively faster charges-separation and migration 
because of the constructed core-shell structured Schottky heterojunction 
contact. The 2D/2D Ni2P/CdS NSs was constructed for H2 production by 
Huang et al. [139]. The Ni2P NSs were combined with snow-flake CdS. 
The optimum 5 wt% Ni2P/CdS showed superb H2 production with 
58.33 mmol g− 1 h− 1 yielding rate along with QE of 34.38% under 420 
nm. Ni2P/CdS heterojunction construction remarkably promoted 
charges-separation. Ni2P provided a plentiful reactive-sites for produc
ing H2.

Ni3S2 NS arrays anchored on nickel-foam (NF) were constructed by 
Feng et al. [213]. The obtained sample exhibited an effective and superb 
stable electro-catalytic performance for H2 production. Ni3S2 is regarded 
as an exciting substance for usage in photocatalysis considering the 
outstanding qualities of the Ni3S2/NF. By combining the CdS and Ni3S2 
NSs anchored on Ni foam (NF), Chao et al. [89] developed the film-like 
CdS–Ni3S2/NF for the initial time with multiple interfaces or junctions. 
With an exceptional H2 production reaching 100.50 mmol g− 1 h− 1, the 
resulting photocatalyst performed 6.8-folds better than 2 wt% 
Pt/NF–CdS. Abundant surfaces or interjunctions between CdS and Ni3S2 
NSs and the remarkable kinetics of Ni3S2 NSs to convert to H2 from water 
contributed to this remarkable photocatalytic efficiency. Solvo-thermal 
process was used to combine CdS and Ni2P in the majority of experi
mental research. Ma et al. [214] prepared the Ni2P/CdS/Ni photo
catalyst by loading of Ni2P on the Ni–CdS nanospheres. The optimized 
Ni2P/CdS/Ni-3 with 3.7% Ni2P loading exhibited superb photocatalytic 
H2 production with 176.6 mmol g− 1 h− 1 yielding rate upon visible light 
irradiation, which was 63-folds of the pristine CdS. This rate is the 
largest H2 production rate according to Fig. 7. This outstanding per
formance of the sample benefitted from the promoted 
charges-separation and the improved transportation of photoinduced 
charges, and efficient suppression of charges-recombination because of 
loading of Ni2P. The bandgap was shortened as a result of the doping of 

Ni cations in the CdS lattice. Fig. 7 presents the performances of 
multi-structures Ni-based CdS heterojunction photocatalysts. The H2 
evolution performances of CdS-based schootky heterojunction 
photo-catalysts are shown in Table 3.

4.2. CdS-semiconductor heterojunction photocatalysts for H2 evolution

A hybrid photocatalytic system made of two distinct semiconductors 
with uneven band structures is the semiconductor-semiconductor het
erojunction [173]. Coupling semiconductors have been created as an 
effective design to produce heterojunctions with the improved contact 
charge separation and transportation, the longer visible-light absorbing 
capacity, and the enlarged photocatalyst surface area [220]. The pho
tocatalytic quantum efficiency was also greatly improved by the heter
ojunction crystal structure. The CdS-semiconductor heterojunction 
photocatalysts can be mainly classified into four catagories (Fig. 8), e.g., 
i) CdS-based conventional heterojunction photocatalyst; ii) CdS-based 
p-n heterojunction photocatalyst; and iii) CdS-based Z-scheme hetero
junction photocatalyst; iv) CdS-based S-scheme heterojunction photo
catalyst, which are discussed below:

4.2.1. CdS-based convensional heterojunction photocatalyst
The CdS-based conventional heterojunction is a hybrid photo

catalytic system containing CdS and other semiconductors of uneven 
band structures, leading to band alignments. Conventional hetero
junction photocatalysts can be categorized according to their band 
alignment in three ways: type-I, II, and III. In type-I heterojunction, VB 
and CB levels of narrower bandgap are enclosed in those of the larger 
bandgap. According to Fig. 8a, semiconductor-I (SC–I) has a greater CB 
than semiconductor-II (SC-II), although Semiconductor-II has a lower 
VB [221]. When a light source is illuminated, semiconductor-II accu
mulates holes and electrons at VB and CB, correspondingly. These 
accrued electrons at semiconductor-II CB transmit to it surface and 
conduct reduction process. For instance, Ma et al. [224] observed the 
greatly enhanced H2 yielding of 1.75 mmol g− 1 h− 1 over type-I 
CdS/MoS2 core-shell.

Transition metal-based dichalcogenides have been studied as 
outstanding performance photocatalysts by Sumesh et al. [225] because 
of 2D architecture and distinct photo-electrons features. Advancement 
of photocatalytic H2 production urgently needs inexpensive catalysts as 
well as earth-abundant. MoS2 has the potential cheap, efficient and 

Fig. 7. Performances of multi-structures Ni-based CdS-based schootky heterojunction photocatalysts for photocatalytic H2 evolution (Ni2P/CdS NRs [212], core-shell 
nanostructured Ni/(Au@CdS) [197], Ni–Co–S/CdS NRs [202], Ni NPs-Ni doped CdS NRs [198], 4%Ni–CdS NRs [200], snowflake-shaped Pd1Ni1/CdS [76], 
snowflake-shaped 2D/2D Ni2P/CdS [139], film-like CdS–Ni3S2/NF [89], 3.7% Ni2P@CdS–Ni-3 nanosphere [214]).
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stable co-catalyst for substituting precious metal Pt as co-catalyst. MoS2 
has three atomic layers and an S–Mo–S structure. MoS2 is considered to 
be a viable photocatalyst for photocatalytic H2 production. A common 
field of study is adding MoS2 as a co-catalyst with CdS. Compared to 
CdS, lower CB of MoS2 built it simply to travel photo-excited electrons to 
MoS2 NSs. When exposed to light in visible range, majority of 
photo-induced charges recombined in clean CdS, only a tiny portion 
took part in the photocatalysis, leading to a slower rate of H2 production. 
Electrons produced in CdS migrate to MoS2 after the construction of 
MoS2/CdS heterojunctions and thereafter absorb by H+ to form H2, 
because of compatible energy band potentials. Additionally, the inti
mate contact between MoS2 and CdS develop through one-step approach 

can successfully facilitate the transport of electrons. Charge recombi
nation is significantly decreased. The photocatalytic production of H2 is 
greatly increased by forming of a heterojunction between CdS and MoS2 
NSs. The researchers have developed heterostructures employing a va
riety of structures, including MoS2/CdS nanospheres [224], MoS2/CdS 
core-shell [226], and MoS2/CdS microboxes [227]. Fig. 9 compares the 
rate of photocatalytic H2 production using different MoS2/CdS type-I 
photocatalyst complexes.

In order to allow for the possibility of electron transport, MoS2 was 
loaded on CdS surface. CdS NW and MoS2 were generally joined together 
forming type-I heterostructure because of structural properties of the 
materials. In a two-step method, Zhao et al. [221] evenly distributed 

Table 3 
Performances of CdS-based schootky heterojunction photo-catalysts for H2 evolution from water splitting.

Catalysts Co-catalysts Morphology Synthetic methods H2 evolution rate (mmol g− 1 h− 1) Reference

Pt/CdS-histidine Pt; histidine 0D – 21.35 [141]
Au@CdS Au 0D wet chemical and hydrothermal 1.041 [142]
CdS/TiN TiN 1D – 86.1 [137]
Pt/CdS Pt with PVP & NaI 0D modified photoreduction 231.16 [181]
Pt3Pd NFs/CdS Pt3Pd NFs 0D – 92.5 [183]
Pt–Ru/CdS Pt; Ru 1D two-step chemical reduction 18.35 [184]
Ag@CdS core-shell HNWs Ag 1D wet-chemistry route 2.45 [192]
Co-Pi/CdS Co; Pi 1D photo-deposition 13.3 [189]
Fe–Co–MoS2/CdS Fe; Co; MoS2 1D Heteroatom deposition 350 [190]
Ni/(Au@CdS) Ni; Au 1D hydrothermal 3.882 [197]
Ni NPs/Ni doped CdS ​ 1D ALD-reduction 20.6 [198]
Ni/CdS Ni 1D chemical reduction 25.848 [200]
CdS/Ni–Co–S Ni; Co; S 1D hydrothermal ~6.56 [202]
Bi/Ni–CdS Bi; Ni 0D one-pot process 5.2944 [75]
Ni2P/CdS NRs Ni2P 1D in-situ solvothermal 2.602 [212]
NiS/CdS NiS 0D chemical precipitation 7.49 [215]
Pt/CdS Pt 1D – 4.87 [216]
Mo-doped CdS Mo 1D one-pot solvothermal 14.62 [217]
Mo–CdS/Pt Mo; Pt 1D – 35.23 [217]
5d1Ni1/CdS Pd1; Ni1 2D solvothermal; galvanic replacement 54 [76]
CdS–CoP CoP 2D hydrothermal 56.3 [191]
CdS@CDs/Pt–SAs CDs; Pt; SAs 2D – 45.5 [138]
Ni2P/CdS Ni2P 2D – 58.33 [139]
CoN/CdS-HS Co; N 3D CoN/CdS-HS 58.80 [192]
NixCdyS Nix 3D – 8.45 [198]
CdS–Ni3S2/NF Ni3S2 2D – 100.50 [89]
Ni2P@CdS–Ni-3 Ni2P; Ni 3D two-step thermal treatment growth; chemical reduction 176.6 [214]
Pt–C@CdS-HS Pt; C 3D hydrotherma 20.9 [218]
Co@NC/CdS Co; N; C 3D – 8.2 [219]

Fig. 8. The band alignment and the separation of electron-hole pairs in the CdS-semiconductor heterojunction photocatalysts: a-b) CdS-based conventional het
erojunction photocatalysts; c) CdS-based p-n heterojunction photocatalyst; d) CdS-based direct Z-scheme heterojunction photocatalysts; e) CdS-based S-scheme 
heterojunction photocatalyst (type-I [221]; type-II [222]; direct Z-scheme [223]; and S-scheme [54]).
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MoS2 NSs over CdS NWs surface for constructing CdS/MoS2 (CM) 
composites. The MoS2/CdS NWs having a molar proportion of 1:0.3 
(CM-0.3) produced H2 with 1.79 mmol g− 1 h− 1 yielding rate. This was 
35.8-folds more rapid than the rate of naked CdS NWs. This significant 
production of H2 was attributed to strong optical absorbtion efficiency of 
MoS2. Separation of charges was aided by the creation of heterojunction 
between CdS and MoS2, which also prevented CdS photo-etching. 
Sparing and uniformly distribution of MoS2 helped prevent the shad
owing effect of CdS when light was directly exposed to it. As Fig. 9, this 
H2 production rate over MoS2/CdS NWs was the lowest rate among the 
other MoS2/CdS photocatalysts. Excessive MoS2 NSs impeded the 
capability of CM composite ability to produce H2 and restricted the light 
adsorption of CdS. A straightforward hydrothermal process was used by 
Zhang et al. [228] for developing willow-branch structured MoS2/CdS 
heterojunctions. Under illumination of visible range, with 250.8 μmol 
h− 1 yielding rate for 80 mg photocatalyst (=3.135 mmol g− 1 h− 1 

yielding rate), the optimized 5 wt% MoS2/CdS (MC-5) demonstrated an 
increased photocatalytic H2 evolution that was about 28-folds faster 
than that of pure CdS. The resulting MC-5 sample also exhibited a 
considerable AQE 3.66% at 420 nm. This photocatalytic efficiency of 
MC-5 was responsible for forming of type-I MoS2/CdS heterojunction. 
Such type of heterojunction led to promote optical absorption ability in 
visible range, accelerate charges-separation and transportation, and 
suppress charge recombination. The directional transportation of elec
trons capabilities of 1D CdS NWs is outstanding. The 1D multinode 
MoS2/CdS hetero-NWs were constructed by Lin et al. [229], and they 
produced H2 with 10.85 mmol g− 1 h− 1 yielding rate. But during syn
thesis techniques, sulfur source was predominantly Thiourea [234] and 
thioacetamide [235] were predominantly utilized in fabrication process. 
Its reaction was speedy. Thus, for controlling its growth rate, PVP and 
glucose were employed as reagents [236]. 2D/2D type-I MoS2/CdS 
heterojunction was febricated by Xiong et al. [237]. During visible light 

illumination, the 2D/2D 7 wt% MoS2/CdS sample demonstrated highly 
H2 production of 18.43 mmol g− 1 h− 1 within lactic acid, which was 
6-folds greater to that of pristine 2D CdS sample. Charges separation and 
transportation were much enhanced. Further charges recombination 
was significantly reduced in MoS2/CdS heterojunction.

An effective and simple approach has to be further developed. Pri
marily, combinations of MoS2 and CdS are primarily centered on hy
drothermal route. Fu et al. [225a] constructed the type-I MoS2/CdS 
nanocomposites by decorating MoS2 NSs on CdS nanodiamond surface 
via hydrothermal route. The optimum 6 wt% MoS2/CdS demonstrated 
an enhanced H2 generation of 32.94 mmol g− 1 h− 1 yielding rate. When 
compared to naked CdS nanodiamonds, this was three times larger. The 
ideal optical adsorption spectrum, the low rate of 
charges-recombination, the additional charges creation, outstanding 
charges transmission efficiency, and higher donor concentration were 
all credited with the improved photocatalytic effectiveness. Zhang et al. 
[238] developed the new MoS2/CdS nanoheterojunction through a 
simple hydrothermal route, which showed an excellent H2 production 
efficiency. The H2 production rate on 15%MoS2/CdS reached to 35.24 
mmol g− 1 h− 1 and significant photo-durability for 4-cycles, which was 
85.95-foldes better compared to CdS. The formation of type I hetero
junction was credited with this superior improved photocatalytic effi
ciency. The active site of MoS2 exists at the edge, but the basal plane is 
inactive in catalysis [239].

Production of MoS2/CdS nanostructures with intriguing morphol
ogies has experienced exciting advancements. The majority of the 
documented synthesis processes involve two or more challenging steps, 
which hinders the manufacture of photocatalysts on a broad scale. A 
very desirable objective is to create a straightforward, mild, and 
affordable method for creating MoS2/CdS nanostructures with distinc
tive morphologies. MoS2/CdS heterostructures have been fabricated by 
employing numerous techniques. Multi-step preparation, time 

Fig. 9. The comparison of photocatalytic H2 production rate over the different type of structures of MoS2/CdS type-I photocatalysts and the schematic illustration of 
the mechanism of photocatalytic H2 generation for the CdS@MoS2 nanoheterostructures using potentials of water reduction and oxidation as a comparison (MoS2/ 
CdS NWs [221], MoS2/CdS NWs [229], MoS2/CdS QDs [230], MoS2/CdS NRs [231], MoS2/CdS NDs [225a], MoS2/CdS core-shell [226], MoS2/CdS [232], 
MoS2/CdS [233]).
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expending and lower production efficiency are the shortcomings of these 
techniques. The creation of a quick and efficient synthesis method for 
MoS2/CdS is very important. Hydrothermal process are considered as a 
promising synthetic process for facile operation and cost-effective [240]. 
Wu et al. [226] utilized PVP, CH4N2S, H24Mo7N6O24⋅4H2O, and 
C4H6O4Cd⋅2H2O via hydrothermal process for constructing MoS2/CdS. 
An outstanding H2 evolution of 775 μmol h− 1 yielding rate for 20 mg 
photocatalyst (equivalent to 38.750 mmol g− 1 h− 1 yielding rate) was 
obtained over MoS2/CdS heterostructure. By wrapping an overlayer that 
performs energy conversion catalytic, safeguarding, core-shell structure 
could provide a photocatalyst enhanced performance and durability 
[241]. Through a straightforward hydrothermal process, Yin et al. [233] 
constructed CdS@MoS2 core-shell nanostructures. The optimum 
CdS@MoS2 heterostructures exhibited an outstanding H2 production of 
62.55 mmol g− 1 h− 1 yielding rate. This was 148-folds better to bare CdS 
sample. As Fig. 9, this H2 production rate over MoS2/CdS NWs was the 
highest rate among the other MoS2/CdS photocatalysts. The construc
tion of 2D/2D heterojunction photocatalysts has drawn increased in
terest because of its inherent advantages, including their extended 
contact interfaces, low charge-migration path, and abundance reactive 
sites, all of which are advantageous for improvement of photocatalytic 
efficacy.

Owing to their distinct physicochemical features, 2D transitional 
metal phosphorous chalcogenides (MPCx) have gained attention in 
catalysis [242]. Wang et al. [243] reported that 2D NiPS3 nanosheets 
under xenon light irradiation produced H2 with 26.4 and 74.67 mmol 
g− 1 h− 1 yield rate into water and Na2S/Na2SO3 aqueous solution, 
respectively. On numerous semiconductor photocatalysts, the use of the 
MPCx family is a generic platform for significantly improving 
photon-excited H2-production performance. The NiPS3/CdS type-I het
erojunction photocatalyst demonstrated 13.6 mmol g− 1 h− 1 H2 yielding 
efficiency utilizing visible-light, which was 16.67-folds higher compared 
to bare CdS sample [244]. This improvement benefited from NiPS3/CdS 
type-I heterojunction’s highly correlated interface, faster separation and 
transportation of charges, quantity of atomic P/S facilities, and func
tional base S locations on NiPS3 extremely thin NSs. In type-I hetero
junction photocatalyst, effective separation of electron-hole are 
inhibited by accumulating both holes and electrons on same semi
conductor. Consequently, redox process occurring on semiconductor 
having reduced redox potential value greatly reduces redox capacity. 
Further, in a type-I heterojunction, charges are pushed towards a nar
rower bandgap semiconductor, where they easily recombine.

Positions of VB and CB are distinguished between two semi
conductors in type-II heterojunctions. This results in an accumulation of 
opposing charges at each site, preventing the charges from being 
recombined. As Fig. 8b, for type-II heterojunction, semiconductor-I 
(SC–I) possesses higher negative CB and less positive VB compared to 
semiconductor-II (SC-II). Photo-excited electrons and holes migrate to 
semiconductor-II and semiconductor-I, respectively, under the influence 
of light. Pairs of hole and electron become spatially separated [131]. 
Rapid mass transfer, a broad spectrum of optical absorbing capability, 
and excellent effective charges-separation are all characteristics of 
type-II photocatalysts [245]. Photocatalyst of type-II is the utmost 
effective conventional photocatalyst that improves photocatalytic effi
cacy amongst those mentioned heterojunctions. Several 
metal-oxides/metal-hydroxides such as ZnO, Ni(OH)2, etc., have been 
successfully utilized as co-catalysts for enhancing H2 production effi
ciency of CdS in photocatalysis due to their superior chemical and 
physical features, excellent photo-durability, significant oxidation pro
ductivity, and ecological friendliness. For instance, Qiu et al. [70], 
studied the impact of nature of surface-loaded nickel compounds on CdS 
in evolution of H2. The CdS nanoflakes were embellished with Ni(OH)2 
NPs using a simple photo-deposition process. The optimaized Ni 
(OH)2/CdS-3 photocatalyst produced H2 with 20.14 mmol g− 1 h− 1 

yielding rate and good photo-stability. The observed rate was almost 
3-folds more compared to pristine CdS. An AQE of 8.7% at 420 nm and 

2.4% at 500 nm were observed for the optimized sample. Sabstantial 
visible light absorption, enlarged particular area of surface, and trig
gered charges separation and transfer were benefited from type-II ban
d-alignment. Zhang et al. [246] constructed CdS–Ni(OH)2 photocatalyst 
of hexagonal pyramid architecture. The optimal CdS–Ni(OH)2 sample 
delivered outstanding H2 production with 29.51 mmol g− 1 h− 1 yielding 
rate. This rate was better than that of CdS–Pt and hexagonal pyramid 
CdS by factors of 1.9 and 5.6, respectively. This enhanced rate was 
because of forming type-II photocatalyst involving Ni(OH)2 and CdS. 
Such a heterojunction provided enhanced effectively charge-separation. 
Owing to synergistic behavior of the bi-metals or tri-metals, the alloy 
co-catalyst can boost the photocatalytic function. For example, the 
amplification of photocatalytic performance of H2 production by split
ting of water was reported by Gao et al. [183] using the 
multi-heterostructured Pt NF–Ni(OH)2–CdS whereas (NH4)2SO3 acted as 
sacrifice was achieved. The obtained Pt NF–Ni(OH)2–CdS exhibited an 
outstanding production of H2 of 44.05 mmol g− 1 h− 1 yielding rate with 
QE of 58.89% (at 420 nm).

The type-II heterojunction involving ZnO and CdS is anticipated for 
showing close interaction and effective separation of charges because of 
its suitable lattice arrangement and appropriate band positioning. The 
type-II heterojunction CdS/ZnO core-shell nanofibers exhibited good 
photocatalytic activity for H2 synthesis. A significant contact interface 
was present in CdS/ZnO core-shell structure, which further improve 
effectiveness of electron-hole pair separation. Consequently, compared 
to ZnO and CdS alone, ZnO/CdS displayed greater H2 production rate in 
photocatalysis. An effective and durable photocatalyst requires careful 
consideration of its surface qualities, crystallinity, band structure, ma
terial selection, and geometry of a heterojunction photocatalyst. A 
feasible substance for the production of H2 is CdS–ZnO core-shell NW. 
For instance, Tso et al. [247] constructed CdS–ZnO core-shell NWs. ZnO 
shells have the potential to both promote electron-hole separation and 
avoid photo-corrosion in CdS NWs. The as-prepared CdS–ZnO core-shell 
NWs exhibited an improved H2 production performance of yielding rate 
of 9618 μmol g− 1 at the 4-th hour with better stability in acid solution, 
which was 2-times greater compared to CdS NWs. More prolonged 
charge-carriers recombination duration along with proper band align
ment were credited for the improved capability of H2 production. H2 
generation efficiency was higher over CdS–ZnO with thinner ZnO layers, 
because of the reduced the possibility of change-carrier recombination 
and the amplified optical absorption ability. CdS–ZnO core-shell NWs 
with a ZnO layer that was 10 nm thick had the maximum efficiency. The 
type-II heterojunction involving ZnO and CdS is anticipated for showing 
close interaction and effective separation of charges because of its 
suitable lattice arrangement and appropriate band positioning. The 
photocatalytic capabilities could be effectively enhanced by ultra-small 
heterostructures. Guo et al. [248] constructed the ultra-small ZnO/CdS 
heterojunction through a two-step heteroepitaxial growth process. The 
development of core-shell heterostructures was significantly aided by 
anion exchange. In an existence of S2− and SO3

2− , the resultant ZnO/CdS 
demonstrated significant H2 evolution of 6.696 mmol g− 1 h− 1 yielding 
rate and outstanding photo-stability for about 72 h. This enhanced ac
tivity of the as-prepared nanoscale photocatalyst was superior to bulk 
ZnO/CdS heterostructures. This improvement of photocatalytic activity 
and the excellent photo-stabilty was benefitted from the construction of 
the type-II band-alignment as well as its tiny shape. Such a type-II het
erojunction played a vital role in promoting the effective 
charges-separation and reducing the charge-carriers’ transfer length.

Owing to a discrepancy in the lattices of wurtzite ZnO and wurtzite 
CdS, ZnO shell adheres to CdS core as NPs instead of a overlay. The 
CdS@Al2O3@ZnO heterojunctions were prepared by Ma et al. [249] 
employing a straightforward ALD process through introducing 
extremely thin Al2O3 bridge interlayer into interface between CdS core 
and ZnO shell. A maximum H2 evolution of 1190 mmol m− 2 h− 1 yielding 
rate was determined in optimal CdS@Al2O3@ZnO, which was 2.17-folds 
greater than that obtained for CdS@ZnO. An AQY of 31.14% was also 
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observed at 420 nm wavelength. In CdS/Al2O3/ZnO, photo-excited 
electrons were adequately diminished by H2O in order to form H2 
after tunneling to ZnO shell from CdS core. Al2O3’s fixed negative 
charges are effective at consuming the photogenerated holes. The 
wurtzite ZnO and wurtzite CdS lattice mismatch was successfully 
modified by Al2O3 interlayer. This facilitated it being easier for the ZnO 
layer to be deposited uniformly, which promoted close contact between 
interfaces and reduced charge carrier recombination. Charges separa
tion and transportation benefited from dual functionalities of Al2O3 
interlayer, which significantly boosted the photocatalytic H2 
production.

The sulfur clusters produced by photocorrosion have a deleterious 
impact on the CdS system’s activity. For improved photocatalytic per
formance for producing H2 using visible-light, small quantity of crys
talline elementary -sulfur (-S) NPs were placed on CdS NRs surface. For 
example, Zhang et al. [250] febricated newly S/CdS heterostructure via 
simple solvent evaporation-deposition-precipitation route. Despite 
featuring a wider bandgap compared to CdS, lower surface loading 
amount of α-S maintained S/CdS’s good optical-absorption capabilities 
in the visible region. The optimized 10% S/CdS photocatalyst exhibited 
much improved performance in photocatalysis. The corresponding H2 
production yield rate was 10.01 mmol g− 1 h− 1. This rate was 5.92 and 
1.99-folds compared to that of single CdS without and with K2PtCl6, 
respectively. The S/CdS compodite presented prolonged duration for 
photocatalytic stability more than 10 cycles. This highly improved 
performance was because of highly promoted separation of 
photo-induced charges through the tightly touched S/CdS type-II het
erojunction interfacial contact between α-S NPs and CdS NRs. During 
photocatalysis of semiconductor heterostructure, the interfacial charge 
kinetics is essential. CdS–MoS2 nano-composite was developed by Liu 
et al. [251] to study the interfacing charge kinetics for photocatalytic H2 
production by overlapping the hexagonal CdS on the exfoliated MoS2 
film through a typical chemical bath technique. The CdS–MoS2 photo
catalyst exhibited a surprising higher photo-current density together 
with an excellent production of H2 with 2.3 mmol g− 1 h− 1 yielding rate. 
This improvement originated from the type-II interactions at the inter
face of CdS–MoS2 forming an interfacing electric-field with faster 
charges-separation.

The photocatalytic abilities of CdS are impacted by its shape and 
crystal structure [83]. Zhang et al. [252] fabricated the 1D/2D CdS/ZnS 
heterojunctions by anchoring uniformly distributed ZnS on CdS NSs 
surface under atmosphere pressure and temperature. During visible light 
(>400 nm) illumination, the best CdS NSs/ZnS NPs-0.6 heterojunctions 
produced H2 at a remarkable enhanced 14.02 mmol g− 1 h− 1 yielding 
rate, outperforming than pristine CdS NPs and CdS NSs by factors of 
almost 85 and 10, respectively. The obtained heterojunctions exhibited 
an excellent AQY of almost 2.76% at 400 nm with long-term superior 
photo-stability over 58 h. The development of type-II and Z-scheme was 
blamed for improvement of photocatalysis efficiency. Along with 
providing abundant exposed reactive sites, the subsequently formed 
1D/2D heterojunctions provided a more rapid path to photoinduced 
charge-carrier production for incredibly effective separation and trans
port across the structure of single-crystalline CdS NSs. Several studies 
have centered to 1D CdS NRs. Multi-arm CdS NRs have drawn a bit of 
interest [253]. Large proportions and excellent crystal structure are two 
benefits of 1D CdS NRs that can be retained by multi-arm CdS nanorods, 
each of which has a unique geometric relation. This helps to successfully 
alleviate the accumulation issue with simpler ultrasonic dispersing. The 
core-shell structured CdS/ZnS NRs were febricated by Sun et al. [254] 
via decorating triarm CdS NRs with dodecylamine (DDA) and wrapping 
them in an interstitial ZnS shell using a straightforward chemical 
depositing procedure. The optimized CdS/ZnS with 1:0.5 M proportion 
(CZS-0.5) exhibited an outstanding H2 yield of 242.0 mmol g− 1 h− 1 

without co-catalysts, exceeding those of single CdS and ZnS by 4.2 and 
38.4 folds, respectively. The obtained CZS-0.5 photocatalyst achieved 
the maximum AQE of 50.61% at 380 nm. The comparable type-II system 

produced in CdS/ZnS and the H+ adsorption brought on by DDA may 
have worked in harmony to provide the noticeably improved photo
catalytic performance. The type-II heterojunction was created that 
allowed the increased charge separation and migration as well as the 
reduced recombination of charges. An analogous type-II operation 
transported photo-excited electrons to the CdS NR from the ZnS shell. 
Numerous H+ ions are adsorbed on CdS as a result of the decorating of 
DDA. The adsorbed proton H+ swiftly and efficiently caught 
photo-excited electrons that had accumulated in CdS to generate H2, 
which efficiently prevented recombination of charge-carriers. Through a 
simple hydrothermal process, Lin et al. [255] constructed the core-shell 
structured CdS/ZnS photocatalyst. With good photo-stability and the 
optimized CdS–ZnS showed the greatest H2 generation with 24.1 mmol 
g− 1 h− 1 yielding rate. Utilizing 420 nm irradiation for 9 h, the average 
AQY reached up to 9.3%. The existence of plenty Zn-defects in ZnS shell 
prompted the typical type-I CdS–ZnS to transform into a syngenetic form 
of quasi-Z-scheme and quasi-type-II heterojunctions, which effectively 
separated photo-induced holes and electrons.

The usefulness and capabilities unique semiconductor can be har
vested through careful engineering and construction of 1D/2D multi
dimensional heterojunctions. For intance, Li et al. [256] used the simple 
two-step solvo-thermal technique to directly develop 2D ZnIn2S4 NSs on 
1D defected CdS NRs surface for preparing the atomic 1D CdS/2D 
ZnIn2S4 heterojunctions. The obtained ZnIn2S4/CdS (ZIS/CdS) hetero
junctions exhibited a higher solar-driven H2 evolution performance. 
After 4.5 h illumination of light, the optimal ZIS-CdS-0.3 photocatalyst 
had a significantly increased H2 production efficiency of 5.80 mmol g− 1 

yielding rate, which was significantly greater to bare CdS and ZIS. For 
boosting H2 evolution efficiency of CdS, The NPs of CdS were deposited 
onto WN NSs surface to prepare WN/CdS composite through one-pot 
solvothermal approach [257]. The optimized WN/CdS photocatalyst 
exhibited a superior H2 production of 24.13 mmol g− 1 h− 1 yielding rate, 
which was better to that of pristine CdS NPs by a factor of 9.28 utilizing 
visible light irradiation. This enhanced photocatalytic efficiency was 
ascribed to strong optical absorbing power in visible region, and 
establishment of interfacial interaction at the Schottky junction 
involving WN and CdS NPs. Like semiconductors, metal organic 
framework (MOF) is a novel kind of porous substance. Because of its 
features including extended reactive sites, enlarged particular surface, 
and inherent porosity, it is extensively utilized H2 production during 
photocatalysis [258]. Liang et al. [259] prepared the UIO-66/CdS 
composite. Recombination of charge-carriers was efficiently sup
pressed by utilizing UIO-66. Xia et al. [260] reported a hydrothermal 
synthesis of Pt–CdS NPs-Zn-TCPP NSs (C-Z-T) type-II heterojunction by 
growing in situ Pt-loaded CdS NPs on 2D Zn-porphyrin NSs (Zn-TCPP 
NSs) surface. Zn-TCPP NSs and CdS NPs formed type-II heterojunction 
reducing recombination of charges. The Pt–CdS NPs-Zn-TCPP photo
catalyst exhibited excellent photoctatlytic H2 production of almost 15.3 
mmol g− 1 h− 1 yielding rate. This rate was 11-folds for Pt–CdS NPs upon 
visible light. This efficiency was attributed to existence of Zn-TCPP NSs, 
which increased optical-absorption efficacy as well as effectively 
inhibited the photoinduced charges recombinations. In a Type-II het
erojunction, although the spatial separation of charge carriers (electrons 
and holes) occurs, the efficiency of charge separation can be limited by 
rapid recombination, which hinders the overall photocatalytic perfor
mance. The Type-II heterojunction effectively separates the electrons 
and holes into different components (one on the conduction band of one 
material and the other on the valence band of the second material), 
promoting charge migration. However, the relatively low oxidation and 
reduction potentials in these heterojunctions often lead to insufficient 
driving force for the desired oxidation-reduction reactions, thus limiting 
their overall catalytic activity. This limitation stems from the alignment 
of the energy bands in Type-II heterojunctions, which can result in 
inadequate potential differences for efficient photocatalytic reactions. 
Performances of CdS-based type-I and type-II heterojunction 
photo-catalysts for H2 evolution from water splitting are shown in 
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Table 4 and Table 5, accordingly.

4.2.2. CdS-based p-n heterojunction photocatalysts for H2 evolution
The idea of p-n heterostructure has been proposed, which might 

enhance photocatalytic efficiency by quickening charges transportation 
across heterojunction. Semiconductors of p-type and n-type are coupled 

to build a potent p-n heterostructure. Electrons in n-type located close to 
p-n interfaces possess a tendency for diffusing into p-type semiconductor 
prior to light irradiation, releasing species with a positive charge. Holes 
in p-type located nearer to p-n contact possess a tendency for diffusing 
into n-type semiconductor, releasing behind negative charged elements. 
Diffusion of electron holes proceeds unless the system attain its equi
librium Fermi state. Cao et al. [271] claimed that this results in the 
creation of internal charged space to build up closer to the p-n contact. 
Each semiconductor of p-type and n-type undergoes activation and 
induced pairs of electron and hole when contacted with incoming light 
having energy equal to or greater compared to bandgaps of semi
conducors. Under the influence of the intrinsic electric field, photo
generated electron-hole pairs are separated, with electrons migrating 
toward the conduction band (CB) of the n-type region and holes toward 
the valence band of the p-type region, as illustrated in Fig. 8c. Under the 
influence of the intrinsic electric field, photogenerated electron-hole 
pairs are separated, with electrons migrating toward the conduction 
band (CB) of the n-type region and holes toward the valence band of the 
p-type region, as illustrated in Fig. 8c. Electrons and holes are separated 
spatially as an outcome. This separation process is thermodynamically 
feasible. Within a p-n heterostructure, it was observed that the con
duction band (CB) and valence band (VB) of p-type semiconductors were 
frequently positioned beyond those of n-type semiconductors. This 
alignment was attributed to differences in the Fermi level positions and 
intrinsic electronic properties of the materials involved. Specifically, the 
CB of the p-type semiconductor was found at a higher energy level 
relative to the n-type counterpart, while its VB was observed at a lower 
energy level. These band alignments facilitated the movement of elec
trons from the n-type to the p-type region and holes in the opposite 
direction, contributing to effective charge carrier separation and trans
fer [272,273]. The band offset created at the heterojunction interface 
was identified as a critical factor in determining the charge dynamics. 
This offset was controlled by the electron affinities and ionization po
tentials of the constituent semiconductors. It was reported that the 
relative positions of the CB and VB contributed to the formation of a 
built-in electric field, which promoted directional charge transfer, sup
pressed recombination, and enhanced the overall performance of opto
electronic and catalytic devices [274,275]. The alignment of the CB and 
VB in p-type and n-type semiconductors was particularly advantageous 
for photocatalytic and photovoltaic applications, where efficient sepa
ration of photogenerated carriers was essential. Studies further 
confirmed that these band alignments played a significant role in 
determining the heterostructure’s activity, stability, and efficiency 
under operational conditions [276,277].

Zhang et al. [278] constructed NiS NP-CdS NR p-n heterostructurevia 
hydrothermal process. The as-prepared NiS NPs-CdS NRs sample with 5 
wt% NiS loading content exhibited a considerable H2 production with 
1.131 mmol g− 1 h− 1 in existence of Na2S/Na2SO3 reagents. In compar
ision to pristine CdS and CdS with a 1 wt% Pt loading, this H2 generation 
rate was significantly higher. For at least 9 h, no noticeable deactivation 
was seen during the photocatalytic reaction, indicating strong durability 
of composite. The development of p-n heterojunctions was blamed for 
the improved photocatalytic efficiency. The p-n heterojunction that was 
created made it easier for charges to move from NiS to CdS and it also 
prevented charge-carrier recombination. He et al. [279] fabricated 
CdS/Ag2S/NiS NR through hydrothermal and photo-deposition process. 
The optimal CdS/Ag2S/NiS reached a superb evolution of H2 with 48.3 
mmol g− 1 h− 1 upon irradiation in visible range, which was 6.7 and 7.5 
folds compared to CdS/Ag2S or CdS/NiS, respectively. Formation of 
Schottky junction and p-n heterojunction were both responsible for this 
better photoatalytic performance by accelerating charge transport and 
greatly lowering electron-hole pair recombination, Both the oxidation 
and reduction cocatalysts NiS and Ag2S acted as photo-generated elec
tron-hole traps.

The MoS2/CdS p-n heterostructure [279] was prepared through 
easily solvo-thermal process to demonstrate the improved H2 evolution 

Table 4 
H2 evolution through water splitting using type-I heterojunction photo-catalysts 
based on CdS.

Catalysts co- 
catalysts

Synthetic 
methods

H2 evolution rate 
(mmol g− 1 h− 1)

Reference

MoS2/CdS MoS2 hydrothermal 32.94 [225a]
MoS2/CdS MoS2 two-step 

hydrothermal
38.750 [226]

CdS/MoS2 MoS2 – 1.79 [221]
MoS2/CdS MoS2 – 10.85 [229]
CdS@MoS2 MoS2 hydrothermal 62.55 [233]
MoS2/CdS MoS2 one-pot 

hydrothermal
3.135 [228]

MoS2/CdS MoS2 post-sintering 18.43 [237]
MoS2/CdS MoS2 one-pot 

hydrothermal
3.14 [238]

MoS2/CdS MoS2 two-step 
hydrothermal

35.24 [238]

NiPS3/CdS NiPS3 – 13.6 [244]
MoS2/ 

Ti3C2/CdS
MoS2/ 
Ti3C2

– 14.1 [261]

MoS2/CdS MoS2 ultrasonic mixing 27.72 [262]
C/MoS2/CdS C, MoS2 – 36.7 [263]
CdS–MoS2/C MoS2, C liquid phase 

precipitation
8.796 [264]

MnCo2S4/ 
CdS

MnCo2S4 – 12 [265]

CoP/CdS CoP – 4.43 [266]

Table 5 
Efficiency assessment of H2 evolution from water splitting utilizing type-II het
erojunction photo-catalysts with CdS.

Catalysts Co- 
catalysts

Synthetic methods H2 evolution 
rate (mmol 
g− 1 h− 1)

Reference

Pt NF@Ni(OH)2/ 
CdS

Pt NF/Ni 
(OH)2

solvothermal 44.05 [183]

Ni(OH)2/CdS-3 Ni(OH)2 photo-deposition 20.14 [70]
CdS–Ni(OH)2 Ni(OH)2 – 29.51 [246]
CdS–ZnO ZnO – 9.618 [247]
ZnO/CdS ZnO heteroepitaxial 

growth
6.696 [248]

α-S/CdS α-S solvent 
evaporation- 
deposition- 
precipitation

10.01 [250]

CdS–MoS2 MoS2 chemical bath 2.3 [251]
CdS NSs/ZnS 

NPs-0.6
ZnS NPs- 
0.6

– 14.02 [252]

CdS/ZnS ZnS chemical 
deposition

242.0 [254]

CdS/ZnS ZnS hydrothermal 24.1 [255]
1D CdS/2D 

ZnIn2S4

ZnIn2S4 two-steps 
solvothermal

5.80 [256]

WN/CdS WN one-pot 
solvothermal

24.13 [257]

Pt@CdS NPs/Zn- 
TCPP NSs(C-Z- 
T)

Pt/Zn- 
TCPP NSs 
(C-Z-T)

– 15.3 [260]

CdS@TiO2@Au TiO2/Au hard core template 1.720 [267]
LaFeO3/CdS/ 

CQDs
LaFeO3; 
CQDs

hydrothermal 25,302 [268]

PdS/CdS/MoS2 PdS; 
MoS2

microwave- 
assisted

6.610 [269]

MnOx/g-C3N4/ 
CdS/Pt

MnOx/g- 
C3N4/Pt

chemical 
annealing 
photoreduction

1.30339 [270]
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efficiency in photocatalysis. An efficient separation of charges was 
demonstrated by MoS2/CdS because of its wider contact surface of the 
built p-n heterostructure. A maximal H2 generation rate was 137 μmol 
h− 1 over 2D MoS2/CdS, which was 10-folds better to pristine CdS. The 
shape of p-n heterostructure photocatalyst was adjusted to provide a 
plentiful reactive surface and a big specific surface. The 2D 
MoS2–CdS–Cu2O composite of cauliflower-shaped was designed by 
Kumar et al. [280]. In the existence of lactic acid, the as-prepared novel 
metal-free 2D MoS2–CdS–Cu2O tertiary heterostructure exhibited the 
maximum water splitting rate of 11.53 mmol g− 1 h− 1 along with 
excellent repeatability. This rate was larger compared to that of 
MoS2–CdS upon visible light illumination. Compared to pure CdS, this 
H2 production efficiency was 20.96-folds better. The 2D 
MoS2–CdS–Cu2O heterostructure showed the significant AQE of 8.75%. 
The significant enhancement was because of wide-range opti
cal-harvesting capability up to 900 nm, the promoted interfacial 
charge-separation, and the suppression of charges recombination, due to 
build of dual p-n junctions. Zhang et al. [93] synthesized Cu2S/CdS p-n 
by integrating CdS QDs and Cu2S NSs through a versatile template and 
one-pot sulfdation technique. The resulting 3D hollow octahedral 
Cu2S/CdS heterostructure exhibited a maximum H2 production of 4.76 
mmol g− 1 h− 1 yielding rate. This H2 production rate was almost 8.5 and 
476-folds better to pure CdS and Cu2S, respectively. This remarkable 
performance of Cu2S/CdS p-n heterostructure was because of powerful 
light-harvesting efficiency, acceleration of separation of charges, 
amplification of charges transportation, and abundant reaction sites as a 
result of the development of hollow architectures. Li et al. [281] syn
thesized the hollow dodecahedron structured CoS/CdS/CuS composite. 
The as-prepared CoS/CdS/CuS sequential structure showed a superb 
production of H2 with 123.2 mmol g− 1 h− 1 yielding rate, and an AQE of 
45.6%. This greatly H2 production performance was because of efficient 
directional separation of charges owing to electron accumulating effect 
of CoS, and establishment of internal electric-field at p-n junctions.

MXenes serve a crucial function in lowering the dose of precious 
metal co-catalysts in photocatalysis. In order to create 2D CdS/2D 
MXene Schottky heterojunctions, Ding et al. [105] used a solvothermal 
technique and an electro-static self-assembly approach. The optimal 
photocatalysts exhibited a highly performance for H2 production, which 
was superior to the bare CdS NSs. DFT calculations indicated that the 
primary cause of the increased photocatalytic H2 yield rate.was the close 
Schottky contact between CdS and Mxene, which assisted direct flow of 
charges development, speeded up charges transportation to MXene from 
CdS, and suppressed charges recombination. The 2D CdS NSs was 
anchored on the 2D Nb2CTX NSs to febricated a new 2D/2D 
Nb2CTX/CdS through an electrostatic self-assembly and hydrothermal 
routes [105]. The optimal CdS/Nb2CTX-40 showed a comparable H2 
generation of 5.040 mmol g− 1 h− 1 yielding rate. This rate was almost 
4.3-folds larger compared to that observed on pure CdS NSs. This sig
nificant improvement was benefitted from Schottky heterojunction 
construction. Charges separation and migration were made easier by the 
Schottky effect, which also improved the redistribution of charges on the 
CdS/Nb2CTX. This successfully averted charge-carriers recombination. 
Li et al. [87] developed CdS@Au/MXene composite via easy in situ 
self-assembly technique. The optimized CdS@Au/MXene ternary com
posite with loading of 1 wt% MXene and 0.1 wt% Au obtained a 
maximum H2 production with 5.371 mmol g− 1 h− 1 yielding rate uti
lizing illumination in visible region. This H2 production rate was 
26.6-folds better than that obtained on bare CdS. This enhancement was 
mainly ascribed to the formation of dual Schottky barriers. The charges 
separation and transfer rate of CdS was improved by the combined ef
forts of Au and MXene, both of which have strong electro-conductivity, 
allowing more electrons to take part in photocatalysis.

Deng et al. [282] prepared the hierarchy CdS/NiO hollow p-n het
erostructue utilizing simple microwave-assisted moist chemical 
approach. The optimized CdS/NiO-3 composite (mass ratio of 1:3) had 
an evolution rate of H2 that was 16.2-times faster than bare CdS at 1.77 

mmol g− 1 h− 1. Strong optical absorption, increased charge carrier sep
aration, and exceptional photo-stability caused by the p-n hetero
junctured unique hierarchical hollow and porous architecture were all 
attributed to the increased H2 production rate. By coupling CdS with 
Co3O4 through an ultrasonication process, Chen et al. [92] constructed 
Co3O4/CdS photocatalyst for the efficient H2 production with an 
excellent stability. The optimized Co3O4 (10%)/CdS composites allowed 
for a steady H2 evolution with 142.62 μmol h− 1 yielding rate. This rate 
was larger compared to CdS by a factor of 20. This higher effiiency was 
accounted to be facilitated charges transfer because of Co–S chemical 
bind formation at contact of CdS and Co3O4. This performance was also 
benefitted from the promoted separation of charges, and suppression of 
recombination of photoinduced charges-carriers by forming of 
Co3O4/CdS p-n heterounction. Zn0.5Cd0.5S (ZnCdS) coupled with 4 wt% 
MCo2O4 was applied in H2 production in aqueous solution using 420 nm 
by Chen et al. [92]. It exhibited evolution of H2 with 0.551 mmol g− 1 h− 1 

yielding rate without any sacrifices. With existence of Na2S/Na2SO3, the 
largest H2 evolution of 78.2 mmol g− 1 h− 1 yielding rate was achieved. 
This rate was better compared to that of Zn–CdS. This improvement was 
because of efficient separation of charges, and amplification of charges 
transportation rate between MCoO and ZnCdS, owing to p-n junction 
forming. Magnetic field of MCoO inhibited charges migration from 
MCo2O4 to ZnCdS.

Zou et al. [107] fabricated the CdS/CoP hollow composite of 
CoP-modified CdS NRs. Benefiting from the construction of hollow p-n 
heterostructure, the as-prepared composite exhibited abounded light 
active sites, strong light-absorption activity, and excellent 
charges-separation and transportation. This unexpected photocatalytic 
efficiency was observed the largest production of H2 with 15.74 mmol 
g− 1 h− 1 yielding rate. This rate was almost 9-folds compared to bare 
CdS. Deng et al. [112] fabricated core-shell H–CdS@NiCoP nanospheres 
through hydrothermal approach. The optimized 7 wt% NiCoP@H–CdS 
presented an excellent H2 yielding of 13.47 mmol g− 1 h− 1 and high 
stability for 20 h, which was almost 4 and 2.5-folds superior to bare 
H–CdS and Pt@H–CdS, respectively. This dramatic improvement was 
assigned to the amplification of charges transportation rate owing to p-n 
heterostructure forming. Chen et al. [283] constructed Ni2P/CdS pho
tocatalyst to exhibit an excellent photocatalytic H2 generation. The 
obtained Ni2P/CdS photocatalyst presented an outstanding photo
catalytic H2 production effciency with 483.25 mmol g− 1 h− 1 yielding 
rate. This rate was found to be almost 525 and 1.92-folds superior to 
bare CdS and Pt/CdS, respectively with a high AQY up to 70% upon 
visible light illumination. The development of Schottky heterojunction 
at Ni2P/CdS contact facilitated the boosted charges separation and 
transportation, increasing photocatalytic H2 generation efficiency. 
Table 6 shows the results of CdS-based p-n heterojunction photocatalysts 
for generation of H2.

4.2.3. CdS-based Z-scheme heterojunction photocatalysts for H2 evolution
In a conventional Z-scheme heterostructure, semiconductor photo

catalysts pair (PS–I and PS-II) act as suppliers and recipients. These two 
different semiconductors do not establish direct contact. Throughout 
photocatalysis, photo-excited electrons undergo migration from CB of 
PS-II to VB of PS-I via a supplier-recipient couple. Photo-excited elec
trons in CB of PS-II interact with an acceptor, facilitating its reduction to 
a donor. Simultaneously, photoinduced holes in VB oxidize donor into 
an acceptor. To achieve spatial charge separation and enhance redox 
capability, electrons and holes are accumulated on PS-I and PS-II. 
Traditional Z-scheme photocatalysts are typically limited to construc
tion in liquid phase, constraining their potential photocatalysis 
applications.

A solid electron intermediary joined two distinct semiconductors 
(PS–I and PS-II) in the development of an all-solid-state Z-scheme het
erostructure by Tada et al. [295]. Upon illumination, electrons were 
initially promoted to CB while holes emerged in VB of PS-II. Subse
quently, Photo-excited electrons were migrated from CB of PS-II to VB of 
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PS-I, wherein they were subsequently excited to CB of PS-I, via electron 
intermediaries (including Pt, Ag, or Au). Consequently, both PS-II pos
sessing upper oxidation potential level, and PS-I having upper reduction 
potential level, accumulated photo-excited holes and electrons. Spatial 
separation of holes and electrons induced a distinct spatial effect. MoS2 
quantum dots (QDs) acts as a crucial factor in controlling charge 
transportation route and minimizing charge recombination in MoS2. For 
instance, Chen et al. [296] meticulously regulated the interactions 
among 1D CdS NRs, 0D MoS2 QDs, and 2D ZnIn2S4 NSs to construct an 
all-solid-state Z-scheme CdS-QDs-ZnIn2S4 heterostructure, where MoS2 
QDs acted as solid-state electron mediators. The H2 evolution over 
CdS-QDs-ZnIn2S4 composite reached to 2.1075 mmol g− 1 h− 1 yielding 
rate, surpassing that of pristine ZnIn2S4 NSs and pure CdS NRs by factors 
of 26 and 62, respectively. The remarkable charge separation and effi
cient electron mediation by MoS2 QDs contributed to the exceptional 
photocatalytic efficiency. The prepared CdS/QDs/ZnIn2S4 exhibited 
high durability for H2 production, attributed to the successful Z-scheme 
separation of charges facilitated by MoS2 QDs. This enabled efficient 
charges-separation and retained higher redox efficiency. The utilization 
of all-solid-state Z-scheme in liquid, gaseous, and solid media could 
enhance their photocatalytic efficacy. Nevertheless, the high cost and 

limited availability of electron intermediators needed to improve elec
trons transportation channel in all-solid-state Z-scheme constrain their 
widespread use in industrial applications.

A direct Z-scheme was presented by Yu et al. [297] for hetero
junction building. Without using electron intermediators, two distinct 
semiconductors were combined to develop direct Z-scheme (Fig. 8d) 
[223]. The preparation process of this heterojunction is similar to that of 
a usual all-solid-state Z-scheme, having the exception that this system 
does not require expensive and scarce electron intermediaries. With the 
inclusion of semiconductors with greater oxidation and reduction po
tentials, the developed Z-scheme was able to spatially separate electron 
and hole. Compared to type-II systems, construction expenditure of 
direct Z-scheme is lower. To facilitate particular photocatalytic activ
ities, its redox potential can be tailored. The migration of charge upon 
this Z-scheme is substantially much beneficial compared to type-II, 
owing to electro-static attraction connecting electron and hole. The 
transportation of photo-excited electrons from CB of PS-II to 
photo-excited hole-rich VB of PS-I is facilitated by forming of direct 
Z-scheme. Electrostatic repulsion between electrons is believed to make 
it harder for type-II systems to facilitate photo-induced elecgrons 
transportation to the photo-excited electron-affluent CB of 
Semiconductor-I from CB of semiconductor-II. Photo-excited electrons 
contains in greater CB’s semiconductor whilst holes remains in lower 
VB’s semiconductor, owing to more efficiently charges separation and 
products in direct Z-scheme, and prevention of reverse reactions. The 
performance of H2 evolution is enhanced by building a direct Z-scheme. 
The bandgap reduction of CdS and the corresponding photocatalytic 
efficiency for direct Z-scheme CdS-based photocatalysts is presented in 
Fig. 10. As Fig. 10, the performances of H2 production on direct 
Z-scheme CdS-based photocatalysts does not follow the reduction 
sequence of bandgap of CdS. For W18O49 QDs/CdS and ZnIn2S4/CdS 
direct Z-scheme photocatalysts, it was exceptional. Because the photo
catalytic efficiency of a photocatalysts does not only depends on its 
bandgap. It also depends on other many factors including its interfacial 
and structural properties. For instance, The CdS@ZnIn2S4 hierarchy 
composites having chemically linked interface by growing ZnIn2S4 NSs 
on CdS hollow cubic surfaces was constructed by Zhang et al. [298]. The 
as-prepared photocatalyst was potentially effective due to direct 
Z-scheme formination. A maximum H2 generation of 0.5403 mmol g− 1 

h− 1 yield rate was observed from pure water on the CdS@ZnIn2S4 hi
erarchical hollow cubes by visible light, which was better to physical 

Table 6 
Evaluation of H2 evolution from water splitting employing p-n heterojunction 
photo-catalysts with CdS.

Catalysts co- 
catalysts

Synthetic methods H2 

evolution 
rate (mmol 
g− 1 h− 1)

Reference

NiS NPs/CdS NiS NPs two-step 
hydrothermal

1.131 [278]

CdS/Ag2S/NiS Ag2S/NiS hydrothermal and 
photodeposition

48.3 [110]

MoS2–CdS–Cu2O MoS2/ 
Cu2O

– 11.53 [280]

Cu2S/CdS Cu2S a versatile 
template and one- 
pot sulfdation

4.76 [93]

CoS/CdS/CuS CoS/CuS sequential Ksp- 
based cation 
substitution

123.2 [281]

CdS/Nb2CTX-40 Nb2CTX electrostatic self- 
assembly and 
hydrothermal

5.040 [105])

CdS@Au/MXene Au/MXene in situ self- 
assembly

5.371 [87]

CdS/NiO-3 NiO microwave- 
assisted wet 
chemical

1.77 [282]

MCo2O4/ZnCdS MCo2O/Zn – 78.2 [92]
CdS/CoP CoP – 15.74 [107]
NiCoP@H–CdS Ni/CoP hydrothermal 13.47 [112]
Ni2P/CdS Ni2P – 483.25 [283]
MnS/ 

Mn0⋅2Cd0⋅8S
MnS/Mn one-pot 

solvothermal
3.31 [284]

CdS/BCNNTs BCNNTs – 0.52602 [285]
NiO/CdS NiO – 1.3 [286]
CdS–Cu1.81S Cu1.81S in situ integration 2.714 [287]
SrTiO3/CdS-5% SrTiO3 chemical bath 

deposition
4.5379 [288]

BP/CdS BP – 5.72 [289]
MnS/CdS MnS hydrothermal 5.92 [290]
CdS@Cu2-xS Cu2-xS cation exchange 8.1765 [291]
α-NiS/CdS α-NiS in situ grown 9.8 [292]
Cu2ZnSnS4/CdS Cu2ZnSnS4 – 11 [293]
H–CdS@NiCoP NiCoP-7 

wt%
hydrothermal 13.47 [112]

TiO2/CdS TiO2 – 21.4 [95]
β-Ni(OH)2/CdS β-Ni(OH)2 – ~35 [294]
CN–CoO/CdS 15% 

CN–CoO
– 64.36 [111]

CdS/NiO 
(CSN0.5)

NiO in-situ chemically 
depositing

243.9 [83]

Fig. 10. Schematic illustration of bandgap reduction of CdS and photocatalytic 
performance for direct CdS-based Z-scheme (Pristine CdS [299], W18O49/CdS 
[67], NH2-MIL-125(Ti)/CdS [101], FOD/CdS [300], WO3/CdS-DETA [301], 
CoWO4/CdS [302], ZnIn2S4/CdS [303], CdS/ZnS (CSZS-VZn) [94], W18O49 
NTs/CdS [73], BiVO4/CdS [84).
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mixing of CdS hollow cubes and ZnIn2S4 NSs. The as-prepared 
CdS@ZnIn2S4 exhibited an AQE of 1.63 % at 400 nm with good stabil
ity during four consecutive cycles. This improvement was attributed to 
efficient separation and transportation of charges in the formed direct 
Z-scheme.

The narrow bandgap and proper band-structure of α-Fe2O3 has been 
made it outstanding contender to built direct Z-scheme with CdS for H2 
evolution by visible light illumination. The α-Fe2O3/CdS Z-scheme 
suppressed rapid recombination of charges as well as photo-corrosion of 
CdS photocatalyst. Construction of 0D-2D Z-scheme heterostructure can 
facilitate extended interfacial surface to increase charge-mobility at the 
interface. Guo et al. [304] fabricated the 0D/2D CdS/α-Fe2O3 (CF) 
heterostructure by decorating CdS NPs on the hexagonal Fe2O3 NSs 
through a facile solvothermal route. The optimized CdS/α-Fe2O3 
(CF-15) photocatalyst resulted in a higher production of H2 with 1.806 
mmol g− 1 h− 1 yielding rate. The largest AQE of 13.7% at 420 nm was 
also observed. This enhancement was attributed to an intimate contact 
of 0D/2D interfaces and the synergistic effect of Z-scheme. The capa
bility of affordable blue W18O9 for optical-harvesting in the UV to NIR 
range originated from SPR, making it exceptional photocatalysts for 
solar energy conversion. An abundance of photons of low energy can 
accumulate for creating hot electrons of higher energy through utilizing 
plasma photocatalyst. The photocatalytic efficiency of a semiconductor 
can be improved by inducing charge injection of LSPR through 
combining a plasma photocatalyst. Yang et al. [73] utilized a hydro
thermal route for constructing CdS@W18O49 nanotubes (NTs) direct 
Z-scheme heterostructure by wrapping CdS NPs into the hollow W18O49 
NTs. High evolution of H2 upon irradiation of light in UV to NIR range 
was obtained, reaching 11.732 mmol g− 1 h− 1 and outstanding stability 
on the as-prepared CdS@W18O49 NTs in absence of sacrificial reagents. 
An excellent AQY up to 18.3% at 420 nm was also observed. This 
improved photocatalytic H2 production rate of CdS@W18O49 NTs were 
significantly greater to pure CdS. These improved efficiencies was 
attributed to the increased optical absorption ability in wide range of UV 
to NIR, the acceleration of charges-transportation, the extremely loned 
life-time of photo-excited charges. The self-guarding function of W18O49 
NTs was responsible for its extremely high stability of H2 production. 
Further, Yin et al. [305] constructed the new NiWO4/CdS hetero
structure by growing NiWO4 NSs on surface of CdS NRs. Compared to 
pristine CdS, the resultant NiWO4/CdS exhibited 75-folds enhancement 
in the evolution of H2. This outstanding NiWO4/CdS direct Z-scheme 
photocatalytic performance was attributed to abundant reactive sites, 
close contact, and strong ability to separate photoinduced charges.

The porous-type C–ZnO/CdS NRs was constructed by Liang et al. 
[306] via self-template route utilizing ZIF-L. The Pt–C–ZnO/CdS NRs 
showed an efficient H2 production performance of 20.25 mmol g− 1 h− 1 

yield rate by illumination of visible light. This H2 yielding rate was much 
larger greater than bare CdS, and ZnO, accordingly. AQY of 24.7% was 
observed under 365 nm wavelength of light on Pt–C–ZnO/CdS hetero
structure. This greatly increment of photocatalytic performance was 
because of the remarkable amplified separation of charges and the 
promoted photo-induced charges-transportation due to direct Z-scheme 
heterojunction. Doping of C with ZnO not only narrowed the bandgap of 
ZnO but also widened the range of its spectral response. Recombination 
of charges was effectively restricted by orderly arrangement of porous 
NRs. The ZnS–CdS composite presented higher photocatalytic evolution 
of H2. Yu et al. [94] constructed the Zn-vacancy defected CdS–ZnS 
(CSZS-VZn) direct Z-scheme heterostructure through a hydrothermal 
route. A maximum evolution of H2 amounted to 46.63 mmol g− 1 h− 1 and 
AQY of about 9.5% under visible light illumination on CSZS-VZn het
erostructures in existence of Na2S/Na2SO3 reahents. This rate was 
almost 1727-folds better compared to ZnS–VZn. This photocatalytic 
improvement was owing to built of direct Z-scheme heterostructure. The 
formed CSZS-VZn Z-scheme led to promote optical-absorbing capability, 
accelerate charges separation and transportation. The photo-induced 
holes interact with photo-excited electrons from the Zn-vacancy 

defective layer in the CdS’s VB, preventing photo-corrosion successfully. 
The established electric-fields transported electrons to the surface faster 
by coating of ZnS. It provide electrons to ZnS from CdS. Song et al. [307] 
fabricated the ternary MoS2/ReS2@CdS hybrids by growing ReS2@CdS 
on MoS2. Dual co-catalysts formed the heterojunction with CdS. Owing 
to the co-presence of both ReS2 and MoS2, the MoS2/ReS2@CdS pho
tocatalyst exhibited the outstanding performance for evolution of H2 
during photocatalysis. The obtained sample presented the superb H2 
production of 171.9 mmol g− 1 h− 1 yield rate. This superb photocatalysis 
efficiency was because of acceleration of photo-generated charges 
mobility, and strong light-absorption ability of MoS2/ReS2@CdS. These 
improvements were benefitted from the dual Z-scheme paths in heter
ojunctions. Photocatalytic functions of MoS2/ReS2@CdS varied with 
loading content of rhenium. The remarkable improvement was brought 
through introducing a small amount of rhenium.

The construction of direct Z-scheme efficiently sped up separation of 
charges and promote transportation of photo-excited charge-carriers. 
The redox performance of BiVO4 during photocatalysis might be greatly 
improved by decorating CdS. Recent years have seen some impressive 
research on Z-scheme CdS/BiVO4 composites in photocatalysis. For 
example, Zhou et al. [308] created 1D CdS/BiVO4 NWs via hydrother
mal process. These nanowires, which included 33.3 wt% CdS, demon
strated a favorable H2 evolution up to 1.153 mmolh− 1 in existence of 
Platinum. H2 evolution efficiency on BiVO4 NS decorated with CdS was 
reached to 0.57 mmol h− 1 by visible light illumination, which was 
approximately 5.18-folds greater to pristine CdS nanoparticle. It is 
important for logical design, development, and application of materials 
to examine charge-transportation routes as well as photocatalytic per
formance of CdS/BiVO4 in photocatalysis. This photocatalytic perfor
mances of m-BiVO4 and CdS/BiVO4 must be sufficiently explored. Lin 
et al. [84] utilized hydrothermal process for constructing the hollow 
CdS/BiVO4 photocatalyst by adjusting the CdS percentage. They 
discovered that the optimized CdS/BiVO4 photocatalyst with a 25 wt% 
CdS concentration under UV–vis light produced H2 at an unusually 
197.2 mmol g− 1 h− 1 yielding rate. This rate was 5.7-folds better 
compared to pristine CdS. As Fig. 10, this H2 evolution rate was the 
highest rate among other CdS based direct Z-scheme heterojunctions. 
The built of internal electric-field in CdS/BiVO4 direct Z-scheme com
posite led to efficient transfer of charges, the restricted recombination of 
charges, and extension of life-time of e− /h+ pairs. BiVO4 and CdS were 
in close contact, which facilitated effective charge carrier transfer. 
BiVO4 and CdS have appropriate band-gaps and their bande-edge posi
tions. The performances of CdS-based direct Z-scheme photo-catalysts 
for H2 evolution from water splitting are given in Table 7.

4.2.4. CdS-based S-scheme heterojunction photocatalysts for H2 evolution
Although the photo-excited charge-carriers are successfully sepa

rated and their life-times are prolonged for surface catalysis by forma
tion of type-II heterostructure. From perspective of thermodynamics, 
charges transportation mechanism in type-II system unquestionably 
reduces electrons’ reduction capability and holes’ oxidation capability 
during photocatalysis. The shortcomings of all-solid-state and conven
tional Z-scheme photocatalysts have an adverse effect on direct Z- 
scheme photocatalysts. In these cases, eliminating type-II and Z-scheme 
is preferable in order to adopt a fresh idea that more accurately and 
consciously depicts photocatalysis. The improved photocatalytic per
formance of heterojunction photocatalysts has been explained using a 
unique step-scheme (S-scheme) heterojunction. The S-scheme effec
tively separates electrons from holes while maintaining possible pho
toiexcited charge-carriers’ redox abilities. In accordance with band 
diagram, photocatalysts can be categorized as reduction (RP) or oxida
tion (OP) as depicted in Fig. 8e [57]. S-scheme heterojunction comprises 
a combination of RP and OP having staggered band geometries and is 
identical to type-II yet having an entirely distinct charge transit mech
anism. In the case of RP systems, photogenerated holes are relatively 
ineffective and require scavenging by sacrificial agents to prevent 
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undesired recombination, whereas photoexcited electrons play a func
tional role in the desired processes. Conversely, in OP systems, photo
generated holes, rather than electrons, serve as the primary active 
species, significantly contributing to environmental degradation. 
Photo-excited electron and hole are accumulated into the usual type-II 
system by CB of OP and VB of RP, correspondingly, which results in a 
poor redox capaability. On the other hand, CB of RP and VB of OP 
accumulate rich electrons and holes, respectively, into S-scheme heter
ojunction, which results potent redox abilities due to lower charges 
recombination. In comparison to OP, a low work-function was possessed 
by RP with greater VB and CB positions. If both these semiconductors 
exist in immediate contact, the electrons of RP spontaneously diffuse to 
the OP, forming a depletion and accumulating layers of electrons, 
respectively, close to contact that connects RP and OP. OP and RP 
possess negative and positive charges, respectively. As seen in Fig. 8e, an 
interior electric-field is built that simultaneously directs towards OP 
from RP. This interior electric-field promoted photo-induced electrons 
transmission from OP to RP instead of the reverse. Compared to OP, CB 
and VB positions are greater in RP. Interior electric-field, electro-static 
attractive force, and band-bending drive recombination of CB electrons 
of OP and VB holes of RP, but potent photo-induced CB electrons of RP 
and VB holes of OP retain for participating the photocatalysis. Notably, 
since no additional sacrificial agents are required, photocatalytic total 
water splitting is the best method for achieving solar-to-chemical con
version. The potent redox capabilities provide it a thermodynamic edge 
in the entire water splitting process in S-scheme system. Because pho
tocatalysis is intricate, dynamics as well as thermodynamics play a role 
in them. Some techniques, including appropriate adding of co-catalyst, 
tuned morphology, and optimal interface can be used for reducing 
activation barrier of photocatalysis, speed up separation of charges, and 
diffusion for creating S-scheme photocatalysts having better efficiency.

The 1D nanofibers (NFs) are considered to be one of the most 
appropriate substances for energy-associated applications due to their 
distinctive structure. They may boost a particular surface area, minimize 
the transportation of ions length, and make it simpler for electrons to 
travel lengthwise throughout their 1D route. Ge et al. [57] synthesized a 
new 1D TiO2–CdS nanofibers through electro-spinning route. This 
as-synthesized nanofibers exhibited a considerable production of H2 

with 2.32 mmol g− 1 h− 1 yield rate by illumination in UV–visible range, 
and an AQE of 10.14%. This H2 production rate was 35-folds more 
compared to bare CdS NFs. This enhancement was because of 1D 
well-distributed structure, plentiful active sites, and the accelerated 
separation and transportation of charges by forming TiO2–CdS NFs 
S-scheme. Employing in-situ growth, a S-scheme heterojunction photo
catalyst was prepared by growing inorganic semiconductor firmly onto 
organic semiconductor [58] using a substrate on which for anchoring 
CdS nanocrystals, pyrene-alttriphenylamine (PT), a novel pyrene-based 
conjugated polymer. The optimized CdS-PT composite with 2 wt% PT 
loading content demonstrated a strong H2 production of 9.28 mmol g− 1 

h− 1 and an excellent AQE of 24.3%. This rate was nearly 8-folds 
compared to pristine CdS sample. The efficient separation and trans
portation of charges as well as higher redox ability, is primarily 
responsible for dramatically improvement of photocatalytic efficacy. Ni 
et al. [86] built the new binary CdS/ZnTHPP nanosystem via a facile 
sintering process. The obtained CdS/ZnTHPP photocatalyst exhibited 
outstanding H2 evolution of 50 mmol g− 1 h− 1 yielding rate by irradia
tion of sun-light for 128 h, which was better compared to pristine CdS 
NRs by a factor of 10. The improvement of photocatalytic performance 
was because of fast transportation of charges, inhibition of charges 
recombination, and plentiful reactive sites owing to build of S-scheme in 
CdS/ZnTHPP binary hetero-structure.

By employing molecular assembly strategy, Ran et al. [320] devel
oped the nanostructured g-C3N4/CdS through a simple hydrolyzing and 
reassembling route. The optimized g-C3N4/CdS heterostructure dis
played a considerable H2 production of 3.37 mmol g− 1 h− 1 by illumi
nation in visible range, which was greater compared to hydrolyzed 
g-C3N4 by a factor of 3.5. This efficient activity was benefitted from the 
S-scheme charges separation and transportation. The novel ternary 
Ti3C2/ZIS/CdS photocatalyst was constructed by modifying via two-step 
solvo-thermal route [247]. The maximum H2 generation rate with 8.93 
mmol g− 1 h− 1 using visible light was observed on Ti3C2/ZIS/CdS pho
tocatalyst. The Ti3C2/ZIS/CdS composite also exhibited the significant 
AQE of 3.42% at 450 nm. This remarkable enhancement of photo
catalytic efficiency was benefitted from synergistic impact involving 
ohmic junction and Van Der Waals S-scheme heterojunction. 
Charges-separation efficiency was improved by the formation of this 

Table 7 
Assessment of H2 evolution from water splitting using direct Z-scheme heterojunction photo-catalysts with CdS.

Catalysts co-catalysts Synthetic methods H2 evolution rate (mmol g− 1 h− 1) Reference

W18O49/CdS W18O49 – 55.24 [95]
CdS@ZnIn2S4 ZnIn2S4 – 0.5403 [298]
NH2-MIL-125 (Ti)/CdS NH2-MIL-125 (Ti) ​ 6.62 [101]
FOD/CdS FOD – 12.75 [300]
WO3/CdS-DETA WO3/CdS-DETA – 15.522 [301]
CoWO4/CdS CoWO4 – 15.91 [302]
ZnIn2S4/CdS ZnIn2S4 – 7.4 [303]
CdS/ZnS (CSZS-VZn) ZnS/VZn hydrothermal 46.63 [94]
BiVO4/CdS BiVO4 – 197.2 [84]
CdS/α-Fe2O3 α-Fe2O3 solvothermal 1.806 [304]
CdS@W18O49 W18O49 hydrothrmal 11.732 [73]
NiWO4/CdS NiWO4 – 26.43 [305]
Pt/C–ZnO/CdS Pt’ C; ZnO self-template 20.25 [306]
MoS2/ReS2@CdS MoS2/ReS2 – 171.9 [307]
g-C3N4/CdS g-C3N4/CdS – 1.80907 [309]
CdS/CoSx CoSx – 9.47 [310]
CdS/Co9S8 Co9S8 – 11.6 [311]
CdS/W18O49/g-C3N4 W18O49/g-C3N4 – 11.658 [99]
WO3/CdS/WS2 WO3/WS2 synthetic 14.34 [312]
CdS-NiPc CdS-NiPc solvothermal 17.74 [313]
Pt–C3N4/CdS Pt–C3N4 Ionic layer absorption 35.3 [102]
CoS/CdS CoS self-template & solvothermal 39.29 [314]
Pt–CdS/Fe2O3 Pt/Fe2O3 – 39.4 [315]
PdOx@HCdS@ZIS@Pt PdOx@ZIS@Pt template 86.38 [316]
Co2RuS6/CdS Co2RuS6 – 110.66 [317]
CdS/MIL-53(Fe) MIL-53(Fe) – 2.01 [318]
CdS@TTI–COF–60 TTI–COF–60 – 2.8517 [319]
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S-scheme. The intimate 2D/2D van der Waals form not only provided 
the strong interaction force but also extended the contact area for pro
moting transportation of charges. Charges recombination was sup
pressed through the formation of accumulation layer by adding 2D 
Ti3C2. CdS NSs was grown on metallic Ti3C2 MXene (MX) and WO3 NSs 
to fabricate the 2D MX-CdS-WO3 S-scheme heterostructure [60]. A 
maximum H2 production with 27.5 mmol g− 1 h− 1 yielding rate on the 
optimum 2D MX-CdS/WO3 was determined by visible light illumination. 
This rate was 11-folds higher than pristine CdS NSs sample. The ob
tained 2D MX-CdS/WO3 sample further showed the highest AQE of 
12.0% at 450 nm. This highly photocatalytic efficiency was because of 
the faster directional charges-separation and transportation. The 
NiS–Mo2C–CdS ternary photocatalyst was fabricated by Shen et al. [54] 
for H2 production. The as-prepared NiS–Mo2C–CdS presented 
outstanding H2 production of 24.03 mmol g− 1 h− 1 yielding rate. This 
rate was 3.83 and 7.83-folds better compared to that of CdS–NIS and 
pristine CdS. This improvement was because of ternary S-scheme 
building. The ternary CdS–MoS2–In2O3 NRs was fabricated by Zhang 
et al. [321]. The as-prepared composite not only exhibited a notably 
production of H2 upon stimulated light illumination but also produced a 
large number of visible bubbles under natural light. Comparing to bare 
CdS NRs, the outstanding production of H2 of 198.58 mmol g− 1 h− 1 

yielding rate was obtained after conjunctions of MoS2, and MOF-derived 
In2O3 hollow hexagonal prism under simulated light of 300W. The sig
nificant improvement was primarily due to development of S-scheme 
heterojunctions, directionally transfer of photoinduced charges, and 
feasibility of separating redox active sites in space. Significant photo
catalytic hydrogen evolution was facilitated by MoS2 in CdS–In2O3 
S-scheme. Table 8 lists the abilities of CdS-based direct S-scheme het
erojunction photo-catalysts for generation of H2.

4.3. CdS-carbon group (C,CNTs, graphene) heterojunction photocatalysts 
for H2 evolution

Because nano-C substances have a stronger capability to transport 
electrons, such as C-NTs, C-QDs, G, and rGO, the separation and trans
portation of charges can be greatly facilitated by their employment. To 
boost the photocatalytic efficiency of CdS, carbon has been recognized 
as an effective doping agent. The impact of C-doping on CdS films led to 
better photo-electrochemical characteristics [332]. Because of its 
greater density of carriers and effective charges-separation, doping of C 
in CdS has a beneficial impact on photocatalytic H2 production. Because 
of its superb optical qualities, potent confinement impact, and superior 

electrical conductivity, and photo-luminescent, CQDs have attracted a 
great deal of interest. It is extremely desirable to combine CdS with 
metal-free, affordable, and environmentally friendly substances like 
CQD in a straightforward manner. CQD is an emerging 
photo-luminescent nanomaterial which has gained significant attention 
in research because of its new photoluminance intensity, lower harmful 
effects, and remarkable photo-durability with 0D nanoscale elements 
[333]. The integration of CQD onto semiconductor products was per
formed to maintain photodurability. For instance, Gogoi et al. [82] 
constructed the CQDs substance from peels of oranges and integrated it 
into the 1-D CdS NWs. Utilizing optimized 0.4CQD/CdS upon illumi
nation of visible light, an exceptional H2 yielding of 309 mmol g− 1 h− 1 

was achieved. At 420 nm, this further exhibited an AQY of 32.6%. The 
addition of CQD greatly increased the photo-stability of CdS. This 
exceptional charges-separation and transportation capabilities of the 
CdS within CQD/CdS, the inhibited recombination of charges, and the 
application of optimal conditions were primarily responsible for boost
ing H2 generation efficiency. Carbon nanotubes (CNTs) offer a wide 
range of possible applications for their exceptional hydrophobicity, CNT 
can operate as electron transporter by exciting electrons to move from 
CdS CB to the TiO2–Ni(OH)2–CdS heterojunctions if these materials are 
connected. Wang et al. [71] developed a TiO2–Ni(OH)2-CNT/CdS 
composite utilizing an ordinary fluid chemistry synthesizing approach at 
ambient temperature. The as-prepared sample presented a remarkable 
H2 production of 12 mmol g− 1 h− 1 yielding rate with highly durability. 
This improvement was mainly attributed to effective separation of 
charges and charges mobility.

Graphene is a single-layer carbon nanomaterial of 2D honeycomb 
structured substance. As an excellent transporter of photocatalysts and 
recipients to photoinduced charge, graphene (G) features a large effec
tive area of surface, rapid electron transportation, variable bandgap, and 
remarkable optical, thermal, and mechanical capabilities [334]. For 
instance, Jia et al. [335] constructed the N-G/CdS photocatalyst to 
produce H2. The optimum N-G/CdS sample with 2 wt % N-graphene 
loading content presented a significant production of H2 with 210 μmol 
h− 1 yield rate upon illumination in visible range. This H2 evolution rate 
was better compared to that of graphene-CdS and GO-CdS. This 
enhancement was owing to the promote separation and transportation 
of charges. Upon illumination of light, photo-corrosion of CdS was 
prevented by utilizing N-G as co-catalyst. Pure graphene could be 
substituted with reduced graphene oxide (rGO), a superior substance. 
Along with exhibiting numerous of the identical physical and chemical 
features as pure graphene, rGO is economically viable and considerably 

Table 8 
Performances of CdS-based direct S-scheme heterojunction photo-catalysts for H2 evolution from water splitting.

Catalysts Co-catalysts Synthetic methods H2 evolution rate (mmol g− 1 h− 1) Reference

TiO2/CdS TiO2 In situ electrospinning 2.32 [57]
CdS/PT PT – 9.28 [58]
g-C3N4/CdS g-C3N4 Hydrolyzing and reassembling 3.37 [320]
Ti3C2/ZnIn2S4/CdS Ti3C2/ZnIn2S4 Two-step solvothermal 8.93 [60]
2D MX-CdS/WO3 2D MX-CdS/WO3 – 27.5 [61]
NiS/Mo2C/CdS NiS/Mo2C – 24.03 [54]
CdS–MoS2–In2O3 MoS2/In2O3 – 198.58 [321]
ZnO–CdS/Pt ZnO–CdS/Pt Template-free 32.15 [322]
CdS–ZnO CdS–ZnO – 14.36 [323]
WO3/CdS/g-C3N4 QDs WO3/CdS/g-C3N4 QDs Hydrothermal-chemical-annealing ~1.91212 [324]
MnO2/CdS MnO2 Chemical co-precipitation 3.94 [72]
CuO/CdS/CoWO4 CuO/CoWO4 Hydrothermal & microwave 4.579 [325]
FI/CdS FI Luminescent quenching 5.28 [326]
ZnO/CdS ZnO/CdS Hydrothermal 7.669 [327]
COF/CdS COF – 8.67 [328]
ZnO/CdS/MoS2 ZnO/MoS2 – 10.2474 [103]
Porous g-C3N4/CdS-diethylenetriamine Porous g-C3N4/diethylenetriamine Microwave 12 0.547 [329]
W18O49/CdS W18O49 – 15.4 [56]
H3PW12O40/CdS H3PW12O40 Hydrothermal 18.7 [330]
MXene/CdS/WO3 MXene/WO3 – 27.5 [61]
Mn–CdS/Cu2O Mn/Cu2O Hydrothermal 66.3 [331]
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producible [336]. Increased AQE of 10.4% was reported by Zeng et al. 
[337] for CdS when rGO was used as a co-catalyst to collect the electrons 
from the photoexcited CdS. Catalyst particles are challenging of 
adsorption for graphene or rGO sheets because of lacking functional 
groups. Though a number of investigations have focused on developing 
high activity rGO-based photocatalysts, the methodology by which 
photocatalysts are added onto rGO sheets, receiving very little attention. 
Hong et al. [338] prepared the CdS/GO composites through in situ of 
CdS on GO utilizing a facile solvo-thermal route. Then, rGO was pre
pared by photoreducing the GO present in the produced powders. Upon 
visible light irradiation (>420 nm), the optimal 5 wt% rGO/CdS showed 
much more efficiency for H2 production up to 1.470 mmol h− 1 than CdS 
or CdS mechanically loaded with GO. The enhanced interaction between 
CdS and rGO sheets speeded up separation of photo-induced electron 
and hole by transferring the photoinduced electron to RGO sheets. This 
was credited to the increased photocatalyst effectiveness of CdS/rGO.

The charges transportation and photocatalytic performance were 
increased by coupling GO with MoS2. GO features excellent charges 
monility, enlarged area of active surface, and strong optical absorption 
ability in visible range. A new CdS/MoS2/rGO composite was con
structed by Tan et al. [113] rGO via hydrothermal and in situ growth 
approaches. The optimum 0.35 wt% CdS/MoS2/rGO exhibited an 
excellent H2 production performance with 11.33165 mmol g− 1 h− 1 

yielding rate. This was 4-folds larger to that of pure CdS. An AQY of 
10.4% was also determined at 420 nm with excellent durability. This 
improved performance was because of rapid tramsportation of charges, 
and suppression of recombination of charges owing to MoS2/rGO co
catalysts loading. The CuS NPs played a pivotal role in enhancing 
visible-light responses and demonstrated CuS NPs displayed strong op
tical responses and an excellent photocatalytic functions. The optimal 
CuS–ZnO/rGO/CdS sample presented a considerable H2 evolution of 
1.073 mmol g− 1 h− 1 yielding rate. This improvement was attributed to 
prolonging life-time of photo-excited electrons, amplification of charges 
transportation abilities. An improved H2 production performance was 
presented by porous-type carbon substance. The photocatalytic effi
ciency was boosted by porous-type grapheme or its ramification through 
extending reactive surface and promoting charges transportation capa
bility. For example, the multi-walled carbon nanotubes (MWCNTs) were 
synthesized by Dai et al. [114] and exfoliated into PRGO-supported 
inorganic-organic CdS-diethylenetriamine (DETA) hybrids. This new 
PRGO/CdS-DETA system demonstrated excellent H2 yield of 10.5 mmol 
g− 1 h− 1 and AQE of 29.5% with better photo-stability when exposed to 
visible light (>400 nm). The distinctive relationship involving PRGO 
and CdS-DETA built it easier for charge-carriers to separate, and the high 

photocataly H2 production of CdS-DETA was increased by the extended 
BET particular area. A novel perspective on the structure of photo
catalytic compounds might be offered by PRGO/CdS-DETA with excel
lent photocatalytic H2 production ability. The performances of 
CdS-carbon group heterojunction photo-catalysts for production of H2 is 
presented in the Table 9.

5. Photo-corrosion of CdS in the photocatalytic H2 evolution

Cadmium sulfide (CdS) photocatalysts, although widely studied for 
their ability to drive water splitting and hydrogen production under 
visible light, suffer from a significant limitation: photocorrosion. Pho
tocorrosion refers to the degradation of the photocatalyst material under 
light irradiation, leading to a decrease in photocatalytic activity and 
potential environmental concerns due to the release of toxic cadmium 
ions. This issue is primarily due to the instability of CdS under photo
catalytic conditions, where the photogenerated electrons and holes can 
promote the dissolution of CdS into Cd2⁺ and S2⁻ ions. Several strategies 
have been proposed to mitigate photocorrosion in CdS photocatalysts, 
which include material modification, co-catalyst deposition, and the use 
of protective coatings or sacrificial agents.

One approach to address photocorrosion has been the modification 
of CdS through doping with other metals or non-metals. Doping has been 
shown to enhance the stability and photocatalytic activity of CdS by 
modifying its electronic structure and improving its charge carrier dy
namics. For instance, noble metal doping, such as with platinum (Pt) or 
gold (Au), has been reported to significantly reduce the rate of photo
corrosion in CdS by acting as electron sinks, which prevents the accu
mulation of photogenerated electrons on the surface of CdS. This 
reduces the likelihood of electron-induced dissolution of the material. 
Pt, in particular, has been shown to stabilize CdS by promoting charge 
separation and enhancing the efficiency of the photocatalytic reaction 
[129]. Transition metal doping with elements like nickel (Ni), cobalt 
(Co), and copper (Cu) has also been explored to improve the charge 
carrier separation and reduce photocorrosion, by acting as electron traps 
and providing additional pathways for charge recombination [354]. 
Another strategy to mitigate photocorrosion in CdS photocatalysts is the 
deposition of protective metal layers or co-catalysts. The deposition of 
metals such as platinum (Pt) or silver (Ag) onto the surface of CdS can 
act as protective layers that help prevent direct exposure of CdS to the 
photocatalytic reaction environment, thereby reducing the dissolution 
of CdS into its ionic form. These metal co-catalysts can also improve 
charge separation and transfer, which increases the efficiency of pho
tocatalytic reactions. For instance, Pt-deposited CdS has been shown to 

Table 9 
Evaluation of H2 evolution from water splitting using CdS-carbon group heterojunction photo-catalysts with CdS.

Catalysts Co-catalysts Synthetic methods H2 evolution rate (mmol g− 1 h− 1) Reference

CQD/CdS CQD Chemical adsorption 309 [82]
TiO2–Ni(OH)2/CNT/CdS TiO2/CNT/Ni(OH)2 Liquid chemistry synthetic 12 [71]
CdS/MoS2/rGO MoS2/rGO Hydrothermal and in situ growth 11.33165 [113]
PRGO/CdS-DETA PRGO/DETA – 10.5 [114]
C-doped CdS@G C/G – 3.12 [339]
CdS/CA/rGO CA/rGO Self-assembly 3.3 [340]
C@CdS-HS C Hydrothermal 20.9 [341]
CDs/CdS–S CDs/S – 4.64 [342]
CdS@CA CA – ~27.3 [343]
GO/CdS/ZnO GO/ZnO Microwave-assisted co-precipitation 6.511 [344]
CoP/CdS/rGO CoP/rGO ​ 1.4 [345]
CdS/rGO rGO – 0.5 [340]
CdS-rGO-MoS2 rGO-MoS2 Hydrothermal 7.1 [346]
(RGO)2-CdS-NixS (RGO)2-CdS-NixS – 17.5 [347]
rGO-CdS-Alginate rGO-Alginate – 79.68 [348]
CdS–MoS2/RGO-E MoS2/RGO-E Solvothermal 36.7 [349]
CdS-rGO-Sodium Alginate rGO-SodiumAlginate – 6 [350]
Ni(OH)2–CdS/rGO Ni(OH)2/rGO – 4.371 [351]
g-C3N4/CdS/rGO g-C3N4/rGO ​ 4.8 [352]
CdS/NiS/RGO CdS/NiS/RGO – 14.96 [353]
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exhibit enhanced photocatalytic stability and efficiency in water split
ting due to the synergy between the metal and the CdS surface [125]. 
Graphene and graphene oxide have also been used as stabilizing mate
rials for CdS by forming hybrid composites, which not only reduce the 
rate of photocorrosion but also enhance the overall photocatalytic per
formance (Pal et al., 2015).

Surface modification and passivation techniques have also been 
employed to reduce photocorrosion. The introduction of a thin protec
tive shell made of more stable materials, such as TiO₂ or ZnS, onto CdS 
can protect the core material from direct exposure to harsh reaction 
environments, preventing its degradation. A ZnS shell, in particular, has 
been shown to effectively inhibit the photocorrosion of CdS by passiv
ating the surface and preventing the release of Cd2⁺ ions during photo
catalytic reactions [355]. The shell also helps in improving the light 
absorption properties and charge carrier separation efficiency of the 
composite photocatalyst. In addition to material-based strategies, the 
use of sacrificial agents has been proposed as a means of mitigating 
photocorrosion during photocatalytic water splitting reactions. Sacrifi
cial agents, such as sulfur (S) or thiol compounds, can be added to the 
reaction medium to scavenge photogenerated holes, thus reducing the 
oxidative attack on the CdS surface. By effectively trapping the holes, 
sacrificial agents minimize the potential for CdS to undergo dissolution. 
This approach has been widely employed to enhance the stability of CdS 
during photocatalytic hydrogen evolution [356]. Furthermore, anion 
doping has been explored as another method for improving the stability 
of CdS under photocatalytic conditions. Doping with elements like ni
trogen (N), chlorine (Cl), or phosphorus (P) has been shown to modify 
the electronic structure of CdS, reducing its tendency for photocorrosion 
by altering its surface reactivity. Nitrogen-doped CdS has demonstrated 
enhanced photocatalytic stability, likely due to the suppression of 
charge recombination and increased protection of the surface against 
oxidative degradation [357].

Photo-corrosion mechanisms of CdS photocatalysts should therefore 
be studied in depth for attaining extremely efficient H2 production 
capability. Two principal routes for CdS photo-corrosion are as 
following. Main cause of CdS photocorrosion is the fact that CdS pho
tocatalysts generate pairs of electrons and holes when exposed to visible 
light. These holes easily oxidize the sulphide ions on CdS surfaces, 

producing solid sulfur (Eqs. (9) and (10)) (Fig. 11a) [358], which leads 
to extensive photo-corrosion of the CdS surface. Simultaneously, 
photo-generated electrons reduce Cd2+ to metallic Cd (Eq. (14)) 
(Fig. 11d). This led to significant damage the CdS nanostructure, which 
significantly reduced the photocatalytic life-time as well as perfor
mance. Consequently, the photocatalytic features of CdS photocatalysts 
become highly unstable, leading to a reduction in their photocatalytic 
efficiency [359]. In the existence of O2, CdS photocorrosion further 
proceeds (Eq. (11)–(13)). 

CdS ̅→hν e− + h+ (9) 

CdS + 2h+ →Cd2++S                                                                   (10)

CdS+4h++2H2O + O2→Cd2++ SO4
2− +4H+ (11)

O2 +4e− +2H+→2OH− (12)

CdS+2O2 → Cd2++ SO4
2− (13)

Cd2++2e− → Cd                                                                           (14)

One widely utilized and useful approach for minimizing CdS photo- 
corrosion and enhancing photo-induced durability is to add 
Na2S–Na2SO3 mixed solution (S2-/SO3

2− ). Utilizing this strategy, photo- 
generated holes on the CdS surface is expected to rapidly remove 
through capturing surface holes with S2− /SO3

2− (Fig. 11b). Nevertheless, 
in the S2− /SO3

2− solution, complete suppression of CdS photocorrosion is 
not achievable (Fig. 11c). This is predominantly owing to extremely 
miniscule quantity of adsorbed sulfur ions on surface of CdS. As well 
plentifull sulfur ions still remain within solution, which unable to effi
ciently collect photo-excited holes on surface of CdS.It is necessary to 
denoide CdS surface and to facilitate the separation of charges [180]. 
Fig. 12 presents stability of CdS-based compounds by inhibiting photo
corrosion of CdS in photocatalytic H2 evolution. Several studies have 
shown that it is feasible to effectively impede the photo-corrosion of 
CdS. The researchs on CdS photocorrosion have been mostly concen
trated on surface oxidation caused by photo-generated holes, whereas 
potential reduction of lattice Cd2+ by photo-generated electrons has 
typically been neglected.

Chen et al. [359] conducted a thorough investigation into lattice 
Cd2+ reduction by photo-induced electrons during photo-corrosion of 
CdS to demonstrate its possible impact on the change in microstructure. 
They utilized two common Na2S–Na2SO3 and lactic acid in H2 prodution 
process. Their findings also demonstrated the potential impact of CdS 

Fig. 11. Photo-corrosion of CdS and photo-induced self-stability strategy of 
CdS during photocatalysis [359].

Fig. 12. Stability of CdS-based compounds by inhibiting photo corrosion of CdS 
in photocatalytic H2 evolution (ZnO/CdS NWs [247], Au–Co/CdS [117], 
Ni2P@CdS [52], Co0.2Cd0.8S/g-C3N4 [363], ZnO/CdS NRs [361], MoSe2/CdS 
[367], Pt–Al2O3/CdS [362], Zn–C/CdS [90], MoS2/Ti3C2/CdS [366]).
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photo-corrosion on the photocatalytic H2 production efficiency. The 
produced abundant discrete metallic Cd NPs into Na2S–Na2SO3 system 
sreiously destroyed the CdS surface and the photocatalytic activity was 
decreased gradually. As for the lactic acid system, a metallic Cd layer 
(2–3 nm) is homogeneously covered on CdS particle surface to form the 
core-shell structure of CdS@Cd, leading to an increased H2-evolution 
rate [360].

A mechanism for photo-induced self-durability of CdS photocatalyst 
are being suggested. According to this process, in addition to realization 
of the ultimate stable H2 production performance simultaneously, the 
unstable CdS was converted into the stable CdS–Cd structure by the 
spontaneously produced metallic Cd. (Fig. 11e). Several heterojunction, 
loading of co-catalyst, and core-shell structure have been extensively 
constructed to successfully increase photocorrosion impedence of CdS 
[34]. However, it is yet unclear how the CdS photocatalyst occur pho
tocorrosion. To generate CdS photocatalytic materials with high effi
ciency and stability, more research must be conducted to completely 
comprehend the photocorrosion mechanisms of CdS in various H2 pro
duction processes. The stability and efficiency of CdS photocatalysts are 
the two vital factors. The core-shell structure retains durability of CdS. 
Photo-corrosion of CdS can be suppressed efficiently by growing ZnO 
shell homogeneously on the core of CdS. Tso et al. [247] prepared the 
core-shell structured CdS/ZnO NWs photocatalyst. The core-shell 
CdS/ZnO NWs exhibited significant durability for 4 h in acid solution 
and improvement in H2 production performance, which was longer 
compared to CdS NWs by a factor of 2. As Fig. 12, the core-shell 
CdS–ZnO NWs showed the lowest stabilty among the photocatalysts. 
Compared to CdS NWs, the core-shell CdS–ZnO NRs exhibited better 
durabilty. Recently, Sun et al. [361] prepared the core-shell CdS–ZnO 
NRs through a facile chemical deposition route. The optimum CSZ0.5 
heterostructure showed an exceptional highly efficient H2 yields of 
805.5 μmol h− 1 yielding rate for 3 mg catalyst (equal to 268.5 mmol g− 1 

h− 1 yielding rate). This H2 production rate was superior to bare ZnO and 
pristine CdS by the factors of 895 and 12 correspondingly. The homo
geneous grown of ZnO shell on the core of CdS suppressed 
photo-corrosion of CdS, exhibiting outstanding photo-stability of 
CdS/ZnO over 18 h. The CdS NPs are efficiently shielded from photo
corrosion by the Al2O3 shell on the CdS core surface through swiftly 
transferring the interfacial photogenerated holes which generate oxygen 
quickly. Ning et al. [362] prepared the highly active Pt/CdS@Al2O3 
nanocomposite. The as-prepared Pt/CdS@Al2O3 exhibited the average 
H2 evolution reached to 0.0621 mmol g− 1 h− 1 yielding rate. This rate 
was almost 126-times larger compared to CdS NPs. Pt NP co-catalyst was 
capable of effectively separate photo-induced charge-carriers and acted 
as a reactive site for H2 production. Artificial gills were utilized in 
photocatalytic overall water splitting to remove freshly produced O2 
from water for suppressing O2 driving photo-corrosion as well as 
obstructing recombination of H2 and O2 back to water. It was found that 
the Pt/CdS@Al2O3 still demonstrated a remarkable photocatalytic per
formance for H2 evolution with better stability even after 30 h.

The performance and durability of CdS in photocatalytic H2 gener
ation were significantly increased by covering it with a Zn-anchored 
carbon layer [90]. The CdS@Zn–C exhibited a maximum H2 yields of 
6.6 mmol g− 1 h− 1 rate. This was 4.7-folds larger to that of pristine CdS 
under irradiation of visible light. AQE of CdS@ZnC was also obtained up 
tp 13.1% at 420 nm. Furthermore, the as-prepared CdS@Zn–C showed 
exceptional stability even over 44 h. This boosted photocatalytic per
formance was ascribed to the utilized carbon layer, which functioned as 
electron acceptor and prevented recombination of charges. Thorugh 
anchoring Zn in the carbon layer. The charge-transportation was facil
itated and a reactive site was provided for H2 evolution. Fang et al. [363] 
fabricated the newly Co0.2Cd0.8S/g-C3N4 photocatalyst through hydro
thermal route. The optimized Co0.2Cd0.8S/g-C3N4 photocatalyst showed 
outstanding H2 yielding with 35.5 mmol g− 1 h− 1 upon irradiation in 
visible range. This rate was 1.85 and 7.85-folds larger compared to 
pristine Co0.2Cd0.8S and CdS, respectively. This remarkable 

photocatalytic efficiency was predominantly due to rapid separation of 
charges owing to formation of Co0.2Cd0.8S/g-C3N4 heterostructure and 
raduction of photocorrosion. The optimal Co0.2Cd0.8S/g-C3N4 exhibited 
highly durability for 15 h and reusibility for 5-cycles in the H2 evolution 
process. This sample showed more photo-corrosion impedence than 
Co0.2Cd0.8S. This efficiency was owing to distinctive structure of 
Co0.2Cd0.8S/g-C3N4 having rapid photo-induced electrons trans
portation feature.

The directly incorporation of cobalt ions in lactic acid to prevent 
photo-corrosion of CdS photocatalyst during photocatalytic H2 evolu
tion is a new strategy. The CdS–Co photocatalyst exhibited a remarkable 
enhancement of photo-corrosion impedence than pristine CdS. Cobalt 
ions and lactic acid performed a chemical process forming cobalt lactate 
complex (CoL). Instead of appearing on the surface of CdS, it was 
exclusively exist in the lactic acid solution [117]. This increased 
photo-corrosion impedence and H2 evolution efficiency of CdS were 
owing to the photo-induced holes of CdS rapidly consuming through 
reversible redox reactions of cobalt lactate complexes. Metallic Au was 
added to CdS to produce CdS/Au by employing a photo-deposition 
technique for facilitating the photocatalytic H2 production perfor
mance. The excellent photo-corrosion impedence with good stability for 
8 h was maintained by CdS–Au into CoL system. The CdS/Au–Co sample 
showed a significant H2 generation of 86.46 μmol h − 1 yielding rate. This 
rate was 10.16 and 2.29-folds greater compared to bare CdS and 
CdS–Co. accordingly. Separation of charges and inhibition of 
photo-corrosion was improved by the interfacial engineering as well as 
utilizing lactic acid. In order to enhance photocatalytic H2 evolution 
along with enhance photo-corrosion resistance, intimate CdS/Cd 
ohmic-junction was developed by sulfur confinement and high content 
[364]. The optimized CdS/Cd showed a highly H2 evolution of 95.40 
μmol h− 1, which was almost 32.3-folds larger to pristine CdS. Further, 
this obtained photocatalyst showed an outstanding photo-stability, 
which was much longer compared to the majority CdS photocatalysts. 
The interfacial ohmic junction facilitated the transportation of 
photo-induced electrons and developing sulfur-confined architecture for 
inhibiting oxidation of CdS caused by positive holes.

Inhibiting photocorrosion could boost efficiency and durability of 
photocatalyst, which can be achieved by regulating defect engineering 
and developing core-shell architecture. The CdS@ZnIn2S4-SV 
(CdS@ZIS-SV) core-shell was developed by Liu et al. [365] by wrapping 
CdS NRs with ultra thin ZIS NSs bearing plenty of S-vacancies via a 
hydrothermal route. The highest H2 production of 18.06 mmol g− 1 h− 1 

was obtained over this as-prepared CdS@ZIS-SV photocatalysts. This 
rate was greater than that of bare CdS and ZIS by the factors of 16.9 and 
19.6, respectively. Photo-corrosion was prevented by core-shell archi
tecture, which restricted Cd2+ and S2− locally around CdS rather than 
allowing them to quickly diffuse into the solution. The particular sur
faces of material was expanded and abundant reactive sites were 
exposed by employing ultra-thin ZIS NSs, which also improved the 
capability of materials to trap electrons due to the abundance of S va
cancies on the surface. This promoted charges separation, which sup
pressed the holes from oxidizing S2-. Effective electron-hole pair 
separation was facilitated by Z-Scheme heterojunction. Wu et al. [366] 
constructed the CdS@MoS2/Ti3C2 photocatalysts with intimate binding 
interface through in situ growth process for improving the capability of 
photo-corrosion impedence. The photo-induced electrons from CdS 
successfully transferred to the surface of MoS2 and photo-eccited holes 
from CdS successfully transferred to Ti3C2 surface. The optimized pho
tocatalyst showed the highly H2 production of 14.88 mmol g− 1 h− 1 

yielding rate with highly durability. As Fig. 12, CdS@MoS2/Ti3C2 pho
tocatalysts demonstrated the highest stability among other photo
catalysts. This enhancement of effiiency and durability of CdS was 
attributed to the usage of redox dual co-catalysts Ti3C2 MXene and 
MoS2. During photocatalysis, components and structure of composite 
remained undamaged. The stabilities and performances of CdS-based 
heterojunction photo-catalysts during H2 production by water splitting 
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are presented in the Table 10.

6. Photoreactor design for H2 production

The architecture and configuration of photoreactors are just as 
important as the photocatalyst’s performance in determining H2 yield 
rate. The layout and configuration of irradiation devices, as well as the 
choice and distribution of light sources should all be considered while 
developing new photoreactor technologies. The designing approach 
utilized for integrating photocatalyst into a photo-reactor is an addi
tional aspect that could affect the entire efficiency of photocatalytic 
reactions.

Solid-phase metal reactor design is crucial for the synthesis of effi
cient photocatalysts due to its ability to create precisely controlled en
vironments that are essential for producing high-quality photocatalytic 
materials. The Fig. 13 shows the design of the solid phase reactor for 
photocatalyst synthesis. The design of the reactor allows for controlled 
temperature profiles, uniform mixing, and optimal reactant contact, 
ensuring that the photocatalyst’s properties, such as crystal structure, 
composition, and morphology, are tailored to maximize its photo
catalytic efficiency. Furthermore, solid-phase reactors provide a 
contamination-free environment, preventing impurities from external 
sources, which is vital for achieving high photocatalytic performance. 
The ability to scale up these reactors also makes them valuable for large- 
scale manufacturing, paving the way for the commercialization of effi
cient photocatalysts used in applications such as solar hydrogen pro
duction, pollutant degradation, and renewable energy generation.

Several types of photoreactor designs have been reported for the 
photocatalytic production of hydrogen, including Liquid-phase flow 
reactors, Quartz micro-reactors, Water-splitting panel reactors, Flow- 
mass reactors [212,247,361], as shown in Fig. 14. Each type of photo
reactor has its own advantages and disadvantages. For example, 
liquid-phase flow reactors are simple to design and operate, but they can 
suffer from low light penetration and poor mixing of the photocatalyst 
suspension. Quartz micro-reactors can achieve high light utilization and 
efficient mixing, but they can be difficult to scale up. Water-splitting 
panel reactors are designed to overcome the challenges of scaling up, 
but they can be expensive to build. Flow-mass reactors are a relatively 

new type of photoreactor that has the potential to combine the advan
tages of the other types of reactors. The optimal design of a photoreactor 
for photocatalytic hydrogen production will depend on the specific 
photocatalyst and reaction conditions. However, some general princi
ples can be applied to the design of all types of photoreactors. An 
elevated proportion of adaptable catalyst’s surface area to the reactor’s 
volume is required for an optimal photo-reactor.

The critical challenge of achieving high activity of water-splitting 
photocatalysts under sunlight impedes large-scale deployment. While 
a panel-type reactor, as introduced by Schro der et al. [379] demon
strated scalable photocatalytic hydrogen evolution, its utilization relied 
on sacrificial electron donors, leaving the accomplishment of 
industrial-scale solar light powered photocatalytic water splitting 
without such reactants an ongoing quest. To bridge this gap, compre
hensive research on pilot-scale, genuine solar-leading water splitting 
systems is imperative. High photonic efficiency is used across the pho
toreactor, with uniform light distribution, to boost photocatalytic effi
ciency. In addition to the above principles, other factors to consider in 
the design of photoreactors for photocatalytic hydrogen production 
include: the type and intensity of light source, the flow regime of the 
reactants and products, the temperature and pressure of the reaction, the 
materials used to construct the reactor. The development of more effi
cient and scalable photoreactors is a key challenge in the commerciali
zation of photocatalytic hydrogen production. Researchers are actively 
developing new photoreactor designs and materials to address this 
challenge.

7. Future perspectives

To address the current challenges in photocatalytic hydrogen (H₂) 
production, several research directions should be prioritized for the 
advancement of CdS-based photocatalysts. Fig. 15 illustrates the ad
vancements in the development of CdS-based photocatalysts for H₂ 
evolution. The low selectivity and efficiency of CdS under solar light 
should be mitigated by enhancing interfacial interactions between co- 
catalysts and CdS. Such enhancements should be achieved through 
strategies including size optimization of photocatalysts, formation of 

Table 10 
The durability and efficiency of heterojunction photo-catalysts based on CdS in 
the process of H2 evolution through water splitting.

Catalysts Co-catalysts H2 evolution 
rate (mmol 
g− 1 h− 1)

Sabilities 
(h)

Reference

ZnO/CdS NWs ZnO 9.618 4 [247]
Au–Co/CdS Au–Co 1.7292 8 [117]
Ni2P@CdS Ni2P 0.83794 12 [52]
Co0.2Cd0.8S/g- 

C3N4

Co/g-C3N4 35.5 15 [363]

ZnO/CdS NRs ZnO 268.5 18 [361]
MoSe2/CdS MoSe2 11.24 25 [367]
Pt–Al2O3/CdS Pt–Al2O3 0.0621 30 [362]
Zn–C/CdS Zn–C 6.6 44 [90]
MoS2/Ti3C2/CdS MoS2/Ti3C2 14.88 78 [366]
PANI@CdS PANI 0.31 30 [368]
CdS/WS2 WS2 0.3741 200 [369]
CdS@W18O49 W18O49 11.732 40 [73]
CdS/MoS2 MoS2 14.4 20 [370]
Fe3C/CdS Fe3C 97.5 22 [371]
CdS/m-TiO2/G m-TiO2/G 9.5 80 [372]
CdS@PDA@SnO2-x PDA@SnO2-x 82.27 50 [373]
CdS@TiO2/Ni2P TiO2/Ni2P 16.81 750 [374]
CdS/W18O49 W18O49 15.4 24 [56]
WS2/CdS@ZnCdS WS2/ZnCdS 34.86 20 [375]
NiCo-LDH/P–CdS NiCo-LDH/P 8.665 1\\6 [376]
CdS/Mo-VC Mo-VC 2.267 24 [377]
Bi–Bi2MoO6/CdS- 

DETA
Bi–Bi2MoO6/ 
DETA

7.37 16 [378]

Fig. 13. The design of the solid phase reactor for photocatalyst synthesis.
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Fig. 14. The different rector designs of the photocatalytic hydrogen production.

Fig. 15. Schematic diagram of the development of CdS-based photocatalysts for H2 production (Pt–CdS [380], CdS1-xSex [381], CdS/NiK4Nb6O17 [382], InP/CdS 
core-shell [383], Pt onto CdS nanowires [384], Pt/Zn–Cu/CdS [385], CdS/TiO2 NBC [386], Pt/CdS/RC [387], CdS QDs-sensitized Zn1-x CdxS solid solution [388], 
CdS QDs-glass powder [389], CdS nanospheres [390], 3D CdS/Au [391]).
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chemical bonds, heat treatments, π-interactions, crystal facet exposure, 
and the creation of CdS-based heterojunctions. These approaches should 
be designed to effectively suppress the fast recombination of photo- 
excited pairs and minimize CdS photocorrosion, both of which 
currently hinder H₂ evolution performance.

Efforts should also focus on amplifying light scattering and multiple 
reflections in CdS-based heterojunctions to improve light harvesting and 
enhance photocatalytic efficiency. Future studies should explore inno
vative designs of photoreactors and optimize their configurations to 
ensure financial sustainability and suitability for industrial-scale H₂ 
production. Overcoming these engineering and economic barriers 
should be a critical area of focus to transition photocatalysis from 
laboratory-scale research to industrial application. Achieving sacrificial- 
agent-free H₂ evolution through overall water splitting should remain a 
key goal. To realize this, strategies to address the moderately oxidizable 
nature of CdS and the sluggish oxygen (O₂) evolution process should be 
developed. Effective separation of gaseous H₂ and O₂ products should 
also be ensured to improve system stability and safety. Benzaldehyde 
has shown promise as an alternative to conventional sacrificial agents by 
facilitating faster H₂ evolution while simultaneously enabling the co- 
production of industrially valuable products. This dual-functional 
approach should be further explored for its potential to revolutionize 
the economic viability of photocatalytic systems.

The fabrication of advanced S-scheme heterojunctions should be 
emphasized, as they are expected to maintain excellent redox capabil
ities and enable efficient H₂ production through water splitting. To 
enhance the performance of these heterostructures, research should 
focus on optimizing their shape, composition, and co-catalyst loading. A 
thorough investigation of the thermodynamic and kinetic aspects of H₂ 
evolution should be conducted to identify pathways for accelerating 
charge transfer and lowering the activation barrier in photocatalytic 
reactions.

Incorporation of organic substances such as conductive polymers (e. 
g., PANI) and biomolecules (e.g., histidine) should be utilized to 
enhance the overall efficiency of H₂ evolution while simultaneously 
mitigating CdS photocorrosion. Organic-CdS hybrid systems should be 
systematically studied to better understand their synergistic effects and 
optimize their performance for long-term stability and activity. 
Addressing the multifaceted challenges associated with CdS-based 
photocatalysts requires a multidisciplinary approach. Future advance
ments should combine material innovation, reactor design, and eco
nomic optimization to pave the way for practical and sustainable 
photocatalytic H₂ production technologies.

8. Conclusions

Various strategies, including morphology control, doping, co- 
catalyst loading, and heterojunction formation, have been employed 
to develop CdS-based heterojunctions for efficient photocatalytic H2 
production. Pt NPs loaded CdS exhibited outstanding H2 evolution ef
ficiency and high stability. Incorporating organic compounds, such as 
histidine, with Pt–CdS compounds enhanced overall hydrogen produc
tion rates and suppressed photo-corrosion. The inclusion of heteroatoms 
efficiently enhances photocatalytic activity. CdS nanorods with the 
deposition of Fe–Co/MoS2 nanosheets demonstrated superb H2 pro
duction efficiency, primarily due to the synergistic effects of MoS2 and 
heteroatom doping. The core-shell CdS/TiN nanowires exhibited 
excellent H2 production efficiency, reliability, and chemical stability 
during photocatalysis. The core-shell nanostructured CdS@MoS2 dis
played excellent H2 production capability during photocatalysis without 
the need for precious metals. Other notable heterojunctions include 
Binary core-shell structured CdS–ZnS nanorods, Ni2P@CdS–Ni3 hetero
junction, Film-like 2D/2D CdS–Ni3S2/NF photocatalyst, BiVO4–CdS 
photocatalyst, MoS2/ReS2@CdS Z-scheme heterojunctions, Organic- 
inorganic heterojunctions, such as pyrene-alt-triphenylamine (PT) 
layered on CdS nanocrystals. The strategies discussed above have 

demonstrated the potential of CdS-based heterojunctions for practical 
applications in the solar-driven splitting of water. Significant progress 
has been made in developing CdS-based heterojunctions for efficient 
photocatalytic H2 production.
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List of Abbreviations

0D: = Zero-dimensional
1D: = One-dimensional
2D: = Two-dimensional
3D: = Three-dimensional
ALD: = Atomic layer deposition
AQY: = Apparent quantum yield
AQE: = Apparent quantum efficiency
BET: = Brunauer, Emmett and Teller
CB: = Conduction band
CdS/CA: = Cysteamine-capped CdS
CdS: = Cadmium sulfide
CdS-MC: = CdS–MoS2/C
CF: = CdS/α-Fe2O3
CNTs: = Carbon nanotubes
COFs: = Covalent organic frameworks
Co-Pi: = Cobalt-phosphate
CQDs: = Carbon quantum dots
CSZS-VZn: = Zn-vacancy defect-mediated CdS/ZnS
CV: = Crystal violet
CW40: = 40 wt% CdS/W18O49
DDA: = Dodecylamine
DETA: = Diethylenetriamine
DFT: = Density Functional Theory
e− : = Electron
ECB: = Conduction band potential
EF: = Fermi energy
EFm: = Energy of Fermi level of metal
EFs: = Energy of Fermi level of semiconductor
EIS: = Electro-chemical impedance spectroscopy
eV: = Electron volt
G: = Graphene
g-C3N4: = Graphitic carbon nitride
GO: = Graphene oxide

h+: = holes
H+: = Proton
HER: = Hydrogen evolution reaction
HNPs: = Hollow NPs
HOMO: = Highest occupied molecular orbital
HS: = Hollow spheres
HZB: = Helmholtz-Zentrum Berlin
KJ: = Kilo-Joule
LA: = Lactic acid
LED: = Light emitting diode
LSPR: = Localized surface plasmon resonance
MC-CdS: = Mesoporous carbon-CdS
MMCS: = MnS/Mn0⋅2Cd0⋅8S
MOF: = Metal organic framework
MPCx: = Metal phosphorous chalcogenides
MSs: = Metal sulfides
MWCNTs: = Multi-walled carbon nanotubes
MXenes: = Transition metal carbides
N–C: = N-doped carbon
NCs: = Nanocrystals
NF: = Ni-foam
NFs: = Nanoframes
NHE: = Normal Hydrogen Electrode
NIR: = Near-infrared
nm: = Nanometer
NPs: = Nanoparticles
NRs: = Nanorods
NSs: = Nanosheets
NTs: = Nanotubes
NWs: = Nanowires
OER: = Oxygen evolution reaction
OP: = Oxidation photocatalyst
PANI: = Polyaniline
PC: = Photocatalyst
PL: = Photo-luminescence
PRGO: = Polymer reduced graphene oxide
PSGM: = Polymer-supported graphene microsphere
PT: = Pyrene-alttriphenylamine
PVP: = Polyvinylpyrrolidone
QDs: = Quantum Dots
QE: = Quantum Efficiency
ȹb: = Barrier’s height
QY: = Quantum yield
Rct: = Arc radius
rGO: = Reduced graphene oxide
RP: = Reduction photocatalyst
SAs: = Single atoms
SC: = Semiconductor

SHE= Standard Hydrogen Electrode
SPP: = Surface plasmon polariton
STH: = Solar to Hydrogen conversion efficiency
SWCNT: = Single-wall carbon nanotube
TEOA: = Triethanolamine
TMDC: = Transition metal-based dichalcogenides
TMPs: = Transition metal phosphides
TON: = Turn over number
UV: = Ultraviolet
VB: = Valance band
VCC: = V2O5/CdS/CoS2
WFm: = Work function of metal
WFs: = Work function of semiconductor
XPS: = X-ray photoelectron spectroscopy
Xs: = Electron affinity
ZIS: = ZnIn2S4/CdS
Zn-TCPP: = Zn-porphyrin NSs
ZP48: = NaY zeolite
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