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Abstract:

The efficacy of photocatalysts for green hydrogen (H2) production by solar-driven 

photocatalytic water splitting is still severely limited by ineffective charge separation, quick 

charge carrier recombination and low structural stability. In this study, a simple, low-

temperature hydrothermal synthesis of CuS and ZnS (CZS) was used to rationally design a 

heterojunction photocatalyst, providing a simple and scalable method for improved 

photocatalytic performance. After 12 hours of continuous 1-sun irradiation, the CZS 

nanocomposite showed a remarkable cumulative H2 production of 12,145 μmol g⁻¹ which is 

more activity than the pristine CuS and ZnS. Additionally, the CZS heterojunction 

nanostructure has ~0.16% of solar to hydrogen efficiency (STH). Extensive structural and 

spectroscopic investigations, including as XRD, TEM, UV-Vis absorption spectroscopy and 

XPS revealed the CZS confirms the formation of structured system with strong interfacial 

interactions. The proposed composite has a unique physicochemical characteristics and 

synergistic interactions, supporting its increased photocatalytic activity. Improved light 

absorption and effective interfacial charge separation within the composite are the responsible 

for increased photocatalytic performance. This work highlights the efficient and scalable 

solutions for solar-driven H2 production with earth-abundant sulphide materials for a viability 

hetero-structured system. This type of system with synergistic characteristics paves the path 

for a sustainable world towards decarbonization. 

Keywords: Water splitting, Photocatalysis, Hydrogen evolution, CuS/ZnS composite, Type II 

- heterojunction. 
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1. Introduction

Fossil fuels that are used excessively release harmful gaseous pollutants (such as., CO, 

NOx, CO2 and SO2) into the atmosphere. By intensifying the greenhouse effect and generating 

global warming and environmental degradation,(1,2) these pollutants are contributing factor to 

anthropogenic climate change. To mitigate these adverse impacts and ensure long-term 

environmental sustainability, the exploration and development of clean, renewable and 

sustainable energy alternatives have become imperative. Green hydrogen (H2) production 

through renewable energy sources (solar, wind, water, biomass, geothermal) is a promising 

alternative to the fossil fuels.(3) Among the numerous energy sources, production of H2 

through water is consider as more effective, because of its high abundance and the byproduct 

is only oxygen (O2), which is net-zero emission of CO2.(4) H2 evolution by water splitting are 

of three types: (i) photocatalysis (PC), (ii) electrocatalysis (EC) and (iii) photo-electrocatalysis 

(PEC).(5),(6) Among the three water electrolysis techniques, PC water splitting has emerged 

as a promising route for sustainable green H₂ production due to its ability to directly utilize 

solar energy to drive water dissociation. By harnessing a broad solar spectrum, this process 

efficiently generates photoexcited charge carriers, facilitating the redox reactions required for 

H₂ evolution without fossil fuel combustion.(7–10) However, photocatalysts play an important 

role in this process by absorbing light energy, separating charges (electrons (e-) and holes (h+)), 

and generating charge carriers that can then engage in redox processes to produce H2 or 

O2.(11,12) Nanostructured materials have garnered immense interest in photocatalytic H₂ 

production due to their tunable morphology, quantum confinement effects, high surface-to-

volume ratio, and enhanced charge carrier dynamics. Various nano-photocatalysts, including 

transition metal oxides, sulphides, carbides, nitrides, selenides, chalcogenides and carbon-

based nanomaterials, have been extensively explored for solar-driven water splitting. However, 

broad bandgaps, poor visible light absorption and a rapid charge carrier recombination of 
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several photocatalysts typically restrict practical efficiency, which causes suboptimal H2 

evolution rates. To overcome these limitations, strategies such as surface functionalization, 

heterojunction engineering, bandgap engineering and co-catalyst integration have been 

explored to enhance the light harvesting and charge separation for improved photocatalytic 

performance. A semiconductor heterojunction has demonstrated as a successful and effective 

in enhancing the photocatalytic performance.(13)(14)(15) When two semiconductors with 

distinct electrical structures brought into close proximity to one another, heterojunction is 

created that permits interfacial charge transfer and the spatial separation of photogenerated 

electrons and holes. In addition, this separation not only offers a greater number of charge 

carriers for redox process but also prevents the recombination. A various mechanism, such as 

Type-II heterojunction or Z-scheme systems, may function depending on band alignment, each 

offering a distinct benefit in form of redox potential and charge separation. The fabrication of 

advanced heterostructure photocatalyst, such as low-dimensional materials and sulphide-based 

composites has received a potential attention in recent years. However, despite these 

developments, there are still some major challenges. Metal sulphide photocatalyst in particular 

are vulnerable to photo-corrosion, which can lead to activity loss and structural degradation. 

Furthermore, many photocatalytic systems depend on sacrificial agents to prevent the charge 

recombination, which restricts their sustainability and practical applicability. Therefore, 

developing a photocatalyst that combine effective charge separation, structural stability and 

economical synthesis still remains an ongoing challenge. Among various semiconductor 

materials, transition metal sulphides are considered to be a favourable candidate for 

photocatalytic H2 evolution due to its ideal conduction band positions for water reduction.(16)  

From the last two decades, different research groups worked on diverse metal sulphides, such 

as., MoS2, CdS, WS2, In2S3, ZnIn2S4, NiS2, however the overall efficiency was not up to the 

standard due to their limitations. Despite having a strong optical absorption, but sometimes low 
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active site density and unstable working circumstances of metal sulphides make it difficult to 

use them practically in photocatalytic processes. These materials long-term performance and 

efficiency are significantly impacted by their extreme susceptibility to photoinduced corrosion, 

oxidation and structural degradation.(17) Furthermore, many reported systems rely on the 

sacrificial agents to prevent the recombination, which restricts their sustainability and 

scalability for practical uses.  Zinc sulphide (ZnS) is a potential semiconductor material due to 

its wide range of applications in optoelectronics, photocatalysis, and sensing. However, its 

broad bandgap of 3.72 eV restricts its absorption to the ultraviolet (UV) region, limiting its 

usefulness in visible-light-based applications.(18) A number of research groups have worked 

on this catalyst, refining the physicochemical properties and tweaking or generating defect sites 

(Zn and S vacancies) to increase the H2 evolution rate. For example, Hao et al., optimized the 

Zn vacancies in ZnS (irregular morphology) and it has 337.71 μmol h −1 g−1 maximum H2 

production rate under visible light.(19) Wang et al., produced S vacancies in ZnS structure 

(spherical morphology) to extend the absorption of light in visible range to enhance the H2 rate, 

but it gives only 232 μmol h −1 g−1.(20) Xu et al., developed a single phase of ZnS (hollow 

microspheres) with high porosity and surface area and reported 1.66 μmol h −1 g−1 H2 

production rate under UV.(21) Based on the literature, bare ZnS is having low H2 evolution 

rate, because of its band gap, can responds only to the UV light which is its major limitation in 

practical application. It also suffers from the rapid recombination of photoexcited electrons and 

holes, photo-corrosion and poor charge transport. Therefore, to enhance photocatalytic H₂ 

production, the rational design of hybrid photocatalysts through nanoengineering strategies 

such as heterojunction formation, composite fabrication, alloying, and elemental doping can 

significantly improve catalytic efficiency.

To address these limitations, coupling bare ZnS with a narrow bandgap semiconductor 

is an effective strategy. Formation of heterojunctions between two nanomaterials can 
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efficiently separate charges by directing photoexcited electrons (e⁻) towards one component 

and holes (h⁺) towards another, reducing charge recombination and improving redox processes. 

Such developments allow for increased light absorption, enhanced band structure, and 

improved surface reaction kinetics, making them ideal for solar-driven water splitting and 

sustainable hydrogen generation.(22), (23) However, copper sulphide (CuS) was chosen as an 

alternative for altering the light absorption properties of ZnS nanostructures as composites. 

CuS is a narrow band gap semiconductor with 1.5 eV to 2.0 eV(24,25) band gap which makes 

a suitable candidate for visible to near infrared (NIR) light photocatalysis application. 

Interestingly, according to the earlier reports, CuS has exceptional photo-physical properties, 

where more photons captured at the NIR range due to localized surface plasmon resonance.(26) 

Integrating the CuS with ZnS will helps in formation of CuS/ZnS (CZS) hetero-structured 

composite. This CZS heterostructure increases the efficient separation of photo-triggered 

charge carriers at the interface. The findings contribute to a better understanding of charge 

separation efficiency and a significant alteration in the rate of recombination of a photo-

triggered charge carriers, which are the major factors in photocatalysis.(27) Also, this multi-

metal chalcogenide combination will possess the low-toxicity, high stability, more photo-

conductivity and strong photo response towards the visible light.(28) The formation of 

interfacial contact has a more advantage for composite photocatalyst in promoting the 

separation of photogenerated electron-hole pairs, which enhances the photocatalysis efficiency. 

Thus, a hetero-structured CZS composite photocatalyst would facilitate an excellent 

photocatalytic H2 production activity by employing a sustainable route of photocatalytic water 

splitting.    

In general, heterojunction formation between two distinct materials as a photocatalyst 

will provide attractive features including wide range of light absorption, sufficient active sites, 

reduced charge recombination, and better stability. Such photocatalysts would improve the 
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photocatalytic activity and enhances the green energy generation. In that perspective, a 

composite was prepared using a simple single pot hydrothermal technique at low temperature 

with CuS and ZnS metal sulphides (CZS hetero-structured composite photocatalyst) to improve 

the photocatalytic H2 evolution. The optical and electronic properties of the CZS photocatalyst 

was characterized by various techniques such as XRD, SEM, TEM, UV-Vis absorbance, and 

XPS. Based on the different characterization, it was confirmed that the as-synthesized 

photocatalyst is having a synergistic and unique physicochemical property. This synergistic 

effect will have high light harvesting, enhanced charge mobility and reduced recombination at 

interface. The unique properties of CZS composite shows an efficient charge separation at the 

interface and expected to enhance the photocatalytic activity. Also, the photocatalytic 

experiments were conducted in photochemical reactor under the continuous illumination of 1 

sun light source which results an increased photocatalytic H2 production compared to the 

control ZnS and CuS photocatalysts. The proposed system offers an advantage including 

simple synthesis, utilization of relatively abundant materials and improved light-harvesting 

capability. The purpose of this present work is to provide insight into the significance of 

interfacial charge transfer in hetero-structured photocatalyst and facilitate in the formation of 

an effective solar-driven H2 production systems. Also, this type of a metal composite 

photocatalyst with unique properties and synergistic effects between the components opens a 

new route for a sustainable production of H2 and pollutant free nature. 

2. Experimental Section

2.1 Synthetic procedure:  

A robust CZS nanocomposite photocatalyst was synthesized using a simple 

hydrothermal technique for efficient water splitting to generate chemical commodities as 

shown in scheme 1. The synthesis steps used to generate CZS composite are as follows: first, 
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0.5 M of Na2S was dissolved in a 1:1 mixture of 20 mL of E.G and 20 mL of D.I water with 

intense sonication until it totally dissolves. In the second step, 0.5 M of ZnCl2 and CuCl2 was 

added to the above mixture one by one and stirred the solution until it turns into the transparent. 

Later, the resultant mixture was transferred into the 100 mL of teflon-lined stainless-steel 

autoclave and the autoclave was treated at 180°C for 60 minutes. Once the hydrothermal reactor 

cooldown, the resultant mixture was washed for several times with D.I water and ethanol. 

Finally, the resultant mixture was dried for overnight in hot air oven at 60°C, to get the final 

CZS nanocomposite photocatalyst. Similarly, CuS photocatalyst was synthesized by following 

the same procedure but without the addition of Zn precursor and ZnS photocatalyst without Cu 

precursor.   

Scheme 1: Above figure shows the representation of various steps included in CuS/ZnS (CZS) 

nanocomposite material prepared using a simple and straight forward in-situ synthesis process via 

hydrothermal technique. The nucleation and particle growth procedure also included as an inlet figure. 

2.2 Photocatalysis measurement (PC):
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In this study, the efficient production of green H2 was measured utilizing CZS 

nanocomposite as a photocatalyst via photocatalytic water splitting process. A photochemical 

reactor was employed beneath the light source supplied by the solar simulator, and the full 

reaction setup is depicted in Figure S5. To flush out the other gases, the photochemical reactor 

was purged with nitrogen about 20 mins and illuminated by one SUN of AM 1.5 G. However, 

20 mg of CZS photocatalyst was mixed in 2 mL of aqueous solution (typical concentration – 

10 mg/mL), containing 0.1M of Na2SO4 as a sacrificial electron donor (SED) agent before 

being transferred into the photochemical reactor. Throughout the process, the reaction solution 

was continuously stirred with a magnetic stirrer to provide better light exposure of light to the 

photocatalyst with the assistance of magnetic stirrer and maintained constant at room 

temperature. Finally, the evolved gas measurements were taken in an airtight syringe and 

separated using offline gas chromatography (GC). The thermal conductivity detector (TCD) 

has been employed to detect the evolved H2 gas from the photocatalyst, and the measurement 

data were taken at a regular time interval of every 3 hours until the measurement was completed 

(12 hours).     

3. Results and Discussion

3.1 Structural analysis:

The CZS composite photocatalyst’s crystalline nature, crystal structure and phase 

composition characteristics were investigated with x-ray diffraction (XRD) technique in θ to 

2θ geometry. Figure 1 shows the diffraction patterns of bare ZnS, CuS and CZS composite 

photocatalysts. The major diffraction peak of bare ZnS photocatalyst was located at 28.8°, 

which corresponds to (0010) lattice plane, and CuS at 48.2°, which corresponds to (110) plane. 

Whereas, CZS photocatalyst has a large diffraction peak at 46.5°, which corresponds to the 

(1013) lattice plane. The lattice planes of bare ZnS photocatalyst were matched with the JCPDS 
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card.no:  01-072-0162 (wurtzite – hexagonal structure) and CuS with 01-079-2321 (covellite – 

hexagonal structure). Meanwhile, CZS photocatalyst was matched with both the cards, 

indicting the formation of composite. Furthermore, peak sharpness and intensity was 

significantly enhanced in the case of CZS composite suggesting the formation of high 

crystalline nature for better catalytic performance, when compared to bare ZnS and CuS. For 

any catalyst, crystallinity plays a critical role in catalytic performance because severe defects 

in the arrangement of crystal lattice can promote electron-hole recombination, which decreases 

catalytic activity.(27) In addition, the diffraction peaks of bare photocatalysts CuS and ZnS 

showed high index facet (HIF) planes due to large density of low-coordinated surface atoms 

such edges, kinks, and steps possess increased surface energy, which is consistent with 

literature. Interestingly, after the formation of CZS composite heterojunction, most of the 

diffraction peaks were observed as HIF planes, which attributes to the increased surface energy 

and promotes more active sites for better catalytic performance. As a result, such robust 

catalysts are expected to allow them to serve as a novel class of materials for different catalysis, 

sensing, optoelectronic and energy harvesting applications.(29) 
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Figure 1: Crystal lattice and structural investigation. XRD patterns of bare ZnS (wurtzite – 

hexagonal structure) matched with JCPDS: 01-072-0162 and CuS with 01-079-2321 (covellite – 

hexagonal structure), CZS composite photocatalyst has both the phases. 

In general, photocatalysts must be examined at multiple dimensions in order to 

comprehend their microstructural information at both electronic and atomic levels, which 

provide better understanding of their inherent features and improves catalytic performance. 

The XRD technique essentially evaluates the crystal structure or crystalline materials in terms 

of different Bragg peaks, lattice planes, and crystal phases. Also, this technique may efficiently 

calculate the crucial crystal lattice characteristics including crystallite size (D), dislocation 

density (d), micro-strain (ε) from full-width at half-maximum (FWHM) diffraction peaks and 

the respective measurements CZS composite depicted in Figure 2.  
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As shown in Figure 2(a), the CZS composite photocatalyst had a higher crystallite size 

(D) than bare ZnS and CuS photocatalysts. The composite has a D-value of 23.58 nm, 

compared to 3.03 nm for ZnS and 9.64 nm for CuS. A significant increase in D-values could 

be attributed to the formation of heterojunction between CuS and ZnS.(30,31) Such kind of an 

enhancement in the crystallite size promotes strong heterojunction formation by employing 

better interfacial contact, decreased charge recombination and providing sufficient surface area 

for active photocatalytic performance. The computed D-values for all three photocatalysts are 

listed in Table S1, Table S2 and Table S3. The catalyst crystalline size (D) was determined 

using the Debye-Scherrer formula (1). On the other hand, lattice spacing, also known as inter-

atomic spacing or d-spacing, refers to the distance between parallel planes of two successive 

atoms or planes that result in diffraction peaks. Figure 2(b) presents the dislocation density of 

three different photocatalysts: CuS (2.16 Å), ZnS (2.21 Å), and CZS (2.18 Å). Notably, the d-

spacing value of the CZS composite remains moderate, without significant increase or decrease 

compared to the bare catalysts. This stability suggests improved charge separation and reduced 

recombination rates, enhancing its photocatalytic performance. The d-spacing values were 

determined using the following equation (2).

The production of tiny crystallites less than 1 μm leads to the increase of lattice 

scattering centers, resulting in lattice defects such as dislocations. The density of dislocations 

(δ) can be measured as the distance between dislocation lines per unit volume of the crystal. 

The equation for estimating dislocation density (δ) and micro strain (ε) is as follows the 

equation (3). As previously stated, the crystalline size (D) of CZS composite was increased due 

to the formation of heterojunctions. The D-values indicate a decrease in the broadening of 

diffracted peaks in composite cases. Figures 2(c) and 2(d) show the computed dislocation 

density (δ) and micro strain (ε). As crystallite size increases, the amount of point defects and 

dislocations along the grain boundaries decreases, resulting in lower micro strain for CZS 

Page 13 of 44 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 1
1:

52
:4

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00191B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00191b


composite. Micro strain and dislocation density are signs of a dislocation network, with lower 

values indicating high-quality catalyst manufacture. Overall, the XRD investigation confirms 

that the annealing process reduces micro-strain and dislocation density, resulting to larger 

crystallites with enhanced crystallinity, fewer defects, and improved structural stability of the 

CZS composite heterojunction formation. This, in turn, facilitates more efficient charge 

transport for photocatalysis. 

𝑫 = 𝑲𝝀
𝜷 𝒄𝒐𝒔 𝜽  (1)

* D = crystallites size (nm), K = 0.9 (Scherrer constant), λ = wavelength of XRD radiation (0.154 nm), 

β = FWHM of peak of respective crystal lattice plane, θ = angle of the intensity peak.

n λ=2d sin θ or d = 𝒏𝝀
𝟐 𝒔𝒊𝒏 𝜽   (2)

* λ = 1.5406 A◦ (incident X-ray source wavelength). d = interplanar spacing or d-spacing (in 

Å). n = 1 (order of diffraction). θ = Peak location (radians).

𝜹 =  𝟏
𝑫𝟐   and   𝜺 =  𝜷

𝟒 𝒄𝒐𝒔 𝜽
   (3)
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Figure 2: Structural characteristics of hydrothermally synthesized photocatalysts which includes ZnS, 

CuS and CZS composite. (a) average crystalline size (nm); (b) average d-spacing (Å); (c) average 

dislocation density (nm2); (d) average micro-strain.  

3.2 Size and morphological analysis

The morphology, microstructure and atomic arrangement properties of all three 

different catalysts were examined using high-resolution transmission electron microscopy 

(HRTEM) and scanning electron microscopy (SEM) techniques. Figure 3 showed the plane-

view HRTEM analysis with crystalline fringes of approximately 2 nm in diameter and the 

EDAX spectrum was showed in Figure S1, whereas Figure S2 showed the SEM. Figure 3(a) 

represents the low-resolution image of ZnS nanoparticles with spherical shape and an average 

particle size of around 5-10 nm. Figure 3(b) shows the interplanar distance at 0.146 nm, 0.161 

nm, and 0.204 nm corresponds to (2010), (204) and (1012) planes that belongs to the wurtzite 
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phase of ZnS. Figure 3(d) displays a low-resolution image of CuS polydisperse rod-shaped 

particles ranging in size from nano to microns. According to Figure 3(e), the (1012), (205), 

and (104) planes of covellite CuS have d-spacing values of 0.125 nm, 0.146 nm, and 0.255 nm, 

respectively. On the other hand, Figure 3(g) represents a low-resolution image of CZS 

composite with multiple morphologies of nanospherical ZnS smaller particles and CuS plate-

like particles, which evidently confirmed the formation of heterojunction between ZnS and 

CuS. As shown in Figure 3(h), the interplanar distance of CZS composite detected at 0.135 

nm corresponds to the (1,0,11) plane, which represents CuS; 0.146 nm d-spacing belongs to 

both the phases of ZnS (2010) and CuS (205); and 0.251 nm represents ZnS (108). The results 

indicated a substantial interaction between the ZnS and CuS in the composite phase. 

Furthermore, the selected area electron diffraction (SAED) pattern was also analyzed in order 

to know the crystalline nature of the photocatalysts. As showed in Figure 3(c&f), the SAED 

pattern indicates the crystalline nature of wurtzite phase of ZnS and covellite phase of CuS 

particles. Whereas CZS composite reveals the formation of both the phases of ZnS and CuS in 

multi-crystal phase (Figure 3(i)). All the obtained results are consistent with XRD analysis, 

which confirmed the high crystalline nature of composite heterojunction.  
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Figure 3: Morphological studies by HRTEM. (a, d, g) low resolution images of ZnS, CuS and CZS 

samples with 20 nm scale bar. (b, f, h) high resolution images of three catalysts ZnS, CuS and CZS with 

2 nm scale bar, and the inlets with 5 nm scale bar. The d-spacing measurements of three catalysts 

validated the specific crystal lattice planes of ZnS, CuS and CZS. (c, f, i) SAED patterns revealed the 

crystalline nature of three catalysts, however CZS composite showed increased crystallinity compared 

to ZnS and CuS, which is consistent with XRD studies.  

3.3 Optical analysis
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Photocatalysts perform superior catalytic activity when they absorb the entire sunlight 

spectrum (Ultraviolet (UV), Visible and Infrared). Figure 4 shows the light absorption property 

of three different catalysts was examined by using UV measurement technique and the 

respective energy gap was calculated from a diffuse reflectance measurement. As shown in 

Figure 4(a), the absorption spectra of ZnS showed a UV light absorption band edge at 311 nm, 

while CuS showed the visible light absorption band edge at 706 nm. In contrast, CZS composite 

spectra revealed an increasing optical absorption band edge at 791 nm towards the near infrared 

(NIR) region. Compared to the bare semiconductors, the absorption edge of the CZS 

nanocomposite showed a red shift (around 85 nm), which is extending into NIR region.  The 

absorption edge of CZS composite showed a red shift of around 85 nm, extending into the NIR 

region, as compared to the bare ZnS and CuS photocatalyst. This red shift reflects a significant 

electronic interaction between the two components, which may enable charge transfer across 

the interface (perhaps leading to formation of heterojunction) and exhibits the improved light 

harvesting capability. Furthermore, the improved optical absorption is expected to contribute 

to enhanced photocatalytic performance. The energy gap measurements of all the three 

photocatalysts were calculated using Tauc plots, as shown in Figure 4(b). According to the 

energy gap measurement, CZS composite has less energy gap of ~1.4 eV, compared to CuS 

(~1.6 eV) and ZnS (~3.3 eV). Therefore, a catalyst with low energy gap provides a wide range 

of optical absorption from the solar light and vice versa at higher energy gap. Thus, a simple 

and straight forward in-situ synthesis of CuS-ZnS composite increased optical absorption 

characteristics and altered the electronic structure, allowing it to serve as a facile catalyst for 

photo related applications such as green energy generation and light harvesting. The band gap 

energy is usually determined from diffuse reflectance spectra and followed by equation (4).

(αhϑ)2 = A (hϑ – Eg)               (4)
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*α – absorbance, h – Planck constant, ϑ – photon’s frequency, A – constant, Eg – band gap 

energy. 

Figure 4: Optical absorbance and bandgap measurement. (a) Absorption spectra reveal that an 

increased light absorption of CZS composite photocatalyst compared to their controls ZnS and CuS. (b) 

Energy gap calculations of three different catalysts confirmed that CZS composite has lower energy 

gap allowing a wide range of light absorption. 

3.4 Surface chemical composition analysis

To analyse the elemental composition and surface oxidation states of the as-synthesized 

CZS powder composite, x-ray photoelectron spectroscopy (XPS) technique was carried out, as 

illustrated in Figure 5 and the bare ZnS, CuS full survey scan spectrum was illustrated in 

Figure S3. In this characterization technique, an incident photon energy [1486.6 eV (Al Kα)] 

is estimated from inelastic mean free path versus (vs) original electron energy (eV).(32) Figure 

5(a) depicts the full survey spectra of CZS composite indicates the existence of various 

elements such as Cu 2p, Zn 2p, C 1s and S 2p. High-resolution spectral scans were precisely 

captured using a step interval (0.1 eV) and a pass energy (20 eV). The binding energy (BE) of 

Cu was mentioned in Figure 5(b), peak at 932 eV and 952 eV belongs to Cu 2p3/2 and Cu 2p1/2, 
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respectively, which are consistent with Cu2+ species in CuS.(33–36) In contrast, Zn 2p signal 

(Figure S4) appears weak and less prominent in XPS spectra. This can be attributed to the 

surface-sensitive nature of XPS, which typically probes only the top of few nanometres of the 

material. The CuS species may be preferentially abundant near the surface of the composite, 

partially hiding the underlying ZnS phase, according to the relatively low Zn signal.(37) In 

general, XPS is a surface-sensitive technique (typically probing ~5 to 10 nm) and therefore 

primarily reflects the outermost surface composition. In contrast, EDS is bulk-sensitive 

technique, detaching elemental composition from deeper regions of the material. The clear Zn 

signal is observed in Figure S1, which confirms the presence of ZnS within the composite. 

Thus, based on the combined data of XPS and EDS, CZS composite consists of a close 

interfacial contact between the CuS and ZnS with a partial surface coverage. The high 

resolution S 2p spectrum (Figure 5(c)) shows the divalent oxidation state at 161.5 eV (ZnS) 

and 162.8 eV (CuS), ascribed to S 2p3/2 in both the crystal phases, respectively.(24,34,38) As 

shown in Figure 5(d), peak at 284 eV associated with C ̵ C (epoxyl) and 288 eV with C=O 

(carbonyl) in C1s spectra is attributed to carbon peaks.(39) Interestingly, in the absence of a 

carbon source, the CZS composite exhibits the highest atomic fraction of C1s following 

hydrothermal treatment. Polymer-mediated solvents, such as EG, contain carbon-rich 

backbones or functional groups that may leave the catalyst with carbon residues after synthesis. 

As a result, during composite production, the EG solvent itself becomes a rich carbon source. 

This kind of composite with residual carbon may enhance the properties of photocatalyst in 

terms of more visible light absorption and improving the electron transfer efficiency.(40–42) 

As a result, the successful formation of CuS-ZnS (CZS) nanocomposite with a interfacial 

heterojunction features is confirmed by the observations of XPS analysis and EDS results. 

Therefore, this kind of a nanocomposite is advantageous for practical photocatalytic 

applications.  
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Figure 5: Surface chemical composition analysis by XPS. (a) Full survey spectrum of various 

elements presents in CZS composite. (b) Cu 2p high resolution spectra revealed multiple oxidation 

peaks corresponds to Cu 2p3/2 and Cu 2p1/2. (c) S 2p spectra revealed two different peaks at 161.5 and 

162.8 eV confirms the divalent oxidation state of S 2p3/2. (d) C 1s element displayed two different peaks, 

attributes to C-C and C=O, respectively. The experimental results are represented by grey circles, and 

the bonds were validated for various values using the NIST-XPS database.

3.5 Surface area and angle 

To know specific surface area and porosity of as-synthesized three photocatalysts are 

characterized by nitrogen adsorption-desorption isotherm as illustrated in Figure 6. As shown 
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in Figure 6(a), the isotherms of ZnS, CuS and CZS heterojunction photocatalyst all exhibits 

typical type IV behaviour, as per IUPAC classification, indicative mesopores structure (pore 

diameters ranging from 2 to 50 nm). In addition, based on the shape of hysteresis loop it was 

confirmed that all three photocatalysts shows the H3 type, suggests the dominance of slit-like 

mesopores, generally associated with the aggregation of layered or plate-like particles. In 

particular ZnS, adsorption-desorption loop shows the capillary condensation at intermediate 

relative pressures (P/P0), confirming the mesoporosity, whereas, though CuS retains 

mesoporosity, it has a higher degree of structural disorder or pore irregularity due to less 

defined hysteresis loop. But CZS photocatalyst shows improved mesoporosity due to nitrogen 

uptake and broader hysteresis loop, which attributed to the synergistic integration of both ZnS 

as well as CuS phases. All these results are well consistence with TEM analysis (Figure 3). 

The corresponding BJH (Barrett-Joyner-Halenda) pore size distribution analysis reveals the 

average pore diameters of 16.35 Å (ZnS), 16.54 Å (CuS), and 17.73 Å (CZS) as illustrated in 

Figure 6(b). Additionally, calculated BET (Brunauer-Emmett-Teller) specific surface area and 

remaining textural values are listed in Table. A well-developed mesoporous structure plays a 

vital role in photocatalytic systems because it improves the diffusion and transport of reactant 

as well as product species within the material, while simultaneously allowing for better light 

harvesting due to the increased surface area and the internal light scattering.(38) The increased 

porosity found in the CZS composite can be due to the establishment of a heterojunction 

framework, which creates an interconnected pore architecture that not only improves mass 

transport but also ensures greater photocatalytic effectiveness.

In photocatalysis, a catalyst with high wettability has a major impact due to reactant 

adsorption. Thus, in addition to surface area, we measured contact angles to investigate the 

surface energy and wettability of all three photocatalysts. In general, contact angle 

measurement provides information about the surface wettability of the catalyst in terms of the 
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angle between the solid surface of the catalyst and a droplet of liquid (in this case, water). A 

catalyst with a high contact angle (>90°) is hydrophobic (low wettability), whereas a low 

contact angle (<90°) suggests hydrophilic (high wettability). Figure 6(c) demonstrates that 

bare ZnS and CuS have hydrophilic angles of 27.36° and 13.79°, respectively, whereas CZS 

heterojunction photocatalyst has a superhydrophilic angle of 7.32° (due to <10°). As a result 

of the synergistic phase integration (ZnS and CuS), the CZS photocatalyst exhibits optimum 

contact angle behaviour by potentially boosting the hydrophilic property, which considerably 

increases photocatalytic performance and evaluates a greater quantity of hydrogen. 

Figure 6: Surface area and surface angle. The bare ZnS (purple colour) and bare CuS (pink colour) 

were employed as controls for the CZS composite (grey colour). (a) Nitrogen adsorption-desorption 

isotherm (BET analysis); (b) BJH pore size distribution curve based on nitrogen adsorption-desorption 

isotherms. All photocatalysts exhibit an H3-hysteresis loop with a type IV isotherm and mesoporosity, 
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but CZS has a more pronounced distribution, which improves mass transfer and active site exposure 

during the photocatalytic process. (c) Static water contact angle measurement indicates hydrophilic 

(bare ZnS and CuS) and superhydrophilic (CZS) behaviour, showing an improvement in the interaction 

between photocatalyst and aqueous reactants, consequently impacting H2 efficiency.  

3.6 Hydrogen evolution analysis via photocatalytic water splitting

The photocatalytic water splitting experiment was performed on CZS composite in 

order to examine its catalytic efficiency in water splitting by using 0.1 M Na2SO4 as a sacrificial 

agent (electron donor). However, sacrificial agents play a critical role in increasing the overall 

efficiency of the photocatalyst by transferring the photo-electrons from photo-absorber to water 

molecule, thereby reducing water (H2 evolution). A photo-chemical reactor was used to study 

the photocatalytic measurement as depicted in Figure S5 (a) and the amount of H2 evolution 

was collected and analyzed by gas chromatogram (GC) as shown in Figure S5 (b). The 

photocatalyst was illuminated by using solar simulator (the reactor setup was picturised in 

Figure S5) for 12 hours continuously and the redox measurements were collected at regular 

time interval (3 hours). Figure 7 depicts the photocatalytic water splitting performance of three 

different catalysts such as bare ZnS, CuS and CZS composite and the H2 evolution values are 

presented as cumulative production (μmol g–1) and corresponding average rates (μmol g–1 h–1) 

are calculated from time-dependent measurements. Firstly, as shown in Figure 7(a), the bare 

ZnS photocatalyst was tested and the H2 evolution was 2000 μmol g–1 after the illumination of 

light for 6 hours continuously, because it has the wide bandgap energy (3.3 eV), it cannot be 

active to absorb visible energy. Whereas, in case of bare CuS, it has the H2 production of 4450 

μmol g–1 (2.2 times higher than bare ZnS) due to its optical bandgap energy of 1.6 eV, which 

can absorb more visible light. But with the CZS composite photocatalyst showed enhanced H2 

production of 6000 μmol g–1 (3 times higher than bare ZnS) due to its wide optical band energy 
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gap ~1.4 eV. These results suggested that CZS composite exhibited higher green H2 production 

and led to subsequent measurement. The same experiment was performed continuously for 12 

hours at a regular time interval of time with CZS composite, as depicted in Figure 7(c). 

According to the time-dependent study, it was observed that the cumulative H2 evolution was 

hugely increased to 12,145 μmol g–1 at 12 hours continuous irradiation of light (corresponding 

to an average H2 evolution rate ~1,012 μmol g–1 h–1). This photocatalytic enhancement can be 

attributed to efficient interfacial charge separation between ZnS and CuS. Based on 

illumination, both semiconductors are photoexcited, generating electron-hole pairs. Both the 

semiconductors have a close interfacial contact and align their bands, which efficiently 

separates the photogenerated charge carrier. Based on the reported band structures of CuS and 

ZnS, charge transfer process is likely controlled by heterojunction mechanism, where the 

photogenerated electrons tend to migrate into CB of ZnS and holes accumulate in CuS.(38) 

This directed movement facilitates the spatial separation of charge carrier, allowing electrons 

to reduce adsorbed H+ ions to H2 while the solution species consumes the holes. Additionally, 

the production of CuS/Cu2S species during the photocatalytic process may act as electron 

trapping sites and co-catalytic centres, enhancing the H2 evolution reaction and promoting a 

charge separation. Compared to individual components, CZS composite has enhanced 

photocatalytic efficacy which supports the existence of effective interfacial charge transfer. 

The resulted enhancement may potentially be attributed to interfacial charge transfer (IFCT), 

in which photogenerated carriers migrate rapidly across the interface due to strong electronic 

coupling between both the semiconductors (CuS and ZnS). However, it should be noted that 

an alternative mechanism, such as a Z-scheme charge transfer pathway, cannot be ruled out 

based on the present data. Therefore, based on the nature of charge transfer pathway and current 

optical as well as photocatalytic data suggests the formation of heterojunction system, possibly 

consistent with Type-II charge transfer behaviour. 
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On the other hand, surface properties also influence the adsorption-desorption 

equilibrium and reaction kinetics, which are critical sustained photocatalytic performance. The 

formation of heterostructure surface is by the intimate contact between CuS and ZnS, which 

provides a large number of active sites for adsorption of reactant species, especially H+ ions. 

In photocatalytic H2 evolution, effective reactant adsorption on the catalyst surface is a critical 

step because it promotes subsequent reduction reactions. Also, separation and migration of 

photogenerated carriers can be facilitated by interfaces, heterojunction boundaries and surface 

defects functioning as active sites for charge transfer. The heterogenous and rough surface 

morphology of CZS composite increases the amount of accessible catalytic sites and surface 

area. Besides that, interfacial contact between CuS and ZnS improves the charge carrier 

movement across the surface, by reducing the recombination losses and enabling more efficient 

usage of photogenerated electrons for H2 evolution. The additional surface-active sites and the 

co-catalytic centres could be provided by the potential production of CuS/Cu2S species, which 

would further enhance the reaction kinetics. Therefore, the higher photocatalytic efficacy of 

CZS nanocomposite is largely due to the combined effects of increased surface area, a large 

number of active sites and effective interfacial charge transfer. In addition to this, Table 1 

shows the list of various Zn and Cu based nanomaterials used for green H2 evolution via PC 

and in contrast to the table, CZS photocatalyst gives the highest H2 rate. In addition, the amount 

of H2 evolution in ppm of three catalyst (ZnS, CuS and CZS) after the 6 hours illumination of 

photons were illustrated in Figure S6 (a) and the time-dependent study of CZS nanocomposite, 

measured at 0, 3, 6, 9 and 12 hours under continuous irradiation of photons was showed in 

Figure S6 (b). 

We also performed catalytic experiments using a physical mixture (Phy.Mix) of ZnS 

and CuS (in 1:1 ratio) at 9 hours illumination of solar, alongside the individual photocatalysts 

(ZnS, CuS and CZS). However, the H2 efficiency of Phy.Mix was significantly lower compared 
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to the CZS heterojunction as shown in Figure S7 (a). Furthermore, when CZS nanocomposite 

was subjected to continuous irradiation for 15 hours, a notable decline in H2 evolution was 

observed (Figure S8 (a)). Post-photocatalysis morphological analysis of CZS nanocomposite 

(Figure S8 (b)) shows the discernible structural changes compared to before photocatalysis 

sample. The particles appeared more dispersed and loosely packed, exhibiting magnified 

surface roughness along with the structure of small plate-like or flake-like characteristics. 

These morphological alterations indicated a partial structural degradation, likely caused by 

prolonged solar exposure, photo-corrosion and surface instability of catalyst. Initially dense 

clusters disintegrating demonstrated that the photocatalytic performance modifies the catalyst 

surface. Such surface modifications may reduce the number of active sites and contribute to 

the observed decline in H2 evolution activity. Overall, while CZS nanocomposite retains its 

general structural framework, prolonged irradiation induces surface deterioration and increased 

particle dispersion, which are likely responsible for gradual decrease in photocatalytic 

performance. This kind of behaviour is commonly observed in metal sufide-based 

photocatalysts under prolonged illumination conditions. Despite this, the catalyst retains a 

significant portion of its activity, indicating reasonable operational stability over the tested 

timeframe. But to mitigate the photo-corrosion, the potential approaches such as, surface 

passivation or protective coatings, formation of more robust heterostructure or core-shell 

architectures, incorporation of other co-catalyst, usage of suitable hole scavengers and etc. 

might help to improve the long-term durability of the photocatalyst for practical applications.         

TABLE 1: Table finds the amount of H2 evolution rate via various Cu-based and Zn-based 

photocatalysts by using PC technique.   

S.No Catalyst Synthesis 
Technique

Mediator H2 Evolution Ref

1. Cu3P/S Wet chemical Na2S/Na2SO3 2,085 μmol g–1 h–1 (43)
2. Cu3P/g-C3N4 Chemical deposition 

and phosphorization
TEOA 

(10 vol%)
808 μmol g–1 h–1 (44)
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3. CuS/TiO2 Co-precipitation Na2S/Na2SO3 1262 μmol g–1 h–1 (45)
4. CuS/ZnS porous 

nanosheets
Hydrothermal and 
cation exchange 

reaction

Na2S/Na2SO3 4147 μmol g–1 h–1 (38)

5. 5%CuS/CdS 
mesoporous 
nanocrystals

Chemical ion-
exchange process

Na2S/Na2SO3 280 μmol g–1 h–1 (46)

6. Cu(0.05 wt%)-
g-C3N4

In-situ reduction 
method

TEOA 
(10 vol%)

241.3 μmol g–1 h–1 (47)

7. ZnS/CuS 
nanotubes

Sulfuration and 
subsequent cation 
exchange reaction

Na2S/Na2SO3 56.47 μmol g–1 h–1 (48)

8. CuS/g-C3N4 In-situ growth 
method

TEOA 
(10 vol%)

17.2 μmol g–1 h–1 (49)

9. TiO2/CuO 
composite 
Nanofibers

Electrospinning D.I water and 
methanol 

(9:1)

1146.9 μmol g–1 h–1 (50)

10. Cu/g-C3N4 Facile method 25% methyl 
alcohol

20.5 μmol g–1 h–1 (51)

12. CdS/g-
C3N4/CuS

Novel and facile 
low-temperature 

solid-state method

Na2S/Na2SO3 57.56 μmol g–1 h–1 (52)

14. (Zn0.95Cu0.05)1−x
CdxS (x = 0.33)

Simple co-
precipitation 

Na2S/Na2SO3 508 μmol h–1 (53)

15. Cu doped ZnO Co-precipitation KOH (0.5M) 1931.8 μmol h–1 (54)
16. CuS/TiO2 Hydrothermal 

method at high 
temperature

50% of 
methanol

570 μmol h−1 (55)

17. Ni:CuxS/EY Facile colloidal TEOA 
(10 vol%)

4000 μmol g–1 h–1 (56)

18. CuS/MXene Wet-chemical Na2S/Na2SO3 4.245 μmol g–1 h–1 (57)
19. MoS2/CuInS2 Hydrothermal Na2S/Na2SO3 316 μmol g–1 h–1 (58)
20. g-C3N4–CuS Hydrothermal TEOA 

(10 vol%)
126.5 μmol h–1 (59)

21. CuS/CdIn2S4/Zn
In2S4

Microwave 
hydrothermal 

Na2S/Na2SO3 358.4 μmol g–1 h–1 (60)

22. Cu–S@MoS2 Solvothermal D.I water 9.86 μmol g–1 h–1 (61)
23. CuS/TiO2 Co-precipitation Methanol 

(20 vol%)
2.95 mmol g–1 h–1 (62)

24. Cu7S4 nanosheet 
decorated TiO2

Coprecipitation TEOA 
(10 vol%)

11.5 mmol g–1 h–1 (63)

25. ZnS–CuS–CdS Collidal-
coprecipitation 

60 mM Na2S 837.6 μmol g–1 h–1 (64)

26. TiO2/CuO/Cu Electrospinning D.I water and 
methanol

851.3 μmol g–1 h–1 (65)

27. CdS/CdSe/CuS 
hollow 

nanospheres

Vulcanization and 
selenization

Na2S/Na2SO3 723 μmol h−1 (66)
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28. CZS 
heterojunction 

Hydrothermal Na2SO4 12145 μmol g-1 This 
Wor

k

Solar-to-hydrogen conversion efficiency (ηSTH) evaluates a photocatalyst's ability to 

produce H2, comparing it to other photoactive materials and their efficiency in water splitting. 

One of the most important characteristics in the real-world application of overall water splitting 

via PC for solar H2 production is STH, which means the ratio of solar energy preserved as a H2 

to incident solar energy. As reported in recent reviews, we followed the conventional way for 

measuring the photocatalytic activity, as well as STH efficiency calculations by following the 

equation (5).(67) Figure 7(b) and 7(d) demonstrates the calculated STH efficiency of bare 

ZnS was 0.03 % and CuS was 0.06 %, whereas, for CZS composite the efficiency showed 0.08 

at 6 hours irradiation light and at 12 hours it was 0.16%. Therefore, due to the strong optical 

absorption property of CZS composite photocatalyst exhibited better H2 conversion efficiency 

in comparison with bare photocatalyst. Therefore, these highly efficient photocatalysts are 

critically needed for sustainable energy generation and harvesting applications to meet the 

growing demands of society.  

𝜼 𝑺𝑻𝑯 = 𝑶𝒖𝒕 𝒑𝒖𝒕 𝒆𝒏𝒆𝒓𝒈𝒚 𝒂𝒔 𝑯𝟐

𝑬𝒏𝒆𝒓𝒈𝒚 𝒐𝒇 𝒊𝒏𝒄𝒊𝒅𝒆𝒏𝒕 𝒔𝒐𝒍𝒂𝒓 𝒍𝒊𝒈𝒉𝒕
=  𝒓𝑯𝟐 × ∆ 𝑮𝒓 

𝑷𝒔𝒖𝒏 ×𝑺    (5)

* Psun - energy flux of sunlight, S - irradiated area, rH2 - H2 production rate, and ΔGr - reaction Gibbs 

energy.

Page 29 of 44 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 1
1:

52
:4

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00191B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00191b


Figure 7: Photocatalytic H2 evolution measurement. (a) H2 evolution analysis of three different 

photocatalysts after 6 hours of solar light irradiation: bare ZnS (purple colour), bare CuS (pink colour) 

and CZS composite (grey colour) exhibited better H2 production rate than controls. (b) STH% of bare 

ZnS was 0.03%, CuS was 0.06% and CZS composite results 0.08%. (c) The time-dependent cumulative 

H2 evolution of CZS composite under solar light illumination, reaching 12,145 μmol g-1 after 12 hours. 

(d) The respective STH% for CZS photocatalyst is ~0.16% at 12 hours illumination of light.

4. Conclusion

CuS/ZnS (CZS) hetero-structured photocatalyst greatly enhances the photocatalytic H2 

evolution performance, overcoming the limitations of pristine CuS and ZnS photocatalysts. 

The effective charge separation created by intimate contact between the semiconductors of CuS 

and ZnS, which promotes directed migration of the photogenerated charge carries and prevents 
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the electron-hole recombination, is the cause of this improvement. The charge transfer 

behaviour is consistent with a heterojunction process and possibly resembling Type-II band 

alignment. Under continuous irradiation of 1-sun, CZS composite achieved an impressive 

cumulative H₂ evolution production of 12,145 μmol g⁻¹ after 12 hours, along with STH 

efficiency of ~0.16%, demonstrating a significantly improved photocatalytic activity relative 

to pristine photocatalysts. Additionally, the enhanced performance is supported by synergistic 

physicochemical characteristics, including improved light absorption, a strong interfacial 

coupling, and a charge transfer dynamic arising from the hetero-structured system. However, 

a slow decrease in activity under the prolonged irradiation suggests the existence of effects 

related to photo-corrosion, indicating the necessity of additional tuning to enhance long-term 

stability. Despite this drawback, CZS system is a viable candidate for solar-driven H2 

generation due to its facile, low-temperature hydrothermal synthesis and use of relatively 

abundant materials. All these considerations, the present work offers the insightful information 

about the role of interfacial engineering which improves the photocatalytic performance and 

also suggests a possible route for fabrication of effective and scalable photocatalysts of 

sustainable H2.    
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