International Journal of Hydrogen Energy 169 (2025) 151031

ELSEVIER

Contents lists available at ScienceDirect
International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

International Journal of

0D/3D ZnIn,S4/NiCo204 heterojunction for efficient visible light

hydrogen production

a,**

Xulong Sun ', Yongping Luo ™', Yong Chen “', Yuhua Dai®, Yu Xie“", Yuxiu Wang X

Jiansheng Zhang ¢

@ Key Laboratory of Nanchang City for Green New Materials and Industrial Wastewater Treatment, School of Ecology and Environment, Yuzhang Normal University,

Nanchang, 330103, China

Y Hughou Key Laboratory of Green Energy Materials and Battery Cascade Utilization, School of Intelligent Manufacturing, Huzhou College, Huzhou, 313000, China
¢ College of Environment and Chemical Engineering, Nanchang Hangkong University, Nanchang, 330063, China

9 Department of Energy and Power Engineering, Tsinghua University, Beijing, 100084, China

ARTICLE INFO ABSTRACT

Handling Editor: Dr M Mahdi Najafpour The exceptional photocatalytic H, production capacity of metal sulfides has garnered considerable attention

within the scientific community. However, the issue of photocorrosion represents a significant obstacle to their

Keywords: industrial deployment. Consequently, the prevention of photocorrosion represents a pivotal challenge for the

2?1“254 industrial deployment of metal sulfide catalysts. In this study, the synthesis of ZnIn;S4/NiCo204 catalysts was

E‘foz_o“ . successfully completed, and they exhibited satisfactory hydrogen evolution performance. The incorporation of 7
etrojunction

% NiCo404 into the catalyst led to a noteworthy maximum photocatalytic H, generation rate of 4.73 pmol h™!
g’l, which exhibited a considerable 4.11-fold improvement in performance compared to that of pure ZnIn,Sy.
The high photocatalytic activity was maintained throughout four experimental cycles. The findings suggest that
the heterostructure formed by ZnIn,S4 and NiCoyO4 enhances the separation efficiency of photogenerated
electron-hole pairs and improves the Hy generation capacity and stability of the catalyst. This ZnInyS4/NiCo204
composite photocatalyst exhibits a high response to visible light, superior photochemical stability, and a broad

Photocatalytic hydrogen production

range of applications in solar photocatalytic hydrogen production from water decomposition.

1. Introduction

Fossil fuels are the foundation of contemporary industry, however,
their utilisation has resulted in environmental concerns, including air
pollution and the greenhouse effect, which present a significant risk to
human health [1-3]. Concurrently, the finite nature of fossil fuel re-
serves presents a challenge in meeting the increasing demand for energy
[4]. It is therefore imperative to identify an environmentally friendly
and sufficient new energy source to replace conventional fuels [5].
Hydrogen (Hj) has been the subject of considerable interest as a po-
tential alternative fuel source, due to its high energy density and envi-
ronmentally friendly properties [6,7]. The photocatalytic hydrolysis of
hydrogen has been the subject of considerable interest as a means of
directly converting solar energy into chemical energy [8]. However,
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these materials present a number of challenges, including low solar
energy utilisation efficiency, complex preparation, photocorrosion and
poor catalyst stability [9-13]. It is therefore imperative to develop
efficient, stable and cost-effective photocatalysts in order to facilitate
the advancement of photocatalytic hydrogen production technology
[14].

ZnIn,S4 (ZIS) has been the subject of considerable interest as a novel
AB,S4 ternary sulfide photocatalyst, largely due to its narrow band gap
of 2.1-2.4 eV and its excellent photocatalytic performance [15,16].
Early studies have demonstrated that ZIS exhibits remarkable catalytic
activity in the production of hydrogen by photocatalysis and the
degradation of organic pollutants [17,18]. However, due to the strong
reducing nature of S?~ ions, they are susceptible to photocorrosion
triggered by the oxidation of photogenerated holes, which has the effect
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of weakening the stability of the catalyst [19]. Furthermore, the pure ZIS
catalyst exhibits a high electron-hole recombination rate, which con-
strains the efficiency of hydrogen production [20]. In order to overcome
these challenges, the researchers put forward a number of strategies
designed to facilitate the separation of charge carriers in ZIS. These
included changes to the morphology and surface structure of the ma-
terial, as well as the introduction of noble metals as co-catalysts, with
the aim of enhancing its photocatalytic hydrogen production perfor-
mance [21-23]. Meanwhile, transition metal doping and structural en-
gineering technologies have been extensively applied in the
optimization of photocatalysts. Taking MOF-derived materials as an
example [14], their layered structures significantly enhance light ab-
sorption efficiency and charge transfer performance. These techniques
can also be utilized to overcome the limitations of ZIS catalysts.

It is observed that the construction of heterojunction composites not
only preserves the characteristics of each component, but also facilitates
electron transfer and encourages the separation of photo-induced elec-
tron-hole pairs [24-26]. This results in the creation of additional active
sites for the reduction half-reaction on the surface of the photocatalyst,
which consequently enhances its catalytic performance [27]. Recent
research advances have further validated the potential that hetero-
junction materials developed through various strategies have demon-
strated significant activity enhancements. For example, grain
boundary-rich heterojunctions (Cu-ZnS/ZnCdsS, 2920 pmol g~ h™1),
lattice-coherent heterojunctions (Te/In,O3;@MXene, 568.8 pmol g~!
h™1), synergistic doping-vacancy coupled heterojunctions (Cu/S-In
(OH)3, 1.22 mmol g’1 h™1), and core-shell Z-scheme heterojunctions
(Ni—ZnO@C/g-CsN4, 336 pmol g~! h™!). These strategies provide
valuable references for designing high-performance heterostructured
systems [28-31]. NiCo304 (NCO) is gaining increasing attention in the
field of photocatalytic hydrogen production due to its significant redox
capacity, high electrical conductivity, and appropriate conduction band
position [32,33]. Initially, NCO can form heterojunctions with various
semiconductors to enhance the efficiency of carrier separation, exam-
ples include NiCo204/Zng 1Cdg oS and g-C3N4/NiCo204 [34,35]. Addi-
tionally, researchers such as Wang have repeatedly discussed the use of
NiCo,04-modified g-C3N4 for photocatalytic hydrogen production [36].
The presence of multivalent nickel and cobalt ions in these composites
offers more active sites and improved electrical properties [37,38].
These collective findings highlight the promising potential of NCO in the
realm of photocatalytic hydrogen production.

This study introduces a novel catalyst, ZIS/NCO, demonstrating
outstanding performance in photocatalytic hydrogen evolution. To our
knowledge, this is the first documented utilisation of ZIS/NCO catalysts
for photocatalytic hydrogen production. When exposed to visible light,
the composite’s photocatalytic hydrogen production efficiency reached
4.7 ymol h™! g~!, marking a notable enhancement compared to pure
Z1S, a 4.11-fold increase. Notably, the ZIS/NCO catalysts outperformed
similar AB,S4 counterparts. The impact of NiCo204 incorporation on the
structure and efficacy of ZIS/NCO photocatalysts was assessed through
XRD, SEM, TEM, XPS, DRS, and photoelectrochemical analyses, offering
a new avenue for designing high-performance AB,S,4 photocatalysts and
their application in photocatalytic hydrogen production.

2. Experimental
2.1. Materials

Zinc chloride (ZnCly), Indium nitrate tetrahydrate (In(NO3)3-4H20),
thioacetamide (C2HsNS), Nickel chloride hexahydrate (NiCly-6H20),
Cobalt chloride hexahydrate (CoCly-6H;0) were purchased from
Shanghai Macklin biochemical technology Co., Ltd. ammonium bicar-
bonate (NH4HCOs3), ethanol (CoHsOH), triethanolamine (CgH15NO3)
were purchased from Sinopharm Chemical Reagent Co., Ltd. All chem-
icals were obtained from commercial sources in analytical reagent (AR)
grade without further purification.
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2.2. Synthesis of ZIS

The synthesis was conducted using a hydrothermal method. Specif-
ically, ZIS microspheres were prepared by dissolving ZnCl, (0.5 mmol),
InCl3-H50 (1.0 mmol), and thioacetamide (TAA) (2.0 mmol) in 60 ml of
deionized water. The mixture was stirred at 25 °C for 1 h before being
transferred to an 100 ml Teflon-lined stainless steel autoclave. Subse-
quently, the solution was heated at 160 °C for 12 h. Following natural
cooling to room temperature, a light yellow precipitate was obtained.
The precipitate was then collected, washed several times with deionized
water and ethanol, and finally dried at 80 °C for 12 h to facilitate further
characterization.

2.3. Synthesis of NCO

In a 100 ml ethanol solution, 1 mmol NiCly-6H20 and 2 mmol
CoCly-6H,0 were combined. Then 10 mmol NH4HCO3 was added to the
suspension. The mixture was stirred for 8 h, then centrifuged, washed
with ethanol and dried at 80 °C for 12 h. The resulting composite was
calcined in a muffle furnace at a heating rate of 5 °C min~! to 400 °C for
2 h, yielding NCO.

2.4. Synthesis of ZIS/NCO

ZIS/NCO composite catalysts were prepared by electrostatic self-
assembly. Initially, 200 mg of ZIS powder was measured and com-
bined with 20 ml of ethanol in a beaker. The mixture was then sonicated
to ensure uniform dispersion. A defined amount of NCO powder was
then weighed and added to the solution, which was sonicated again.
After sonication, the solution was stirred vigorously at 1000 rpm for 24
h. The resulting precipitate was collected and vacuum dried at 60 °C.
After drying, the precipitate was ground into a powder to obtain an x%
ZIS/NCO sample, where x is the mass percentage of NCO. The prepa-
ration process of ZIS/NCO composite material, as shown in Fig. 1, is
translated as follows.

2.5. Characterization of catalysts

The phase composition of the sample was analyzed using XPS and
XRD techniques, specifically the Axis Ultra DLD for XPS and the BRUKER
instrument with Cu K-Alpha = 1.5408 for XRD. In addition, the shapes
and structures of different photocatalysts were observed by TEM imag-
ing with the FEI Talos F200X and SEM imaging with the FEI Quanta 250.
To investigate carrier recombination rates and optical properties, PL
measurements were performed using the Hitachi 7000 and DRS analysis
was performed using the T9S spectrophotometer. The electrochemical
evaluation involved a three-electrode system and included Mott-
Schottky (M-S) analysis, photocurrent transient (I-T) measurements
and electrochemical impedance spectroscopy (EIS).

2.6. Photocatalytic test

10 mg of catalyst was placed into a sealed quartz tube, followed by
the addition of 9 ml of deionized water and 1 ml of triethanolamine
(TEOA). The quartz tube was purged with argon gas for 30 min to
eliminate all traces of air. A 300 W xenon lamp (CEL-HXF300-T3)
equipped with a 380 nm filter was employed as the light source for the
reaction, with a light intensity averaging 35.5 mW cm?~. The experi-
ment was carried out at room temperature. After 2 h of exposure to light,
all generated gaseous products were collected. These products and their
concentrations were analyzed utilising a gas chromatograph (Panna A91
Plus GC) with a thermal conductivity detector. In order to evaluate the
stability of the photocatalytic hydrogen precipitation rate of the mate-
rial, the ZIS/NTO-7 material was selected for cyclic testing of its
hydrogen precipitation rate. Each cycle was maintained for a duration of
2 h. The cyclic experiments were carried out in four groups.
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Fig. 1. The synthesis process of ZIS/NCO materials.

3. Result and discussion

The crystal structure information of the photocatalysts was verified
by XRD patterns (Fig. 2). The XRD patterns of ZIS and NCO exhibited
characteristic peaks corresponding to distinct crystal planes. In the case
of ZIS, the diffraction peaks were particularly prominent at 21.4°, 27.2°,
and 47.4°, which corresponded to the (006), (102), and (110) crystal
planes, respectively (JCPDS No0.65-2023) [39]. In NCO, the character-
istic peaks at 18.74°, 36.71°, 44.73°, and 64.93° corresponded to the
(111), (220), (311), and (220) crystal planes, respectively. (220), (311),
and (440) crystal faces (JCPDS 20-0781) [40]. In the composites
resulting from the combination of NCO and ZIS. First, the XRD patterns
of the composite revealed distinct ZIS diffraction peaks at 21.4° (006),
27.2° (102), and 47.4° (110) (consistent with the JCPDS NO.65-2023
standard card). This indicates that ZIS maintained its crystalline struc-
ture intact after composite formation, serving as the primary framework
of the heterostructure. Second, although the characteristic peaks cor-
responding to NCO were relatively weak in the composite, a faint signal
was still detectable at 36.71° (corresponding to the (220) crystal plane of
NCO, JCPDS NO.20-0781). This weak signal is attributed to the low NCO
content in the composite material, confirming that NCO has been
directly loaded onto the ZIS matrix. Third, no new diffraction peaks
unrelated to ZIS or NCO appeared in the XRD patterns of the composite,
excluding the formation of unintended by-products or impurities. This
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JCPDS No.65-2023(ZnIn2S4)
| I | 1l 1 1 1 N
JCPDS No.20-0781(NiCo204)
. ] . . )
L] L] L] L] L] L]
10 20 30 40 50 60 70 80

2-Theta(degree)

Fig. 2. XRD patterns of ZIS, NCO, and ZIS/NCO.

demonstrates that the ZIS/NCO bonding represents a pure composite
process rather than a chemical reaction generating new phases. Fourth,
compared with pure ZIS, the characteristic peaks of ZIS in the composite
showed slight broadening (though not quantitatively determined). This
phenomenon can be attributed to the intimate contact between ZIS and
NCO, where interfacial interactions may induce local lattice distortion
or grain size reduction in ZIS, further confirming their strong coupling
relationship rather than simple physical mixing. In summary, the pres-
ence of ZIS-dominated peaks, identifiable trace NCO signals, absence of
impurities, and interface-induced peak evolution collectively confirm
the successful formation of the ZIS/NCO composite heterostructure.

The external morphology and detailed structure of the catalyst were
characterised by scanning electron microscopy and transmission elec-
tron microscopy analyses, respectively. Fig. 3a depicts NCO in its bulk
form, comprising a multitude of nanoparticles. In contrast, Fig. 3b il-
lustrates the three-dimensional flower-like spherical structure of ZIS,
composed of nanosheets. As can be observed in the SEM image of ZIS/
NCO in Fig. 3c, the granular NCO is attached to the surface of the ZIS
flower-like sphere. To gain further insight into the microstructure of
ZIS/NCO, the TEM images of ZIS/NCO in Fig. 3d—e are presented. These
images are in agreement with the results observed in the SEM images.
The high-resolution transmission electron microscopy (HRTEM) images
(Fig. 3f) demonstrate that the lattice spacing of NCO is 0.205 nm, cor-
responding to the (311) crystallographic plane, and that the lattice
spacing of ZIS is 0.321 nm, corresponding to the (102) crystallographic
plane. These observations confirm the successful formation of a heter-
ojunction. Furthermore, the elemental distribution map (Fig. 3g)
demonstrating that sulfur, indium, zinc, oxygen, cobalt and nickel
coexist and are uniformly distributed in the binary composites, thereby
providing additional confirmation of the formation of the
heterojunction.

The composition and surface chemical state of the samples were
subjected to comprehensive investigation through the use of X-ray
photoelectron spectroscopy (XPS) analysis. Fig. S1 illustrates the XPS
investigation spectra of the ZIS/NCO composite, comprising S 2p, In 3d,
Zn 2p, Ni 2p, Co 2p, and O 1s peaks. These spectra confirm the successful
preparation of the composite. Fig. 4a illustrates the presence of two
distinct peaks, with energies of 161.52 eV and 162.73 eV, respectively.
These peaks can be attributed to the s2ps/, and s2p; , orbitals of S2~.
Meanwhile, Fig. 4b illustrates that the signals at 444.87 eV and 452.41
eV originate from In 3ds/, and In 3ds 5 of In>*. With regard to Zn?", the
binding energies of the 2ps,2 and 2p; /5 orbitals were found to be 1022.1
eV and 1045.18 eV, respectively, as illustrated in Fig. 4c. In Fig. 3d, the
peaks at 854.63 eV (Ni 2p3,2) and 871.80 eV (Ni 2p; 2) are classified as
Ni%* chemical states, consistent with the bonding characteristics of
typical nickel-based doped composites. Satellite peaks (Sat.) at 856.42
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Fig. 3. SEM images of (a) NCO, (b) ZIS, (c) ZIS/NCO, (d-f) TEM images of ZIS/NCO, (g) TEM-EDS elemental maps of ZIS/NCO.

eV and 873.89 eV have been explicitly identified as vibration satellite
peaks specific to nickel species, which align with the spectral features
reported in the literature [4]. The high-resolution spectrum of Co 2p
(Fig. 4e) was similarly fitted to six peaks, showing two spin-orbit dou-
blets, Co®*. Additionally, two satellite peaks were observed at 779.97 eV
and 795.06 eV, which were attributed to the Co®* signal [41], and at
782.22 eV and 797.32 eV, which were attributed to the Co?*" signal. The
high-resolution spectrum of O 1s, as illustrated in Fig. 4f, was fitted to
two peaks at 531.12 and 529.43 eV. These peaks represent Ops and Ojat
[42], which correspond to adsorbed and lattice oxygen, respectively. In
the ZIS/NCO composite, the binding energies of all elements were
modified in comparison to the single catalyst, with S, In, and Zn
exhibiting a shift towards high binding energies, while Ni, Co, and O
displayed a shift towards low binding energies, indicating a robust
interaction between ZIS and NCO.

The photocatalytic activity of the ZIS/NCO series of materials were
investigated under visible light conditions using a 300 W xenon lamp as
the source of irradiation. Deionized water was employed as the reaction
medium, and triethanolamine (TEOA) was used as the sacrificial agent.
The outcomes of the photocatalytic performance assessments conducted

on all the materials are illustrated in Fig. 5a. The NCO material exhibits
minimal hydrogen production activity, whereas the ZnIn,S4 material
demonstrates a hydrogen production rate of 1149 pmol h™* g~!. The
photocatalytic activity of ZIS/NCO is enhanced with the increase of the
NCO content. The ZIS/NCO-7 composite exhibits a maximum photo-
catalytic hydrogen production rate of 4729 pmol h! g~!, representing a
significant 4.11-fold enhancement in comparison to the pure ZIS.
Furthermore, we calculated the apparent quantum yields (AQY) of ZIS/
NCO-7, ZIS/NCO-5, ZIS, and NCO at 380 nm using established AQY
calculation formulas, yielding 2.33 %, 1.36 %, 0.56 %, and 0.056 %
respectively. Comparative analysis revealed that the composite material
ZIS/NCO-7 exhibited significantly higher AQY values than either indi-
vidual ZIS or NCO [43]. This enhancement can be attributed to the
formation of a unique ZIS/NCO heterostructure, which is the result of a
strong interaction between the two components. However, when the
mass fraction of NCO was increased to 7 %, the hydrogen production
rate of ZIS/NCO-9 decreased to 2380 pmol h™! g7!, and the photo-
catalytic activity was reduced. This may be attributed to the excess NCO
hindering the light absorption of ZIS.

The outcomes of the control experiment utilising ZIS/NCO-7 in the
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absence of solar radiation are illustrated in Fig. 5b. The absence of
product formation serves to underscore the necessity of sunlight for the
production of hydrogen. The absence of a catalyst did not result in the
formation of any product, thereby indicating that the production of
hydrogen is not a spontaneous process. The experiments demonstrated
that sunlight and a catalyst are indispensable for the production of
hydrogen from water. Fig. S2 illustrates the sustained hydrogen pro-
duction performance of ZIS/NCO-7 across four cycles. To verify its
resistance to photocorrosion, XRD analyses were conducted after the
cycling tests. Fig. S3 shows no significant changes in the XRD patterns
before and after the cycles, indicating that the catalyst maintained its
structural integrity under the tested cyclic conditions. This suggests that
ZIS/NCO-7 exhibits stable performance during repeated photocatalytic
processes, without obvious deactivation or structural degradation
within the scope of this cyclic experiment.

The considerable influence of photogenerated carrier separation on
the photocatalytic hydrogen generation process has been a key focus of
recent research [44]. A comprehensive examination of the charge
transfer dynamics of these photocatalysts has been undertaken utilising
techniques such as electrochemical impedance spectroscopy (EIS),
photocurrent transient measurements (I-T), and steady-state fluores-
cence spectroscopy (PL). The arc radius of the EIS curve can be used as a
direct reflection of the interfacial charge transfer resistance. As illus-
trated in Fig. 6a, the radius of the EIS curve for ZIS/NCO-7 is smaller
than that of ZIS and NCO, indicating a reduction in charge transfer
resistance and an increase in charge transfer efficiency. This provides
further evidence to support the enhanced electron transfer capability of
NCO. Fig. 6b illustrates the photocurrent intensity of ZIS, NCO and
ZIS/NCO-7 over multiple cycles. In general, a stronger photocurrent
indicates a higher efficiency of carrier separation. In the presence of
light, the photocurrent intensity of ZIS/NCO-7 composites is greater

(2)
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than that of ZIS and NCO, indicating that the incorporation of NCO
markedly enhances the charge separation efficiency of ZIS, which in turn
improves its photocatalytic performance.

To gain further insight into the carrier complexation of ZIS and ZIS/
NCO composites, photoluminescence (PL) spectroscopic tests were
conducted. In general, a lower PL intensity is indicative of a higher
charge separation efficiency [45]. The PL results are presented in Fig. 6c.
In comparison with ZIS alone, the composite displays a diminished
signal, indicating a reduced rate of carrier complexation. In particular,
the peak of ZIS/NCO-7 is the most sparse and weak, indicating the
highest carrier separation efficiency. This is consistent with the obser-
vation that this composite exhibits the best performance in photo-
catalytic hydrogen production experiments. Furthermore, it provides
evidence that the addition of the NCO co-catalyst significantly inhibits
carrier complexation.

In order to gain insight into the underlying mechanism of the pho-
tocatalytic reaction, the band gap (Eg) and light absorption capabilities
of the samples were evaluated through the use of diffuse reflectance
spectroscopy (DRS). The intrinsic absorption edge of pure ZIS is
approximately 540 nm, whereas NCO exhibits pronounced light ab-
sorption within the range of 300-800 nm (Fig. 7a), which may be
attributed to the natural background absorption of black NCO. The
combination of ZIS and NCO significantly increases the visible light
absorption of the composite material compared to ZIS alone. This in-
dicates that the incorporation of NCO markedly enhances the visible
light absorption capacity of the material, which is advantageous for
utilising solar energy to facilitate hydrogen production. According to the
Kubelka-Munk (K-M) equation, the band gap values of NCO and ZIS can
be calculated as 2.11 eV and 2.41 eV, respectively (Fig. 7b).

The energy band structures of the photocatalysts were subjected to
further investigation through the utilisation of Mott-Schottky

(b)
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Fig. 6. (a) EIS Nyquist plots; (b) photocurrent mapping under a 300 W Xe-lamp with a cutoff filter (380 nm); (c) PL spectra.
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experiments. Fig. 7c and d demonstrate that NCO and ZIS exhibit posi-
tive slopes, thereby confirming that they are both n-type semiconductors
[39]. The flat-band potentials (Eg,) of NCO and ZIS are —0.62 eV and
—0.83 eV (with respect to Ag/AgCl) and —0.42 and —0.63 eV with
respect to NHE (Engg = Eag/agcl + 0.197), respectively. In the literature,
it has previously been noted that the conduction band bottom (CB) is
roughly equivalent to the flat band potential for n-type semiconductors.
Therefore, the conduction band bottoms of NCO and ZIS are approxi-
mately —0.42 eV and —0.63 eV (with respect to NHE), respectively.
From the equation Eg = Eyp - Ecg, the top of the valence band (Eyg) is
approximately 1.69 eV and 1.78 eV for NCO and ZIS, respectively.

To gain deeper insight into the charge transfer mechanism within
ZIS/NCO heterojunctions, electron paramagnetic resonance (EPR)
spectroscopy was employed to analyze the charge migration process.
Using 5,5-dimethyl-1-pyrroline-n-oxide (DMPO) as a spin-trapping
agent, the catalysts were examined under visible light exposure. The
EPR spectra revealed distinct DMPO--O signals in both pristine ZIS and
ZIS/NCO samples, with the signal intensity being significantly higher in
pure ZIS than in the composite material. Notably, no detectable DMPO-
-O3 signal was observed in pure NCO samples (Fig. 8). These results
indicate that ZIS exhibits a greater capacity for generating Cd»O; radi-
cals than NCO, while simultaneously demonstrating electron transfer
from the conduction band of ZIS to that of NCO.

Based on these analyses, the potential charge transfer pathways of
type I heterojunction are proposed. As shown in Fig. 9, under visible
light irradiation, the VB electrons of ZIS are excited and jumped to the
CB, and since the conduction band energy level of ZIS is higher than that
of NCO, the electrons in the conduction band of ZIS are transferred to

ZISINCO DMPO--0,

~

E WWMWMMNW
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Fig. 8. Electrical paramagnetic resonance (EPR) spectra of DMPO--O5

NCO when they come into contact with each other, leading to the
reduction reaction of H' in the water and the production of Hy. Since ZIS
and NCO are n-type semiconductors, the difference in the mobility of
electrons and holes is a critical factor. Since both ZIS and NCO are n-type
semiconductors, the difference in mobility between electrons and holes
is a critical factor. Since the mobility of holes in semiconductors is lower
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Fig. 9. The proposed charge transfer mechanism.

than that of electrons, the holes in the ZIS valence band are destined to
be utilized by sacrificial carriers. This mechanism plays a key role in
efficiently separating electrons and holes to improve the photocatalytic
efficiency.

4. conclusion

In this work, the preparation of ZIS/NCO heterojunction catalysts
was successfully achieved through a straightforward mechanical stirring
method. The incorporation of NCO markedly enhanced the photo-
catalytic performance and stability of ZIS catalysts. Upon reaching a
mass fraction of 7 % NCO, the composite catalyst exhibited a peak
photocatalytic hydrogen production rate of 4.7 pmol h™! g1, repre-
senting a 4.11-fold increase compared to the pure ZIS catalyst. Following
four hydrogen production cycles, the photocatalytic hydrogen produc-
tion efficiency of the composite catalyst remained stable, exhibiting
minimal decline. Furthermore, given that the conduction band position
of ZIS is higher than that of NCO, photoexcited electrons are sponta-
neously migrated to the surface of NCO. In contrast, the migration rate
of holes is considerably lower than that of electrons in n-type semi-
conductors, which facilitates the effective separation of photogenerated
electrons and holes at the ZIS/NCO interface, thereby enhancing the
performance and stability of the catalyst. It can therefore be concluded
that the ZIS/NCO heterojunction has significant potential for use in
photocatalytic hydrogen production.
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