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Construction of Hollow H-CuS/NiS,@CuS S-Scheme
Heterostructure Photocatalyst with an Excellent
Hydrogen Evolution Performance

Tao Zhou, Junzi Li, Xu Han, Yingyu Song, Menglong Liu, Jialiang Liu, Wen-Wen He*

Thamraa AlShahrani, and Shenggian Ma*

Heterojunction engineering is regarded as one of the most effica-
cious means to enhance the hydrogen evolution performance of
photocatalysts. In this research, bimetal MOF-74 is grown on hol-
low Cu,S,, and after vulcanization, H-CuS/NiS,@Cus is obtained to
form heterostructures. The experimental results indicate that the
synthesized H-CuS/NiS,@CuS has an outstanding photocatalytic
hydrogen evolution rate of 17.66 mmol g~' h™’, and its photocata-
lytic hydrogen evolution performance is much higher than that of

1. Introduction

Energy shortages caused by the overuse of fossil fuels become sig-
nificant challenges to economic development all over the world.
The evolution of energy sources turns out to be an urgent task."
Hydrogen energy is regarded as an excellent alternative energy
source due to its high energy density and nonpolluting combustion
characteristics.”” Following Fujishima and Honda’s pioneering
work on the photolysis reaction of water in 1972, photocatalytic
water decomposition to produce hydrogen was recognized as a
clean and efficient technology for converting solar energy into
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single transition metal sulfide. Within the S-scheme heterojunction,
the interfacial electric field causes a significant accumulation of
photoelectrons on the conduction band of NiS,. Thus, it can main-
tain a high reducing property in the hydrogen evolution reaction
and remarkably boosts the separation efficiency of photoelectrons
and holes. This research offers a feasible scheme for the synthesis
of highly efficient heterojunction photocatalysts.

hydrogen. However, the utilization rate of solar energy is rela-
tively low throughout the existing photocatalyst study field.®'"
Hence, it is essential to design and fabricate photocatalysts with
high efficiency.

Metal sulfide (MSs), as a semiconductor material, has the char-
acteristics of good photosensitivity, high conductivity, and excellent
photoelectrochemical stability, being a promising photocatalyst in
hydrogen evolution reaction (HER)."? However, the photocatalytic
activity of solid structure MSs is often limited because of the short-
age of low-incident photon absorption, high carrier recombination,
insufficient catalytic active sites, and slow charge transfer. The devel-
opment of hollow structure MSs alleviates these limitations.
Compared to solid nanostructured catalysts, semiconductors with
unique hollow nanostructured characteristics are more suitable
for photocatalysis."¥ In 2024, Ding and Yang et al.™ prepared a
series of hollow sulfides materials, the average hydrogen evolution
rate of these materials was 4.2 times higher than that of the con-
ventional sulfide. The unique hollow structure can fully expose the
active site of the reaction, with the merit of improvement in light
absorption, making this material excellent photocatalytic hydrogen
evolution performance."™

CuS is a popular material in the field of photocatalytic hydrogen
evolution due to its additional absorption band in the near-infrared
region (NIR) and narrow-bandgap p-type semiconductor structures.
The rapid recombination of CuS photogenerated electron-hole
(e-h) pairs limits the development and application of this promis-
ing semiconductor material. The construction of heterojunction
between CuS and other semiconductors can effectively solve this
problem. In 2024, Lian et al"® constructed a p-n heterojunction
by combining CuS with ZnIn,S,. The recombination of photogen-
erated electrons and holes has been effectively inhibited, making
the material excellent photocatalytic hydrogen evolution perfor-
mance. In the same year, Zhao et al."” used CusS to construct plasma
p-n heterojunctions to improve the photocatalytic overall water-
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splitting performance driven by infrared light. Therefore, hollow CuS
was selected as the carrier to prepare a composite material, which
can provide more active sites for the reaction while maintaining the
advantages of CuS in light absorption.

MOF-derived metal sulfides are excellent candidate materials for
constructing heterojunction photocatalysts.'®'® The transition
metal sulfides derived from MOF can not only retain the atom
arrangement of the precursor, but also offer a large specific surface
area and more reactive sites, so as to promote the reaction. Hollow
CuS has good light absorption ability, and the combination with
MOF-derived sulfide can construct heterostructures, which enables
an effective separation of photogenerated electrons and holes. The
shared S atom can enhance the interaction between the two semi-
conductor materials while establishing an electron transfer channel,
which is conducive to photoelectron transfer, improving the utiliza-
tion rate of photogenerated electrons.”*2" Therefore, we propose
to prepare a composite photocatalyst with a heterogeneous struc-
ture by growing MOF-derived sulfide on hollow Cus, so as to realize
efficient photocatalytic hydrogen production.

Herein, CuS with hollow structure (H-CuS) has been success-
fully prepared and loaded with MOF-derived NiS, and CuS nano-
sheets. The photocatalytic hydrogen production of H-CuS/
NiS,@CuS composite can reach 17.66 mmolg™"h™', and it still
has excellent hydrogen evolution performance after four cycle sta-
bility tests, indicating that the material has good cycle stability. The
mechanism and kinetic behavior of this photocatalyst were further
studied by XPS and a series of photochemical experiments. The
results show that the electron transfer mechanism of the compos-
ite is a typical S-scheme heterostructure. Under the electric field
force of the S-scheme heterojunction interface electric field
(IEF), the electrons accumulate in the NiS, conduction band, which
makes them high reducibility in HER, and effectively improves the
separation efficiency of e-h pairs. This research offers a feasible
idea for the synthesis of heterojunction photocatalysts with out-
standing hydrogen evolution performance.

Na,S
0°C

Cu0 CGZO@CU-,&

TAA

H-CuS/NiS,@Cu$S

150 °C

2. Results and Discussion
2.1. Structure and Characterization of Materials

We first synthesized the 14-pod Cu,0 precursor by solvothermal
method at 100 °C. Subsequently, Cu,0O was vulcanized to form a
Cu,0@Cu,S, core-shell structure using Na,S as the sulfur source
at 0 °C. The resulting composite was then immersed in ammonia
for 2 days to dissolve the Cu,0 inside to form a Cu,S, shell with a
hollow structure.*? Then, the bimetallic MOF-74 was grown on
the surface of the hollow Cu;S, using solvothermal method at a
temperature of 150 °C.**2®! Finally, the H-CuS/NiS,@CuS com-
posite was formed by further sulfurization with thioacetamide
at 150 °C. In the composite materials, S-scheme heterojunction
was constructed. The flow chart of the material preparation is
illustrated in Figure 1. To prove the integrity of the synthe-
sized materials, the photocatalysts were tested respectively
by means of FT-IR and PXRD. As illustrated in Figure S1
(Supporting Information), the Cu,O precursor was successfully
synthesized.”? As illustrated in Figure 2a, the diffraction peak
of Cu,S, matches well with the standard card, which proves the
successful synthesis of Cu,S,. After growing the bimetallic MOF-
74 on it, the diffraction peaks of Cu,S, and MOF-74 did not
weaken, indicating that Cu,S, maintained a good crystal structure
when combined with MOF-74.224 As illustrated in Figure S2
(Supporting Information), FT-IR shows that the peaks of MOF-
74 are consistent with those reported in the literature. After sul-
furization with thioacetamide, the diffraction peak belonging to
Cu,S, disappeared, and the diffraction peak belonging to CuS
appeared as illustrated in Figure 2b, indicating that during
the sulfidation of Cu,S, Cu* was oxidized to Cu®>" and further
sulfurized to CuS. The small peaks at 35, 38, 45, 53, 58, and
61° were the diffraction peaks of NiS,.*”** Based on the previous
results, a composite composed of CuS and NiS, has been success-
fully synthesized.

NH; H.O y

Hollow Cu;S;

DHTA

150°C  \inoy,

Cu(NOy),

Cu;S,/MOF-74

Figure 1. Schematic illustration of the synthesis procedure of H-CuS/NiS,@CuS. DHTA is 2,5-dihydroxyterephthalic acid. TAA is thioacetamide.
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Figure 2. a,b) PXRD pattern of samples.

Figure 3. a) SEM image of Cu,0. b) SEM image of hollow Cu,S,. c) TEM image of hollow Cu,S,. d,e) SEM image of Cu,S,/Ni-Cu MOF-74. f) SEM image of
H-CuS/NiS,@CuS. g) TEM image of H-CuS/NiS,@CuS. h) HRTEM images of composites. Elemental mapping images of composites. i) EDS spectra of compos-
ite materials. The scale in figures (a,d,ef, and i) is 1 um.
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Scanning electron microscope (SEM), transmission electron
microscopy (TEM), and energy dispersive spectrometer (EDS)
were used to characterize the morphology, microstructure, and
element distribution of the prepared photocatalysts. As illus-
trated in Figure 3a, the Cu,O precursor had a 14-pod-like “suc-
culent plant” shape, and its surface was vulcanized to form 14
pod-like Cu,S, shells. As can be seen from Figure 3b,c, the
Cu,0 inside the Cu,S, will form a complex with NH; to dissolve
itself after soaking in ammonia water, thus forming a Cu;,S, shell
with a hollow structure. The bimetallic Ni-Cu MOF-74 was then
grown on the hollow Cu,S, (Figure 3d,e). After sulfurization with
thioacetamide, H-CuS/NiS,@CuS composite material was formed
with NiS, and CuS nanosheets coated on the surface of hollow 14-
pod CusS (Figure 3f,g). The microstructure of the material was fur-
ther investigated by HRTEM. Figure 3h shows a clear interface
between CuS and NiS,. In addition, the 0.30 nm lattice spacing
corresponds to the (102) crystal face of CuS.***® And the
0.28 nm lattice spacing corresponds to the (200) crystal face of
NiS,.2"32 Furthermore, the EDS spectrum (Figure 3i) shows that
Cu, Ni, and S are uniformly distributed, which further indicates the
successful synthesis of the H-CuS/NiS,@CuS composite.

For the purpose of studying the constituents and valence states
of the fabricated material, the H-CuS/NiS,@CuS samples were ana-
lyzed by XPS. As can be seen from Figure 4a, XPS clearly shows the
characteristic peaks of Cu 2p, S 2p, Ni 2p, and O 1s in the entire
spectral range. As can be observed from the Figure 4b,c, following
the formation of the composite material, the binding energy of
the Cu and Ni elements undergoes a slight shift, which implies that
there exists a powerful electronic interaction force between CuS and
NiS,. In the Ni 2p spectrum, there are two major peaks appearing at

853.40 and 870.84 eV, and these are in line with Ni 2ps,, and Ni 2p; ,
for Ni*", The other two peaks, positioned at 855.34 and 874.19 eV,
correspond to Ni 2ps,, and Ni 2p,, of Ni*™2*34 |n addition, we also
observed the satellite peak of Ni at 859.23 and 876.88 eV, and the
spectrum shows that Ni mainly exists in the form of Ni*" and Ni**
valence. After the formation of the composite material, the binding
energy of Ni element has a positive shift, indicating that the electron
density on the surface of NiS, is reduced, and the electrons are trans-
ferred out of NiS.. In the XPS spectra of Cu 2p, two peaks whose
binding energy were 931.76 and 951.74 eV are spotted, correspond-
ing to Cu 2ps/, and Cu 2p,/, of Cu*", indicating that Cu exists in the
valence form of Cu®tB>* After the formation of the composite
material, the binding energy of the Cu element has a negative shift,
indicating that the electron density on the surface of the H-CuS and
CuS increases and electrons are transferred to them.®”*® The early
results show that after H-CuS, CuS, and NiS, are combined, the elec-
tron density on the surface of the material changes, and the elec-
trons are transferred from NiS, to H-CuS and CusS. In addition, the
S 2p spectrum shows two peaks, one at 163.34 eV and the other at
162.15 eV (Figure 4d), and these peaks correspond to S 2ps,, and
S 2pi» while the smaller peak at 168.87 eV belongs to the S=0
bond, which results from the surface oxidation of the sulfide.?%4%
The aforementioned XPS analysis indicates that after the successful
preparation of the composite, the electrons on NiS, are transferred
to H-CuS and CuS.

2.2. The Photocatalytic Performance of Materials

HER experiments were carried out using Eosin Y (EY) as the pho-
tosensitizer and triethanolamine as the sacrificial agent. Hydrogen
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Figure 4. a) The XPS full spectra of H-CuS/NiS,@CuS. b) Ni 2p XPS spectrum. c¢) Cu 2p XPS spectrum. d) S 2p XPS spectrum.
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Figure 5. a) H, evolution rate of materials loaded with single metal MOF-74 after vulcanization. b) H, evolution rate of materials loaded with different
bimetal MOF-74 (Ni-Cu MOF-74, Ni-Co MOF-74, Ni-Zn MOF-74) after vulcanization. c) H, evolution rate with different loads. d) Stability test of H-CuS/

NiS,@Cus.

evolution experiments were performed under the condition of
visible light (1 > 420 nm) (Figure 5a). The rate at which H-CuS/
NiS,@CuS evolves hydrogen can achieve 17.66 mmolg~'h™'
(AQE = 6.77%, 4 =475 nm), which is superior to that of H-CuS
and the composite formed after vulcanization of single metal
MOF-74. Then, we tested the composites after different bimetallic
MOF-74 growing onto Cu,S, and vulcanization. It can be seen from
Figure 5b that the composites formed by Ni—Cu bimetallic MOF-74
loading and vulcanization have the highest property in photoca-
talytic hydrogen evolution. Finally, we kept the content of MOF-74
unchanged, adjusted the proportion of different components of
sulfide by changing the amount of Cu,S, matrix material, and
tested its hydrogen evolution performance. As illustrated in
Figure 5c¢, the property of the material in photocatalytic hydrogen
evolution gradually improved as the amount of matrix material
decreases, and the hydrogen evolution rate reached its maximum
when the amount of Cu,S, was reduced to 20 mg. After four hydro-
gen production tests, the H-CuS/NiS,@CuS catalyst maintained a
hydrogen production efficiency of 89% compared to the first cycle
(Figure 5d), demonstrating the excellent photocatalytic hydrogen
evolution stability of the composite.

UV-Vis DRS was utilized to investigate the band structure of the
H-CuS/NiS,@CuS photocatalyst. As illustrated in Figure 6a, transi-
tion metal sulfides exhibit strong light absorption in the entire
visible range. Compared with single sulfides, the visible light
absorption rate of composite materials has been further improved,
which is favorable for the photocatalytic HER. Furthermore, the
bandgap of the material is further reckoned from the UV-Vis

ChemistryEurope 2025, 3, €202500073 (5 of 9)

DRS spectra of the semiconductor by means of the Kubelka-
Munk approach.™'“#? As illustrated in Figure 6b-d, the bandgap
values of H-CuS, CuS, and NiS, are 1.37, 1.31, and 1.47 eV, respec-
tively. The bandgap value of H-CuS/NiS,@Cus is smaller than that
of NiS, (Figure S3, Supporting Information), implying that the com-
posite material is more readily excited by light and produces more
photoinduced electrons and holes, enhancing the photocatalytic
property of the material.

For the purpose of obtaining the band structure of the mate-
rial, we performed Mott-Schottky tests on the synthesized mate-
rials, as illustrated in Figure 7a—c. The flat band potential (Vgg) of
H-Cus, CusS, and NiS, was calculated. The values are 1.72 V versus
Ag/AgCl (=1.92V versus NHE) for H-CuS, 1.67 V versus Ag/AgCl
(=1.87V versus NHE) for CuS, and —0.46V versus Ag/AgCl
(=—0.26 V versus NHE) for NiS,, respectively, indicating that
H-CuS and CuS is a p-type semiconductor while NiS; is an n-type
semiconductor. The valence band potential (Vyg) of p-type semi-
conductors is typically raised by 0.1 to 0.2V when compared to
the flat band potential, and the conduction band potential (Vcg)
of n-type semiconductors is typically lower by 0.1 to 0.2V when
compared to the flat band potential. Consequently, the V\g of
H-CuS, CuS, and the Vg of NiS, are respectively 2.02, 1.97, and
—0.36 V (relative to NHE)."*-*®! Therefore, the band structure of
the material is illustrated in Figure 7d. The above test results
in the Mott-Schottky chart indicate that NiS, presents a positive
slope while H-CuS and CuS present a negative slope. These two
materials have suitable band structures, and the construction of
IEF can effectively separate e-h pairs. Furthermore, the charge
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Figure 6. a) UV-Vis DRS spectra of samples. b-d) Optical bandgap for NiS,, H-CuS, and CuS. (The colored horizontal lines in (b-d) represent the baseline Y =0).
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Figure 7. a-c) Mott-Schottky plots for NiS,, H-CuS, and CuS. d) Band structures for NiS,, H-CuS, and CuS.
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Figure 8. a) PL spectra with EY. b) Response of transient photocurrent. ¢,d) Electrochemical impedance spectra of single sulfide, composite materials, and

their precursors.

transfer mechanism is consistent with the S-scheme heterojunc-
tion, which makes photocatalytic HER proceed efficiently.

To study the separation ability of photoelectrons and holes in
the photocatalyst, we tested the PL spectra of the material. As illus-
trated in Figure 8a, under the test conditions with an excitation
wavelength of 380 nm, all the samples exhibit a distinct lumines-
cence peak at 541 nm. A decrease in the intensity of the peak is
indicative of an increased efficiency in the separation of e-h pairs,
which also indicates a more favorable photocatalytic activity of the
catalyst. It can be seen from the figure that the single sulfide has a
strong luminescence peak, and the peak value of the composite
obtained by vulcanizing Ni-Cu MOF-74 is significantly reduced,
while the peak value of the composite obtained by vulcanizing
bimetallic MOF-74 on Cu,S, is further reduced. The successful
construction of heterojunction effectively separated the e-h pairs
generated by photoexcitation. Among all the composite catalysts
under investigation, H-CuS/NiS,@CuS exhibits the lowest PL peak.
This is in concordance with its optimal hydrogen production
performance. It is further demonstrated that the formation of
the H-CuS/NiS,@CusS heterojunction is capable of diminishing the
recombination of e-h pairs and substantially enhancing the hydro-
gen production property of the photocatalyst.

We monitored the variation of photocurrent density over time
as illustrated in Figure 8b. It is observed that the transient
photocurrent response of the composite is remarkably higher
than that of the single sulfide. Among them, the H-CuS/NiS,@Cu$S
material has the maximum photocurrent density. This stronger
response could be attributed to the close interaction between
H-CusS, CusS, and NiS,. This kind of interaction boosts charge trans-
fer and lessens the recombination of e-h pairs. We used EIS to

investigate the charge transfer resistance. As illustrated in
Figure 8c,d, the transition metal sulfide exhibited a relatively
small impedance. The Nyquist plot for H-CuS/NiS,@CuS shows
the smallest semicircle, indicating that H-CuS/NiS,@CuS has a
smaller impedance than its precursors and single sulfide, which
is favorable for photogenic charge transfer.

The mechanism of this photocatalytic process can be concisely
recapitulated as follows: NiS, is an n-type semiconductor, and H-CuS
and CusS are p-type semiconductors, with significant differences in
their Fermi levels. After the formation of the composite, electrons in
NiS, automatically have transferred to H-CuS and CuS due to the
Fermi energy difference (Figure 9a). The outcomes are in line with
the XPS analysis. Ultimately, their Fermi levels start to converge.***”
As illustrated in Figure 9b, the energy bands of H-CuS, CuS, and NiS,
are respectively bent due to the accumulation of electrons and the
loss of electrons. Simultaneously, an internal electric field has been
constructed at the interface of the composite materials.***34% After
being exposed to visible light irradiation, the photocatalyst H-CuS/
NiS,@CuS is excited, resulting in the generation of electron-hole
pairs. In virtue of the combined effects of band bending, IEF and
Coulomb repulsion, some holes in the Vi of NiS, recombine with
electrons in the Vs of H-CuS and CuS under the influence of the
IEF, leading to an assemblage of photoelectrons in the Vg of
NiS, (Figure 9c). Consequently, the retained electrons within NiS,
exhibit a high reducing power and can catalyze the dissociation
of water into hydrogen.®”*® H-CuS and CuS amass a greater num-
ber of holes in Vi, which considerably enhances the separation
efficiency of e-h pairs. Electron transfer mechanism in this compos-
ite is in line with standard S-scheme heterojunction. Simultaneously,
EY is photoexcited and transmuted into the excited state EY'".
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Figure 9. a) Diagram of photocatalytic water decomposition of a sample. b-d) The photocatalytic reaction mechanism of the samples.

Through intersystem crossing, EY'" is transformed into a more stable
triplet excited state EY*"**? The sacrificial agent TEOA captures the
holes on the CuS, and TEOA is oxidized to TEOA™, thus facilitating
the conversion of EY*" to EY™.**¥ The electrons generated by EY
are transferred to the V¢ of NiS,, which aggregates electrons on the
Vg of NiS,.

3. Conclusion

In summary, bimetallic MOF-74 was grown on hollow Cu,S, by
solvothermal method. Subsequently, after being vulcanized, the
composite H-CuS/NiS,@CuS was obtained. H-CuS/NiS,@CuS
demonstrates a superior level of activity in the photocatalytic
of HER. H-CuS/NiS,@CuS (20 mg base material) had the most
excellent photocatalytic property of HER, and the hydrogen evo-
lution rate reached 17.66 mmol g~' h™', significantly higher than
that of single transition metal sulfide. The activity of HER was still
high after 4 cycles. In addition, the test results show that H-CuS
and CusS is a p-type semiconductor, NiS, is an n-type semicon-
ductor, and the electron transfer mechanism is consistent with
that of S-scheme heterojunction. In the S-scheme heterojunc-
tion, the IEF causes photoelectrons to accumulate at the
Ve of NiS,, which keeps NiS, highly reducible in HER, effec-
tively separating photogenerated electrons and hole pairs.
This research offers a theoretical foundation for analyzing the
principle of IEF in S-scheme heterojunctions and also opens
up a new path for the construct of heterojunctions in the
synthesis of highly active photocatalysts.
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