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Abstract

CuS/ZnS heterojunction was formed by cation exchange of defective ZnS, and g-C,N, was loaded by
ultrasonic impregnation method. A CuS/ZnS/g-C,N, nanocomposite with good visible light response was
developed. The CuS/ZnS/g-C,N, nanocomposites were analyzed and tested by various characterization
methods to determine the composition of the composites, and to study their morphology and
performance. The hydrogen production capacity was tested by PLS series simulated solar xenon lamp
light source with 0.25M Na$S and 0.35M Na,SO, as sacrificial agents. The results show that the prepared
CuS/ZnS/g-C,N, nanocomposites have good activity relative to the defect zinc sulfide and CuS/ZnS. The
hydrogen production effect of g-C,N, containing 5wt% under visible light is 2265.87umol/g.h, which
has good visible light responsiveness. The excellent performance of this material is mainly due to its
enhanced visible light absorption capacity and difficult recombination of electrons and holes.
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Introduction

The increasingly serious energy crisis has become a global problem. In order to promote
the sustainable development of the country and society, researchers have begun to study
photocatalytic water splitting. Since Fujishimal first discovered that titanium dioxide
decomposes water into oxygen and hydrogen under the excitation of ultraviolet light in
1972 [1], titanium dioxide has entered peoples field of vision. Titanium dioxide has good
light stability and non-toxicity [2-5]. However, titanium dioxide has a large band gap (3.
2eV), which limits its full use of visible light. So, scientists began looking for new materials to
replace titanium dioxide. ZnS is an n-type semiconductor with good photocatalytic hydrogen
production effect. Compared with titanium dioxide, it has fast photogenerated carriers, high
efficiency and long life. Although the band gap of ZnS gap (3.6-3.8 eV), its reduction potential
is about 1.3 eV higher than that of titanium dioxide and it is easy to be doped with (non) metal
ions [6-8], This brings infinite possibilities to ZnS materials. It has been reported that in order
to expand the responsiveness of visible light, metal elements (Cu Ni Cd......) are introduced
into zinc sulfide and non-metallic elements (CN) to enhance the visible light responsiveness
of zinc sulfide [9-14].

As far as we know, materials can be modified not only by doping, but also by changing
the properties of the material itself to enhance its performance, such as defect state, exposed
surface, crystal surface, etc [15-17]. Crystal defects are very hot in your research in recent
years. The new energy levels generated can effectively reduce the band gap and inhibit
the recombination of photogenerated carriers. However, it is very important to control the
number of defects. If the number of defects is too large, defects can provide sites for carrier
recombination, which greatly reduces the photocatalytic activity. For example, oxygen vacancy
isacommon crystal defect, which plays an importantrole in improving photocatalytic response
in titanium dioxide [18-21], zinc oxide [22,23] and iron oxide [24] photocatalysts. In recent
reports, the S and Zn vacancies of zinc sulfide can induce good photocatalytic performance
under visible light. The activity of zinc sulfide photocatalyst can increase with the increase
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of S vacancy concentration. Zn vacancies are also beneficial to
increase the photo-response under visible light and reduce the
band gap of zinc sulfide. Therefore, we can regulate the defects
of zinc sulfide to prepare a defective zinc sulfide with good light
responsiveness. g-C,N, is a good catalyst that has attracted much
attention recently, mainly due to its high stability, easy availability
and environmental friendliness. The mixture of melamine and
urea [25-29] can be calcined to synthesize g-C,N,. It has good
visible light responsiveness, and its band gap is 2.6eV, which is a
very ideal hydrogen production photocatalyst. Unfortunately, the
electrons and holes produced by it are easily recombined and have
low stability. Therefore, people began to increase their porosity
by combining with other materials [30-32] and doping metal or
nonmetal. Among them, heterojunction recombination seems to be
the most effective means, because heterojunction is conducive to
the separation of electrons and holes.

In this study, we constructed defective zinc sulfide by
hydrothermal method, then prepared CuS/ZnS by cation exchange
method, and finally synthesized CuS/ ZnS/g-C,N, nanocomposites
by ultrasonic impregnation method and stirring. The material
has good photocatalytic hydrogen production performance under
visible light.

Materials and Methods

Chemicals
Ethanolamine, melamine, thiourea,

PVPZn(NO,),-6H,0,Cu(NO,),3H,0.

Sample preparation

Preparation of ZnS

Spherical zinc sulfide was synthesized by ethanolamine-
assisted solvothermal method. 2.23g zinc nitrate hexahydrate
and 0.76g thiourea were dissolved in 30ml deionized water and
10ml ethanolamine. Then 0.5g PVP was added under magnetic
stirring for 1h. The resulting solution was placed in a 100ml
polytetrafluoroethylene-lined reactor. The reaction was carried
out at 180 °C for 4h. Finally, the reaction kettle was cooled to room
temperature naturally. After several centrifugal washing, the pink
precipitate was obtained and dried at 65 °C for 12h.

Preparation of CuS/ZnS

CuS/ZnS nanocomposites were synthesized by cation exchange
method [33]. The synthesized ZnS (0.4628g) was dissolved in
40ml deionized water, ultrasonically dispersed for 30min, added
with 0.0604g of copper nitrate trihydrate, and then magnetically
stirred for 6h. After several centrifugation and washing, it was dried
overnight at 65 °C.

Preparation of g-C,N,

Melamine (5g) was placed in a porcelain crucible and calcined
in a temperature-programmed muffle furnace at a heating rate of
3 °C/min to 550 °C for 2h. Naturally cool to room temperature to
obtain yellow flocs, which are ground to powder with a mortar.

Preparation of CuS/ZnS/g-C,N,

The prepared g-C,N, powder was dissolved in 20ml of
anhydrous ethanol and 20ml of deionized water, dispersed by
ultrasonic dispersion for 30min, added with 0.285g of synthesized
CuS/ZnS powder, and then stirred on a magnetic stirrer for 6h.
The resulting solution was centrifuged and dried and dried in an
oven at 65 °C for 12h to obtain the final product. CuS/ZnS/g-C,N,
nanocomposites were obtained by changing the weight of g-C,N,
by 5,10,15wt%, and the final product was named CZ-5%, CZ-10%,
CZ-15% nanocomposites.

Characterization

X-ray diffraction (XRD) data were tested using a Bruker D8
Advanced X-ray powder diffractometer (Rigaku Corp, Tokyo,
Japan) with Cu-Ka radiation (A= 1.5418 A).The morphologies of
the as-prepared samples were analyzed using scanning electron
microscopy (SEM, S-4800, Hitachi, Tokyo, Japan).The crystal
structures were observed using aJEM-2100 F transmission electron
microscopy (TEM, JEOL, Japan).X-ray photoelectron spectroscopy
(XPS) analyses were obtained on X-ray Photoelectron Spectrometer
(ESCALAB250XI). Room temperature photoluminescence (PL)
spectra were collected at the spectrophotometer (F97Pro,
Lengguang, Shanghai) apparatus with excitation wavelength of
325nm.

Photocatalytic hydrogen production activity

In this process, we first weighed 50mg catalyst dispersed
in a mixed solution containing 0.35M Na,S and 0.25M Na,SO,,
continuously stirred for dispersion,and then sealed the device. Purge
the solution with N, for 30min. Under the ultraviolet light source
provided by a 300W Xe lamp (PLS-SXE300 UV, Beijing Perfect light
Co., Ltd., Beijing, China), hydrogen was generated via irradiation.
The entire reaction was kept at 15 °C. Gas chromatography with N,
as carrier gas was used for detection every 2 hours.

Result and Discussion

The phase of the composite nanomaterials was determined
by XRD. ZnS, CuS / ZnS, ZC-5 %, ZC-10%. ZC-15% nanocomposites
exhibit strong diffraction peaks at 27.12° 28.55°, 30.62°, 47.75°
and 56.69° Figure 1 corresponding to (100), (002), (101), (110)
and (112) plane fit well with wurtzite-2H ZnS (JCPDS#36-1450),
respectively. The peak intensity of pure ZnS is strong, indicating that
the crystallinity of ZnS is good, and the other peaks are relatively
weak. The peak intensity of CuS / ZnS is weaker than that of pure
ZnS, which indicates that the cation exchange between Cu?* and Zn?*
changes the peak intensity. The CuS particles are dispersed on ZnS,
which has a certain masking effect on ZnS, resulting in less exposed
crystals. However, no characteristic peak of CuS was observed. This
may be due to the low concentration of CuS nanoparticles when
compared to the ZnS that was uniformly distributed over the ZnS
[34]. The XRD patterns of ZnS, CuS/ZnS, ZC-5%, ZC-10%, ZC-15%
and pure ZnS are basically the same, and no characteristic peak of
g-C,N, is shown which may be due to the lower loading of g-C,N,
in the metal sulfide composites [35]. When the loading of g-C,N,
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reaches 15wt%, the characteristic peaks of ZnS and g-C,N, are
basically the same and overlap with each other, resulting in the
disappearance of g-C,N, characteristic peaks.
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Figurel: XRD patterns of ZnS, ZnS/CuS-3%,CZ-5%,
CZ-10%,CZ-15%.

Chemical composition and the chemical oxidation states of the
CZ-5% composite were obtained from the XPS Spectra. Figure 2(a-
e) shows the high resolution XPS spectra of the elements Zn 2p, S
2p, C 1s and N 1s Cu 2p. The high-resolution Zn 2p Figure 2a of
CZ-5 composite nanomaterials has two peaks at the binding energy
values 0f 1022.35 eVand 1045.38 eV, which is caused by the splitting
of Zn 2p, , and Zn 2p, ,, indicating that it s Zn*. Similarly, the Cu 2p
Figure 2e has two splitting peaks at the binding energy values of
933.10 eV and 952.99 eV due to Cu 2p3/2 and Cu Zpl/z‘ Itis consistent
with the binding energy of Cu?".CuS was formed by cation exchange
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between Zn?* and Cu?*. The binding energies of S 2P Figure 2b are
161.8 eV and 162.89¢eV, but the displays the peaks at 163.85 eV and
162.58 eV accountable to Sz-2p1/Z and SZ-2p3/2 as per the report of
CuS / ZnS catalyzed [36], This is due to the red shift of the binding
energy caused by the defect ZnS prepared above. In high resolution
XPS spectrum of C 1s Figure 3(a-d), two deconvolution peaks at
284.88 and 288.51 eV are observed, which are assigned to graphite
C-C bonds and sp*hybridized carbon in N-containing aromatic ring
(N-C=N) [37]. respectively. Figure 4(a,b) shows the high-resolution
N 1s spectrum comprising of three separate binding energies. The
observed peaks at 399.67, 398.30 and 397.82 eV confirms the
presence of C-NH, N-(C), and C-N-C groups, respectively [37]. The
morphology of defective ZnS, ZnS/CuS and CuS/ZnS/g-C,N, was
analyzed by SEM. Figure 3a shows that the defect ZnS is flower
cluster and spherical structure by scanning electron microscopy.
It is confirmed by Figure 3b that CuS/ZnS keeps the shape of the
flower cluster basically unchanged, and CuS clusters are embedded
on its surface. After loading g-C,N,, the flake g-C,N, was loaded
on the defective spherical ZnS, and the CuS/ZnS /g-C,N, Figure 3c
ternary loaded nanocomposites with defective ZnS as the carrier
were prepared. In order to further analyze the composition of
the material, we adopted TEM to further explain the interaction
between ZnS, CuS and g-C,N, in CuS/ZnS/g-C,N, (ZC-5%). We
analyze the crystal atomic spacing, as shown in Figure 3d. The
atomic spacing of 0.315nm observed in the (002) growth direction
is mainly due to the hexagonal phase of zinc sulfide. It can also be
found that the atomic spacing of 0.298nm corresponds to the cubic
copper sulfide grown in the (103) direction. The maximum atomic
spacing is 0.336nm, corresponding to g-C,N,, which proves that the
CuS/ZnS /g-C,N, ternary composite material is well formed.
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Figure2: The corresponding high-resolution XPS spectra of (a) Zn 2p(b) S 2p(c) C 1s(d) N 1s and (e) Cu 2p.
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Figure 3: SEM images of ZnS(a), ZnS/CuS(b), CZ-5%(c)
and TEM images of CZ-5%(d).
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Figure 4: UV-vis absorption (a) and PL spectra (b) of
ZnS, ZnS/CuS-3%, CZ-5%, CZ-10%, CZ-15%.

The synthesized photocatalyst was analyzed by UV-Vis. Figure
4a shows the absorption spectra of defective ZnS, ZnS/CuS-3%, CZ-
5%, CZ-10%, and CZ-15%. It can be seen from the graph that after
loading CusS, the absorption of visible light is significantly enhanced,
which is mainly due to the formation of a heterojunction between
a small amount of CuS and ZnS, which enhances the absorption
characteristics of visible light. After loading g-C,N,, the visible
light performance of the composite material is slightly improved
compared with CuS/ZnS and increases with the increase of loading
g-C,N,. Asshownin Figure 4b, by testing the fluorescence of defective
ZnS, ZnS / CuS-3%, CZ-5%, CZ-10% and CZ-15%, the intensity of
ZnS fluorescence is generated by the transfer of photogenerated
electrons on the valence band back to the conduction band and
the hole is recombined, or through the non-radiative energy
level transition to the corresponding sulfur vacancy, and finally
transferred back to the valence band to achieve the re-combination
of carriers. The higher the intensity, the stronger the binding ability
of photogenerated electrons and holes, which is not conducive to
photocatalytic reaction. When the material is loaded with Cus,
the binding strength between the photogenerated electrons and
holes is significantly reduced, which is due to the formation of
heterojunctions, which enables the effective separation of electrons
and holes. After loading g-C,N,, its strength is significantly reduced,
which indicates that the ternary composite has better electron and
hole separation ability.

In order to further study the band gap of different
nanocomposites, we obtained Kubelka-Munk formula conversion,
as shown in Figure 5.

A="1g(R) (formula 1)
F(R)=(1-R)2/2R (formula 2)

where A in Formula 1 represents the absorbance of the sample,
and R is the theoretical reflection value of Kubelka-Munk.

20
— IS
EniCus-3%
—FC5%
il
- .
o
=
=

Emergy (V)

Figure5: Kubelka-Munk diagrams of different
nanocomposite semiconductors..

The band gaps of ZnS, ZnS/CuS-3%, ZC-5%, ZC-10%, ZC-15%
can be obtained by doing their tangents. In the figure, we use
E (1240/1) as the abscissa and F(R)/2* E'/? as the ordinate. The
band gaps of ZnS, ZnS/CuS-3%, ZC-5%, ZC-10% and ZC-15% are
2.99,2.43,2.34,2.21,2.09 eV, respectively. Among them, ZC-15%
has the smallest band gap, and ZnS without any modification has
the largest band gap. This shows that the construction of ternary
heterojunction can effectively reduce the band gap of photocatalyst
and can effectively utilize solar energy.

In order to better understand the photocatalytic hydrogen
production effect of ZnS, ZnS-CuS-3%, CZ-5%, CZ-10%, CZ-15%
nanocomposites, we used an aqueous solution of 0.25M sodium
sulfide and 0.35M sodium sulfite as a sacrificial agent to assist
hydrogen production. This experiment was only carried out
under visible light, in order to better fit the use of solar energy.
As shown in Figure 6, for ZnS, ZnS / CuS-3%, CZ-5%, CZ-10%, CZ-
15% nanocomposites, their hydrogen production were detected to
be 0, 1784.21, 2265.87, 2030.80, 2128.24umol/g.h, respectively.
ZnS as a photocatalyst did not detect the production of H, in the
process of hydrogen production. The main reason is that the energy
gap of ZnS is too large, and the energy provided by light cannot
excite ZnS to produce electrons, so that H* cannot be reduced to
produce H,. Compared with ZnS, the hydrogen production of ZnS/
CuS-3% achieved a breakthrough of 0 under visible light, mainly
due to the formation of heterojunction between ZnS and CuS. The
light absorption ability of ZnS/CuS-3% was greatly improved by
the visible light absorption of solid ultraviolet spectrum, which
not only reduced the band width, but also effectively promoted
the separation of electrons and holes. In order to more intuitively
reflect the influence of g-C,N, on ZnS/CuS heterojunction, we
loaded g-C,N, in CuS/ZnS/g-C,N, with 5,10,15wt%, respectively.
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Under different loadings, the photocatalytic hydrogen production
performance of CZ-5% nanocomposites is the best, and its
hydrogen production efficiency is 2265.87umol/gh. However,
with the increase of g-C,N, content, the hydrogen production of
CZ-10%, CZ-15% nanocomposites gradually decreases, which
is mainly due to the excessive g-C,N, covering ZnS/CuS, affecting
its hydrogen production performance. However, in general, the
hydrogen production of CZ-10% and CZ-15% nanocomposites is
still higher than that of photocatalyst ZnS/CuS-3%. It is proved that
the construction of ternary heterojunction can not only improve
the utilization of light, but also promote the photocatalytic water
splitting to produce hydrogen.
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Figure 6: Photocatalytic hydrogen production rate of
ZnS, ZnS/CuS-3%, CZ-5%, CZ-10%, CZ-15%.
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Figure 7: Reusability of CZ-5CN photocatalysts for four
run cycles.

In order to further test the stability of the synthesized
nanocomposites for sustainable hydrogen production, we carried
out a continuous photocatalytic reaction on the best performance
CZ-5%, which was cycled once every 6 hours for a total of four
cycles. We used an aqueous solution of 0.25M sodium sulfide and
0.35M sodium sulfite as a sacrificial agent for hydrogen production
assistance. This experiment was only performed under visible light.
The same photocatalyst was used for hydrogen production test.
Each time, the catalyst was only filtered and dried, and the obtained
catalyst was basically not lost, and then the reaction was repeated. It
can be clearly seen from the Figure 7 that the hydrogen production of

the first two reactions is basically the same, and the third and fourth
times decrease slightly, but its photocatalytic hydrogen production
performance is still efficient, indicating that the obtained catalyst
has good stability and has certain application value. Subsequently,
we re-recycled the nanocomposite photocatalyst and carried out
XRD test. The diffraction peak intensity was basically consistent
with that before the reaction, indicating that the nanocomposite
photocatalyst can be used for continuous photocatalytic hydrogen
production reaction.

In order to further explore the effect of different types
of heterojunctions on the separation ability of electrons and
holes, samples ZnS/CuS and ZC-5% were selected for transient
photocurrent response test. As shown in Figure 8(a,b), when the
light source irradiates the semiconductor nanomaterials, the
samples have good light responsiveness, and the photogenerated
carriers are quickly excited. However, the photocurrent response
of the semiconductor catalyst ZC-5% is slightly higher than that
of ZnS/CuS, indicating that the loading of g-C,N, has little ability
to hinder the recombination of electrons and holes. Next, we
further explore the process of interfacial charge transport. We
tested the electrochemical impedance of ZnS, ZnS/CuS-3%, CZ-
5%, CZ-10%, CZ-15%. In the figure, we can clearly observe that
the radius of ZC-10% nanocomposites is smaller than that of other
photocatalytic materials, indicating that the resistance of surface
charge transfer is the smallest, which is conducive to the rapid
transfer of photogenerated carriers. In summary, the two groups of
electrochemical tests show that the construction of heterojunction
by loading g-C,N, has a certain improvement in promoting the use
of visible light.
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Figure 8: Instantaneous photocurrent response(a) and
electrochemical impedance(b).
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Through the above test results and analysis, we explored the
rational mechanism of photocatalytic hydrogen production of CuS/
ZnS/g-C,N, nanocomposites, as shown Figure 9. Initially, due to
the wide band gap of ZnS, it cannot respond well to visible light,
and can only perform photocatalytic hydrogen production under
ultraviolet light irradiation, which cannot meet our efficient use
of sunlight. Therefore, we loaded CuS on the surface of ZnS by
cation exchange method to form a heterojunction of zinc sulfide
and copper sulfide. The loading of copper sulfide not only makes
the catalyst have good responsiveness to visible light, but also
effectively improves the efficiency of photogenerated electrons
and reduces the loading rate of electrons and holes. In order to
further expand the range of visible light absorption, zinc sulfide
and copper sulfide nano-catalysts were dispersed on g-C,N, with
a band gap of only 2.65 eV by ultrasonic dispersion method. When
the light source is irradiated on the catalyst, since the potential
of the g-C,N, conduction band is negative to the potential of ZnS/
CuS, the electrons on the conduction band generated from the
photoexcitation of g-C,N, will be transferred to ZnS/CuS with lower
potential, which greatly reduces the recombination of electrons and

holes on g-C,N,. Moreover, the conduction band position of ZnS/CuS
is more negative than that of H*/H, (0 eV vs NHE), which meets the
potential requirements for hydrogen generation. The electrons on
the conduction band of ZnS/CuS combine with the free H* in water
to generate H,, and the holes generated on ZnS are transferred to
the valence band of g-C,N, with lower potential, which is utilized by
the sacrificial agent.

Conclusion

The experimental results show that a novel CuS/ZnS/g-C,N,
ternary composite material synthesized by hydrothermal method,
cation exchange method and ultrasonic assisted synthesis is a very
efficient photocatalyst. Among them, g-C,N, containing 5 wt% has a
hydrogen production effect of 2265.87umol/g.h under visible light,
which has a good photocatalytic hydrogen production effect, mainly
due to the formation of CuS/ZnS/g-C,N, ternary heterojunction,
which effectively inhibits the recombination of electrons and holes.
This is the first ternary heterojunction composite for defective zinc

sulfide.

This is part of the SEM image of the material.

This is a partial TEM image of the material.
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