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Abstract. The excessive use of fossil energy has caused a series of environmental problems.
Hydrogen is a green energy substitute for fossil energy, and photocatalytic hydrogen production
is an effective means of hydrogen production. Indium zinc sulfide catalyst has great application
prospect in the field of photocatalysis due to its advantages of high stability and visible light
absorption. Based on this, Cu doped indium zinc sulfide nanosheets were prepared in this paper.
Compared with pure indium zinc sulfide nanosheets, copper doped indium zinc sulfide nanosheets
have better photocatalytic hydrogen production performance. The design and synthesis of
photocatalytic hydrogen-producing catalyst has important guiding significance.
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1. Introduction

In the process of industrial society, due to the excessive use of traditional energy, problems
such as melting glaciers, environmental pollution and frequent natural disasters have become
increasingly prominent [1-2]. Therefore, seeking energy saving and green alternative energy has
become an urgent problem for people to solve. Hydrogen, as an ideal alternative energy source,
can be produced by photocatalytic decomposition of water [3-5]. As we all know, the
decomposition of water into hydrogen and oxygen is a non-spontaneous reaction process, the
reaction equation is: HoO—1/20,+H,. In the standard state, it takes 237.2 kJ of energy to
decompose 1 mol of water into hydrogen and oxygen. According to Nernst equation, the
corresponding theoretical water decomposition voltage is 1.23 V. Therefore, the band gap energy
of photocatalyst should be greater than 1.23 eV to achieve water decomposition. Due to the
reduction potential and energy loss of reducing H* to H», the band gap of the semiconductor should
preferably exceed 2 eV for photocatalytic hydrogen production [6-8]. ZnIn,S4 is suitable for
photocatalytic hydrogen production due to its negative conduction ratio and band gap ranging
from 2.06 eV to 2.85eV [9-11].

ZnIn,S4 has been widely concerned in the fields of photocatalytic hydrogen production,
organic degradation, sterilization and so on, and has been extensively studied [10]. However, the
low efficiency of photocarrier separation and the lack of active sites severely limit its
photocatalytic performance. In order to overcome the inherent shortcomings of ZnlIn,S4, great
efforts have been made to further improve photocatalytic activity [12]. The structure design of
photocatalyst is an effective way to improve the performance of photocatalyst. 2D ZnIn,S4 can
selectively expose the (110) crystal surface, which is the most active crystal surface for
photocatalytic water decomposition [13]. Moreover, ultra-thin nanoplates can produce longer-
lived polishing carriers. Xie et al. synthesized ZnIn,S4 nanosheets with a thickness of about 6nm
by hydrothermal method, and changed the electronic structure of the nanosheets through O doping
to improve its photocatalytic reduction ability [ 14]. Element doping is to introduce impurity atoms
into the lattice by chemical or physical methods to form defects or change the lattice type, thus
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affecting the band structure and photocatalytic activity of the photocatalyst. Doping transition
metal elements can change the optical properties of ZnlIn,S4, such as Fe [15], Mo [16], etc. Gao et
al. prepared iron-doped Zn composite material and investigated its photocatalytic degradation
performance of 2, 4, 6-tribromophenol. The results show that the removal efficiency of Fe doped
Zn for 2, 4, 6-tribromo-phenol is higher than that of pure ZnIn,Ss. In the photocatalytic
degradation reaction, the change of valence state of Fe ions effectively separated the
photogenerated electrons and holes, and doping reduced the band gap of ZnIn2S54, thus expanding
the range of light absorption [15].

Based on this, this paper prepared Cu-doped indium zinc sulfide nanosheets in order to
improve the visible light catalytic hydrogen production performance of indium zinc sulfide. The
results show that Cu-doped indium zinc sulfide nanosheets have been successfully synthesized,
and compared with pure indium zinc sulfide nanosheets, cop-doped indium zinc sulfide
nanosheets have better photocatalytic hydrogen production performance. This work expands the
application of indium zinc sulfide catalyst in photocatalytic hydrogen production reaction.

2. Experiment
2.1. Synthesis of catalyst
2.1.1. Laboratory reagents

Zinc chloride (98 %), Indium chloride tetrahydrate (98 %), copper nitrate (98 %) and
thioacetamide were purchased from Beijing Inokai Technology Co., LTD. All the ultrapure water
used in the experiment was prepared by the ultrapure water machine Milli-Q Biocel.

2.1.2. Sample preparation

Pure indium zinc sulfide (ZIS) is first prepared. ZnCl, (0.2 mmol), InCl3-4H,O (0.4 mmol)
and thioacetamide (1.8 mmol) were added to 30 m L deionized water. A uniform solution can be
obtained by magnetic stirring for 30 min. Transfer the mixture to a 50 mL teflon-lined stainless
steel hydrothermal reactor and react at 200 °C for 18 h. After the hydrothermal reactor cooled to
room temperature, the products were centrifuged with distilled water and anhydrous ethanol in
turn. Finally, the powder samples were dried in a vacuum drying oven at 60 °C for 12 h. The
preparation process of Cu-doped indium zinc sulfide (Cu-ZIS) is as follows: ZnCl, (0.2 mmol),
Cu(NO3); (0.04 mmol), InCl3-4H,0O (0.4 mmol) and thioacetamide (1.8 mmol) were added to
30 m L deionized water. A uniform solution can be obtained by magnetic stirring for 30 min.
Transfer the mixture to a 50 mL teflon-lined stainless steel hydrothermal reactor and react at
200 °C for 18 h. After the hydrothermal reactor cooled to room temperature, the products were
centrifuged with distilled water and anhydrous ethanol in turn. Finally, the powder samples were
dried in a vacuum drying oven at 60 °C for 12 h.

2.2. Performance and characterization of samples

X-ray powder diffraction is a characterization method to analyze the existence form and phase
structure of each component in materials. In this paper, Cu-Ka ray is used under the condition of
voltage 40 k V, in which the scanning range is 5-80°, scanning rate is 5°/min. All powder samples
were detected by Lynx Eye array detector (one-dimensional detector). JEOL-2100F transmission
microscope was used for Morphology and elemental analysis of the samples with an acceleration
voltage of 200 kV. The method of characterization was to add the catalyst sample solution on the
ultra-thin carbon film, then dried it fully and characterized it. X-ray photoelectron spectroscopy is
used to study and analyze the elements on the surface of materials to determine the relative
content, chemical valence state and existence form of each element. The vacuum degree of the
analysis chamber is lower than 5.0x107 mBar, the excitation source is Mono Al Ka ray
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(hv = 1486.6¢ V), the working voltage is 12 k V, and the filament current is 6 mA. The binding
energy of all elements was calibrated by Cls (284.8 eV). The atomic force microscope (AFM)
studies the thickness of nanosheets by detecting very weak interatomic forces between the surface
of the sample under test and a tiny force sensor.

In order to analyze the hydrogen production performance of the photocatalyst samples, the
experimental steps were as follows: 50 mg composite photocatalyst was weighed into the reactor,
and 100 m L of S2-/SO32- sacrificant solution was added (the composition was 0.25 mol/L Na,S
solution and 0.35mol/L Na,SOj3 solution). The reaction solution was treated by ultrasonic for
10 min to ensure that the photocatalyst was evenly dispersed in the solution, and then the catalyst
could receive light evenly. The Ar is continuously pumped in for 30 min to displace the air in the
device. The simulated light source is a xenon lamp with a 300 W power and a filter (4 = 420 nm).
The resulting gas is passed through a gas chromatograph equipped with a thermal conductivity
detector (TCD, 13X column) to capture the amount of hydrogen produced. Samples were collected
every 1 min in a cycle.

3. Results and discussion
3.1. Characterization and analysis of surface structure

High resolution transmission electron microscopy (HRTEM) were used to study the
morphology of the prepared samples. Fig. 1 shows the morphologies of Cu-ZIS and ZIS. As
shown in Fig. 1, both Cu-ZIS and ZIS exhibit smooth nanosheet morphology. The size of the
nanosheets was irregularly distributed, which may be due to the fragmentation of the nanosheets
caused by ultrasound during sample pretreatment. It is worth noting that the HRTEM images of
Cu-Zis and ZIS are very similar, and no obvious CuS or Cu2S phases are observed, indicating that
Cu is indeed doped in indium zinc sulfide to further investigate the thickness of the nanosheets,
atomic force microscopy (AFM) was carried out. Isolated nanosheets of Cu-ZIS were selected for
characterization. By AFM analysis, it is further determined to be a flat nanosheet structure with
ultra-thin thickness, as shown in Fig. 2. From the corresponding height section view, it can be
seen that the thickness of ultra-thin nanosheet is 6.312 nm, which is about 2.5 times of the
thickness of ZnIn,S, single crystal cell (2.47 nm) along [001] direction. It is further confirmed that
the structure is two-dimensional ultra-thin nanosheet.

a) b)
Fig. 1. a) TEM image of Cu-ZIS, b) TEM image of ZIS

In order to understand the crystal structure of the catalyst, the samples were studied using
X-ray diffractometer (XRD). XRD patterns of Cu-ZIS (black) and ZIS (red) are shown in Fig. 3.
As shown in the Fig. 3, three strong characteristic diffraction peaks appear at 21.6°, 27.7° and
47.2°, corresponding to (006), (102) and (110) lattice planes of hexagonal phase ZnIn,S4 (JCPDS
No. 72-0773). This shows that the catalyst synthesized is indeed indium zinc sulfide. In the XRD
of Cu-ZIS, only the characteristic peaks of indium zinc sulfide are observed, and no CuS or Cu,S
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are observed, which further proves that Cu is doped in the lattice of indium zinc sulfide, rather
than forming other substances. It is worth noting that the XRD peaks of Cu-ZIS and ZIS are almost
the same, indicating that the introduction of Cu has no obvious effect on the lattice structure of
indium zinc sulfide, which may be due to the fact that the atomic numbers of Cu and Zn are close
and the atomic size difference is small. In Cu-doped indium zinc sulfide, Cu does not cause
obvious lattice distortion at the position of replacing Zn.
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Fig. 3. XRD for Cu-ZIS (black) and ZIS (red) Fig. 4. EDS spectrum for Cu-ZIS

In the initial feed ratio, the ratio of Zn to Cu was 5:1, but under this reaction condition, Zn
must react more easily than Cu to form indium zinc sulfide, meaning that the ratio of Cu to Zn in
the final product Cu-ZIS should be less than 1:5. Energy dispersive spectroscopy (EDS)
characterization was performed to investigate the specific incorporation amount of Cu in the
reaction. As shown in the Fig. 4, it should be noted that the peak of Mo element appears in the
figure, which is caused by the fact that the base used in the test contains Mo. Therefore, the element
content obtained is the result of normalization after removing Mo element. The results show that
the atomic ratio of Cu to Zn is about 1:6, and the atomic percentage of Cu is about 2 %, which is
consistent with the expectation. In order to further investigate the bonding state of Cu, X-ray
photoelectron spectroscopy of Cu-ZIS was performed. As shown in Fig. 5, the 2p orbital diagram
of Cu shows an obvious characteristic peak of Cu” or Cu’ (933 eV), rather than the characteristic
peak of Cu?* (934.5 V), indicating that Cu exists in the form of Cu” or Cu’in Cu-ZIS. In view of
the strong coordination effect of S on Cu, and the most stable state of Cu in CulnS; is Cu, it is
speculated that Cu exists in the form of Cu?* initially, and in the hydrothermal process, Cu®" is
very likely to be reduced to the most stable form of Cu®, rather than Cu®.

Based on the above experimental data, we successfully synthesized Cu-doped indium zinc
sulfide ultra-thin nanosheets. For comparison, ultra-thin indium zinc sulfide nanosheets have also
been synthesized. In Cu-ZIS, the percentage of Cu atoms is about 2 %, which mainly exists in the
form of Cu*. Because Cu* and Zn?* have the same number of electrons and similar atomic size,
the lattice structure of ZnIn,S4 does not change significantly after Cu replaces Zn, which indicates
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that Cu+ can exist stably in ZnIn,S4 to some extent.
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Fig. 5. XPS for Cu-ZIS Fig. 6. The catalytic properties of hydrogen

production
3.2. Characterization of catalytic properties of hydrogen production

Evaluation of surface catalytic reactions by photocatalytic hydrogen evolution. The results
under visible light irradiation are shown in Fig. 6. In order to determine the performance of the
photocatalyst accurately, the water decomposition experiment of Na,S and Na,SOs as sacrificial
agent without chloroplatinic acid as cocatalyst was measured under visible light irradiation
(1 =420 nm). In Fig. 6, the hydrogen production rate of pure Znln,Ss; is lower
(23.5 umol-h'-g!), which may be due to the rapid recombination of electrons and holes on the
surface of ZnIn,S4. The hydrogen production rate of Cu-ZIS is 50.2 umol-h™'-g"!, which is about
twice that of ZIS. The above results indicate that the introduction of Cu heteroatoms can
significantly improve the catalytic performance of indium zinc sulfide, which may be due to the
fact that the introduction of Cu heteroatoms improves the hole separation efficiency of
photogenerated electrons to a certain extent, thus improving the utilization efficiency of visible
light, and electrons can effectively reduce H'.

4. Conclusions

In this paper, Cu-doped Znln,S4 ultra-thin nano-sheets were prepared by hydrothermal
synthesis. The microstructure and morphology of the catalyst were characterized by HRTEM,
EDS, XRD and XPS. The results show that Cu-ZIS is an ultra-thin 6.3 nm nanosheet, which is
about 2.5 times that of a single layer of indium zinc sulfide. Due to the strong binding ability of
Zn and S under the reaction conditions, the atomic percentage of Cu in the catalyst is 2 %, which
is significantly less than that in the original feed. Since Cu* and Zn*" have the same number of
electrons and similar atomic size, and exist stably in CulnS2, Cu exists in Cu-ZIS in the form of
Cu". The presence of Cu heteroatoms significantly improves the photocatalytic hydrogen
production performance of indium zinc sulfide, which may be due to the unbalanced distribution
of electron clouds around Cu’, which is favorable for photogenic electron hole separation.
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