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Abstract—In order to solve the double demand problem of
shortage of energy and fresh water resources, a photothermal
catalyst Cos04@ZIS was prepared by in-situ growth of Znln2S4
nanosheets on the surface of the photothermal material Co30s. The
photothermal cocatalytic effect promoted the efficiency of
photocatalytic decomposition of aquatic hydrogen with an average
hydrogen production efficiency of 3186.03 gmolg-h-L. It is about 10
times that of pure ZnInzSs. Further, the water evaporation
experiment was carried out using the photothermal -catalyst
Co30:@Z1S supported melamine foam. The results showed that the
water evaporation rate reached 90.91%, which was 1.2 times higher
than that of ZnlInzS4, providing a new idea for realizing the purpose
of hydrogen production and water desalination by using
photothermal catalytic materials.

Keywords—photothermal catalyst, Co0304@ZIS,
producing, water treatmentstyle.
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. INTRODUCTION

With the development of economy, the demand for energy
increases, leading to the increasing exhaustion of energy and the
aggravation of environmental pollution™, Therefore, it is urgent
to carry out the transformation of new energy structure and
promote the implementation of the process of ‘carbon peaking
and carbon neutrality’[?l,
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Solar hydrogen production can convert intermittent,
fluctuating, low energy flux density solar energy and store it into
hydrogen energy chemical energy, the whole process is safe and
environmentally friendly, and is expected to achieve large-scale
sustainable hydrogen production. Among the various solar
hydrogen production methods, the use of photocatalyst to
separate H, from water is an attractive strategy®®l. In 1972,
Honda and Fujijima discovered that photocatalytic TiO;
electrodes could lead to water decomposition to produce
hydrogen, revealing the possibility of photocatalytic
decomposition of aguatic hydrogent®!.

Single photocatalytic technology has defects such as severe
electron hole recombination! and low spectral utilization®*,
which limit its application. Photothermal cocatalysis can make
up for the shortcomings of single photocatalysis*®!. Domestic
and foreign researchers have conducted a large number of
studies on photothermal cocatalysisi-*, such as: Li et all*3
proposed a kind of spatial ternary carbon nanospheres, TiO, and
TiO2x (denoted as C@TiO2/TiO2x) egg-shell nanostructures.
The carbon nanospheres have good photothermal effects, and
the ternary spatial structure of the catalyst accelerates the
separation of electrons and holes. Under simulated sunlight, the
photothermal catalytic hydrogen production efficiency reached
3667 pmolgt-h™?, showing a good hydrogen production
efficiency. Zhang Yahai synthesized AB/SCN composites with



AB as the precursor and CusS as the co-catalyst. CusS as the co-
catalyst was used to study the catalytic hydrogen production
performance of CuS/AB/SCN composites. The results showed
that cus as the co-catalyst could provide more active sites and
absorb near infrared light to generate heat, which could increase
the temperature of the reaction system. It accelerates the
migration of photogenerated carriers and promotes the hydrogen
production reduction reaction, and 17% CuS/AB/SCN has the
best hydrogen production rate (4805 pmolg™*-h%), showing good
hydrogen production cycle stability™, In addition to enhancing
hydrogen production efficiency through  morphology
regulation®171  and element doping™®24, heterojunction
construction?>2¢l is a widely used strategy.

Photocatalyst ZnlIn,Ss is an N-type semiconductor with
simple synthesis method, narrow band gap and good
photocatalytic hydrogen production performancel?”-28, but it has
disadvantages such as narrow spectral absorption range and easy
recombination of carriers?3%, which limits the photocatalytic
hydrogen production activity.

As a P-type semiconductor, Cos04 has a narrow band gap,
excellent photothermal properties, and can absorb and utilize
sunlight in the infrared spectrum region, so it has the potential
for photothermal development®, In this paper, photocatalyst
ZnlInyS4 and photothermal material CosO4 were treated with oil
bath to construct a p-n heterojunction photothermal catalyst
C030,@2ZnINnySs. Under simulated sunlight irradiation (optical
power density of 100 mw/cm?), the H, content was calibrated by
chromatograph and the hydrogen production efficiency was
calculated.  Furthermore, the  photothermal  catalyst
C0304@ZnIn,S, supported by melamine foam[®233 with good
water transport was further applied for water treatment research,
and the influence of the photothermal catalyst on water
evaporation treatment was explored, laying a foundation for the
research on the application of photothermal catalyst to promote
hydrogen production and water evaporation.

Il. EXPERIMENTAL PART

A. Materials

All analytical grade chemicals are used as received. Zinc
chloride (ZnClz, 98%), cobalt nitrate (Co(NOs),, 99%) from
Shanghai Zhanyun Chemical Co. LTD., thioacetamide (TAA,
99%) from Tianjin Guangfu Technology Co. LTD., anhydrous
sodium sulfate (NaSOa4, 99%) from Sichuan Xilong Science Co.
LTD., glycerin (99%), hydrochloric acid (HCI, 36-38%),
ethanol (99.7%) and triethanolamine (TEOA, 98%) were
purchased from Tianjin Damao Reagent Factory. Indium
trichloride tetrahydrate (InCls-4H,0, 99%), 2-methylimidazole
(98%) and glycerol (C3HgOs, 99%) were purchased from
Shanghai Aladdin Industrial Co. LTD.

B. Preparation method

Co304 was prepared by static centrifugation and high
temperature calcination. 6 mmol cobalt nitrate and 24 mmol
dimethylimidazole were added to 100 ml methanol and stirred
for 30 min respectively. After mixing and stirring for 30 min,
the blue particles were collected by centrifugation, washed
alternately with methanol and ethanol, and dried at 60 °C for 24
h in a vacuum drying oven to form hexagonal ZIF-67
nanoparticles. Then, the ZIF-67 nanoparticles were heated in a
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tube furnace at a rate of 1 °C/min, and were calcined under
vacuum at 550 °C for 2 h to form sunken Co3s04 nanoparticles.

Co30.@ZIS was synthesized by water bath centrifugation
method, 96ml distilled water was added into a single-neck
flask and the pH value was adjusted with HCI solution (3 mol/L)
to 2.5. Then 24 ml glycerol and 10mg Co30O4 were added. ZnCl;
(136.3 mg), CoHsNS (293.24 mg) and InCls-4H,0 (293.24 mg)
were added to the mixture. After homogenization by ultrasound,
the mixture was stirred in an oil bath and kept at 80 °C for 2 h
under circulating condensation condition. The mixture was
collected after cooling and then centrifuged alternately with
anhydrous ethanol and water. Then the products were collected
after 12 h in a vacuum drying oven at 60 °C Co30.@ZIS. In the
above mixed solution, ZnlIn,Ss nanoparticles can be obtained
after heating in the oil bath and centrifuging drying without
adding Co3z0s.document.

C. Material Characterization

The crystallinity of the sample was determined by X-ray
diffraction (XRD) (Bruker D8 Advance; Cu target) was tested at
a sweep speed of 1 Fmin. The field emission electron
microscope (Gemini SEM 500) was used to measure the
morphology of the samples under high vacuum. The surface
chemical valence and charge transfer of the photocatalyst were
measured using X-ray photoelectron spectroscopy (XPS) (PHI
5000 Versaprobelll, contaminated carbon (284.8 eV) as
reference). The spectroscopic absorption range of the
photocatalyst was tested using a UV-vis-NIR with BaSO;, as a
reference (UH 4150, Japan). The photoluminescence (PL)
spectra of the photocatalyst were tested using a fluorescence
spectrometer (F-7000, Japan).

D. Performance Characterization

The hydrogen production performance of the photothermal
catalyst was tested using a Fuli gas chromatograph. Xenon lamp
source equipped with AM1.5G filter was used to keep the
vacuum in the bottle after the replacement gas. The light was
measured every 1h, and the hydrogen production efficiency was
calculated by a cycle of 4 h. The transient photocurrent,
electrochemical impedance (EIS) and Mott-Schottky curves of
the photothermal catalyst were recorded on the electrochemical
workstation (Chen Hua). In a three-electrode system, 0.5 mol/L
Na2SO4 solution was selected for the electrolyte, Ag/AgCl was
selected for the reference electrode, and Pt sheet electrode was
used for the electrode. After ultrasonic mixing of photocatalyst
and ethanol solution, droplets were added to the FTO substrate
as the working electrode.

I1l. RESULTS AND DISCUSSIONS

A. Characterization of photothermal catalystsns

As shown in the figure 1,The morphology of samples ZIF-
67 (Figure 1 (a)), CosOa(Figure 1 (b)), ZnIn,Ss (Figure 1 (c))
and Coz0.@ZIS (Figure 1 (d)) were characterized by scanning
electron microscopy (SEM). ZIF-67 showed a hexagonal
structure after precipitation in water bath, which was consistent
with the structural characteristics of ZIF-678%. The Cos04
formed after high-temperature calcination of ZIF-67 has the
characteristic of being concave around the middle®®!, which may
be due to the removal of the sides of the regular hexagonal body



of ZIF-67 after high-temperature annealing treatment. Figure 1
(c) shows the nanoflower-like structure of ZnlIn,Sa, which is
composed of stacked nanosheets!®’1. In Figured, the nanofloral-
like structure of Coz04@ZIS can be clearly observed, while
Co304 is not exposed on the surface of the nanoflower, which is
speculated to be due to the tight encapsulation of Co3O4 by the
hollow nanostructured structure of ZIS. Further Mapping tests
were carried out for each element Cos0,@ZIS (Figure 1 (e-i)).
It can be seen from the figure that Zn, In, S and Co are uniformly
dispersed, and the signal of Co is relatively weak, which is
consistent with the preparation expectation.

Figure 1. SEM spectra of all samples: (a) ZIF-67. (b)C030.. (c)ZnIn,S,.
(d)Co30,@ZIS. (e-i) The mapping image of Co;0,@ZIS.

energy dispersive X-ray spectroscopy (EDS) test revealed
the peak locations of Cos04@ZIS elements, As shown in Figure
2 and observed that there were no heteropeaks in the spectra,
indicating that the photothermal catalyst was prepared with high
purity, and the content of Co was detected, indicating that
Co030,4@ZIS heterojunction was successfully constructed.
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Figure 2. EDS energy spectrum.

The crystal structure and phase composition of the
synthesized samples were measured by X-ray diffractometer
(XRD). Four strong characteristic diffraction peaks appeared at
21.6< 27.74< 30.14<and 47.41<for ZIS and Co30s@ZIS , As
shown in Figure 3 (a), Corresponding to the (006), (102), (104),
(110) lattice planes (PDF#04-009-4783) of the hexagonal phase
ZIS, respectively, similar to the association reported by
Znln,S4B8. As shown in Figure 3 (b),Co304 appears a strong
characteristic diffraction peak at 37.15< corresponding to the
(400) lattice surface of the cubic phase Cos0. (PDF#97-005-
6123)  The weak characteristic diffraction peak
corresponding to the Cos04 (400) crystal plane is observed in
the XRD pattern of the Co30.@ZIS composite sample. It is
speculated that the weak characteristic diffraction peak may be
due to the relatively small content of Co3O.. It also indicates the
smooth construction of Cos0.@ZI1S heterojunction.

X-ray photoelectron spectroscopy (XPS) of samples ZIS,
C0304@ZIS and Co304 can be used to analyze the chemical
states of the elements on the surface of the prepared samples. By

comparing the Zn 2p, In 3d and S 2p spectra of ZIS and
Co304@ZIS, Figure 4 (a-c), it can be found that the Zn 2p and
In 3d peaks of Co304@ZIS move in the direction of high binding
energy, and the S 2p peaks of Co30,@Z1S move in the direction
of low binding energy. This indicates that there is an electron
gain and loss interaction between ZIS and Co30s, indicating the
smooth construction of heterojunctions, which is consistent with
literaturel®-4%1,
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Figure 3. (a) XRD patterns of ZIS, Co30, and Co30,@ZIS composites
(crystal face). (b) XRD patterns of ZIS, Co304 and Co;0,@ZIS composites
(Angle).

However, the valence peak of Co is not detected in the
energy spectrum of Coz04@ZIS, such as Figure 4 (d), which
may be due to the nanostructured structure of ZIS, and Co304 is
tightly wrapped by ZIS after composite. X-ray can only detect
the valence peak of the compound on the surface, so the valence
peak of Co cannot be detected.
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Figure 4. XPS spectra of Zn 2p (a), In 3d (b), S 2p (c) for ZIS and
Co304@ZIS. XPS spectra of Co 2p for Co;0,@ZIS and Co30; (d).

B. Analysis of hydrogen production performance of
photothermal cocatalysis

As is shown in Figure 5 (a), The spectral absorption range
was tested by the UV-visible near-infrared spectrometer (UV-
Vis-Nir). ZIS responded to visible light and showed a maximum
absorption edge at about 500 nm, with almost no light absorption
in the near-infrared region. Cos0. showed a wide and strong
light absorption capacity from ultraviolet to near-infrared, with
the potential to produce photothermal effects. After combining
with Co30s, the spectral absorption range and absorption
intensity of Coz04@ZIS obviously increase, indicating that it
has good spectral utilization ability.

The gas content was tested every 1h under a hernia light
source with optical power density of 100 mw/cm?, and H;
content was calibrated by gas chromatograph. After conversion,
it was concluded that after the combination of photocatalyst ZIS



and Co304, the maximum hydrogen production efficiency of
C030,@ZIS composite sample could reach 3186.03 umolg™2-h-
1. About 10 times the hydrogen production rate of ZIS, exam.
Figure 5 (b).
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Figure 5. (a) UV-vis-NIR absorption spectra of ZIS, Co30, and Co;0,@ZIS
composites with different contents of Cos0,. (b) Hydrogen production
efficiency of ZIS and Co;0,@ZIS.

C. Mechanism analysis of photothermal cocatalysis

Photoluminescence spectroscopy (PL) explores the carrier
separation efficiency of photocatalyst. Such as Figure 6 (a), pure
ZIS has the strongest PL peak at about 500 nm, and the higher
the PL peak, the easier the carrier recombination is, because the
carrier transitions between band gaps, resulting in charge
recombination. CosO4 has the lowest PL peak, indicating that
charge recombination is not easy to occur. In Cos04s@ZIS
composite, PL peak is obviously weakened due to the addition
of Co304, indicating that the addition of Cos0. effectively
inhibits the photogenerated carrier recombination, and the
carrier separation efficiency is gradually improved. The
electrochemical impedance (EIS) represents the resistance of
charge in the process of carrier migration. The smaller the
impedance radius, the lower the corresponding resistance, the
higher the carrier migration efficiency. It can be shown from the
figure 6 (b) that ZIS has the largest impedance radius, while
Co030,@ZIS has the smallest impedance radius, indicating that
the introduction of CosO4 effectively accelerates the carrier
migration. It speeds up hydrogen production. The transient
photocurrent and EIS have the same characterization
significance. In Co304@ZIS,such as Figure 6 (c), the transient
photocurrent response is the largest, indicating that Cos0.@ZIS
can effectively accelerate the carrier migration, thus improving
the catalytic performance.

® (b - 19

Figure 6. (a) PL spectrum of ZIS,C0304,C050,@ZIS; (b) EIS diagram of
Z1S,Co30,@ZIS; (c) transient photocurrent curve of ZIS,C030,,C0;0,@ZIS.

The Mott-Schottky curve can be used to calculate the type of
semiconductor. From the positive and negative slope of the
tangent slope of the Mott-Schottky curve of ZIS and Co30s ,
such as Figure 7 (a-b), it can be determined that ZIS is an N-type
semiconductor and Co304 is a P-type semiconductor.

When the N-type semiconductor ZIS and the P-type
semiconductor CosO4 are in close contact, p-n heterojunction
will be formed between them. Due to the diffusion of electrons

and holes, two space charge regions are established at the
interface of the p-n junction and an electric field in the space
charge region is formed. The presence of the built-in electric
field at the interface of the p-n heterojunction can drive the rapid
separation and migration of carriers, thus improving the
efficiency of carrier separation and migration. The formation
principle of p-n junction is shown in Figure 8.
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Figure 7. Mott-Schottky curve: (a) ZIS. (b)Co304.
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Figure 8. The proposed of charge transfers for Co;0,@ZIS under light
irradiation.

In summary, it can be inferred that the improvement of
Co030.,@ZIS photothermal catalyst performance is largely due to
the addition of Co30a4, which significantly improves the carrier
separation and migration rate, inhibits the carrier recombination,
and thus improves the hydrogen production performance.

IV. WATER TREATMENT APPLICATION RESEARCH

Melamine foam has the advantages of cheap, easy to obtain,
reusable, using melamine foam as a base can play a good role in
water transport, is a potential water evaporation material. The
photothermal co-catalyst Coz0.@ZIS was used to load
melamine foam, and the water evaporation experiment was
carried out by xenon lamp on the weighing balance at the power
density of 100 mw/cm? The evaporation efficiency of the
effluent was calculated by recording the change of water quality,
and then the surface temperature of the evaporator was recorded
with the aid of an infrared camera.

As is shown the Figure 9(a-b), It can be intuitively
understood from the data that the evaporation efficiency of the
melamine foam coated with Coz04s@ZIS reached 90.91% due to
its better water transport characteristics, which was 1.2 times
that of pure water. Moreover, the surface temperature of the
melamine foam coated with Co304@ZIS has a greater change,
exam. Figure 9(c-d), and the temperature can rise from the initial
25.8 °C t0 53.9 °C within one hour, which once again proves that
Co304@ZIS has better photothermal effect. This theory lays a
foundation for improving water pollution and alleviating the



shortage of fresh water resources by promoting water
evaporation.

(a)a] ™

Figure 9. (a) Water evaporation diagram. (b) Temperature rise diagram.
(c-d)Co30,@ZIS Temperature change for 1h after loading melamine foam.

V. CONCLUSION

In general, by combining the photothermal effect of Co304
with photocatalyst ZnIn,S., the photothermal catalytic material
Co30,@ZIS prepared by us has overcome the problems of easy
electron hole recombination and low spectral utilization of ZIS
itself. On the contrary, the close connection of the internal
electric field between Co30.@ZIS inhibits the electron hole
recombination, thus enlarging the spectral absorption range.
Moreover, the hydrogen production efficiency of the
photothermal catalytic material Co03;0.@ZIS increases to
3186.03 umolg-ht, which is about 10 times higher than that of
the ZIS photocatalyst. At the same time, the photothermal
catalyst Co30.@ZIS was loaded on the melamine foam.
Through the water evaporation experiment, it was found that the
photothermal effect of the photothermal catalyst Co;0.@ZIS
was the best, and the water evaporation rate was up to 90.91%.
This discovery provided a new solution for solving the problem
of fresh water shortage and water pollution, and had good
development potential.
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