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a b s t r a c t
In this paper, In2S3/CaIn2S4 composites were synthesized by a programmed temperature hydrother-
mal method. The crystal structure, morphology, and surface physicochemical properties of In2S3/
CaIn2S4 composites were tested by X-ray diffraction, X-ray photoelectron spectroscopy, scanning 
electron microscopy, UV-Visible diffuse reflectance spectroscopy, and N2 adsorption–desorption 
measurements. The results show that In2S3/CaIn2S4 composite contains mixed phases of tetrag-
onal phase CaIn2S4 and cubic phase In2S3, and has the rambutan-like structure with a favor opti-
cal absorption in visible region. Using methyl orange as the degradation object, the photocatalytic 
degradation experiments were carried out under ultraviolet light, visible light, and simulated 
sunlight. The results show that In2S3/CaIn2S4 composite with the molar ratio of 1:10 possesses the 
best photocatalyst activity. Meanwhile, the composite presents the certain extensiveness in the 
degradation of organic pollutants with different structures, it also has a certain photocatalytic 
hydrogen ability, and its photocatalytic hydrogen production activity is much higher than that of 
commercially available P25. In addition, based on the trapping experiments, a possible photocata-
lytic mechanism of In2S3/CaIn2S4 was proposed.

Keywords:  Indium matrix composite; In2S3/CaIn2S4; Programmed temperature hydrothermal method; 
Photocatalysis; Hydrogen production

1. Introduction

With the development of the social economy and the 
acceleration of industrialization, energy shortage and envi-
ronmental pollution have become two major problems that 
need to be solved urgently in the world today. In recent 
years, environmental pollution and energy scarcity have 
been major issues for human research, and scientists have 
developed many technologies to address these issues: (a) 
non-destructive methods such as adsorption, washing and 
membrane filtration; (b) destructive methods including 
photocatalysis, biodegradation and catalytic oxidation. 
Among them, the adsorption technology is low cost, easy to 
operate. However, in most cases, the adsorption efficiency 

is not high, and the pollutant is not completely “eliminated” 
or “destroyed”. In addition, Fenton oxidation method has 
the advantages of rapid reaction, non-selectivity of oxida-
tion, strong removal ability of organic matter, but it uses 
many reagents, high processing cost, and easy to produce 
secondary pollution [1]. Gao et al. [2] studied the photocat-
alytic material CA+ with calcium alginate as the carrier and 
cetyltrimethylammonium bromide as the surfactant for the 
degradation of actual tetracycline-contaminated wastewa-
ter, and it was found that the photocatalytic material has 
good degradation stability, short photocatalytic degrada-
tion time and high catalytic efficiency. Rodrigues et al. [3] 
developed a hybrid photocatalyst consisting of TiO2 and 
g-C3N4 for effective remediation of the persistent organic 
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pollutant 4-chlorophenol in wastewater, and results indi-
cated that photocatalytic activity under visible light of TiO2/
g-C3N4 was improved by 44.8% compared to pure TiO2. So, 
it is of great significance to study high efficiency photocat-
alysts [4,5].

As a traditional photocatalyst, TiO2 has the character-
istics of low cost, high chemical stability and non-toxicity. 
However, due to the limitation of band structure, the pho-
tocatalytic effect of TiO2 under visible light is not ideal [6,7]. 
In addition, MOFs have attracted much attention as crys-
talline porous materials with customized pore/structure 
and potential applications in adsorption environments [8]. 
However, MOFs itself brittle, small solubility, not easy to 
form, with other materials and other characteristics, so that 
its advantages in function is difficult to be fully reflected 
[9]. Many efforts have been made to develop new materials 
with inherent visible-light catalytic activity, such as metal 
oxides, metal sulfides/oxygen sulfides, metal nitrides and 
metal-free photocatalysts.

At present, a large number of studies have shown that 
sulfides have special physical and chemical properties, 
such as superconductivity, charge density waves, nonlin-
ear optics, and catalytic properties. Sulfide-based photo-
catalysts have the advantages of narrow band gap, visible 
light absorption and high photocatalytic performance, etc. 
[10–13]. However, binary sulfides are prone to photo-corro-
sion and have a limited-service life, while ternary sulfides 
have better stability, unique optoelectronic properties and 
photocatalytic properties. CaIn2S4 is a novel ternary sul-
fide, which is one of the cheapest alkaline earth metal-based 
semiconductor. CaIn2S4 has a narrow band gap (~1.9 eV), 
and it shows excellent photocatalytic activity. Moreover, 
CaIn2S4 with the hierarchical structure gives high accessible 
surface area, which is helpful for enhancing the adsorption 
quantity of water pollutants on the catalyst surface and 
improving the photocatalytic degradation performance. 
Natarajan and Tayade [14] prepared a visible light-respon-
sive redox-mediator-free calcium indium sulfide (CaIn2S4) 
and bismuth tungstate-(Bi2WO6)-based direct dual semi-
conductor nanocomposites by combination of hydrother-
mal and wetness impregnation methods, at the same time, 
they confirmed that visible light response of Bi2WO6 was 
considerably enhanced, and its adsorption capacity was 
significantly improved after combining with CaIn2S4. Ding 
et al. [15] synthesized a novel single-phase nanostructured 
photocatalyst CaIn2S4 by post-calcination hydrothermal 
method. The photocatalyst exhibited considerable activity 
for hydrogen evolution from pure water without any sac-
rificial agents or cocatalysts under visible light irradiation.

However, there are few reports on the construction 
and synthesis of CaIn2S4-based composite photocatalysts. 
Similar to other narrow-band catalysts, the photocatalytic 
degradation efficiency of CaIn2S4 alone is very limited due 
to the low separation efficiency of photogenerated electron 
vacancies [16]. Therefore, the coupling of CaIn2S4 with other 
semiconductors is of great importance for effectively sup-
pressing light-generated electron–hole pair recombination.

In recent years, although there is relatively little 
research on in-based nanomaterials in domestic and 
abroad, the excellent prospects of indium in photocatal-
ysis have gradually attracted widespread attention. In2S3 

is an important III–VI semiconductor photocatalytic mate-
rial with a bandgap of 2.0–2.2 eV, belonging to a medium- 
bandwidth semiconductor, which can utilize visible light 
or even sunlight as a photocatalytic light source [17]. At 
atmospheric pressure, In2S3 has three kinds of defective 
structures: α-In2S3 (defect cubic), β-In2S3 (defect spinel), and 
γ-In2S3 (layered structure) [18]. Among them, β-In2S3 has a 
stable structure at room temperature. Due to its non-toxic-
ity, stable performance, and absorption of the visible light 
band, it has been studied and applied in photocatalytic 
degradation of dyes, photocatalytic hydrogen produc-
tion, and optoelectronic devices. Fu et al. [19] synthesized 
β-In2S3 nanobelts by solvothermal method, and found that 
β-In2S3 nanobelts had a high photocatalytic performance 
for the degradation of methylene blue-ethanol solution. 
Wang et al. [20] used a simple hydrothermal precipita-
tion method to synthesize In2S3@TiO2 nanobelt hetero-
structures composed of In2S3 nanoparticles, which could 
degrade methyl orange under ultraviolet and visible light. 
Fang et al. [21] successfully prepared an indented hexago-
nal In2S3 nanorod structure by vulcanizing MIL-68-In in a 
metal–organic framework precursor, and the synthesized 
In2S3-8h showed a very good effect in degrading tetracy-
cline hydrochloride and methyl orange.

In this paper, by combining CaIn2S4 and In2S3, the transfer 
path of photogenerated electron–hole pair is extended, the 
separation rate of the photogenerated electron–hole of the 
photocatalyst is improved, and the photocatalytic activity of 
the composites is further improved. During the experiment, 
by examining the relationship between the ratio of reac-
tants and the photocatalytic activity, the optimal charging 
ratio of the reactants for photocatalytic activity was finally 
determined. In addition, in the experiment, the as-synthe-
sized In2S3/CaIn2S4 composites were used for organic dye 
pollutants with complex structure, high potential toxicity, 
and carcinogenic effect, which provides some basic data for 
the application of In2S3/CaIn2S4 composites.

2. Experimental part

2.1. Materials

Calcium nitrate (Ca(NO3)2·4H2O), indium nitrate 
(In(NO3)3·4H2O), thioacetamide (TAA), Tianjin sodium sul-
fide (Na2S·9H2O), isopropyl alcohol (IPA), p-benzoquinone 
(BQ), disodium ethylenediaminetetraacetate (EDTA-2Na), 
methyl orange (MO), rhodamine B (RB), acid fuchsin (AF), 
methylene blue (MB) and phenol (PH) used in the exper-
iments were all commercially available analytical grades, 
and all experimental water was double distilled water.

2.2. Preparation of In2S3/CaIn2S4 composites

In(NO3)3·4H2O, Ca(NO3)2·4H2O, and TAA were dissolved 
in double-distilled water and stirred for 20 min to obtain a 
clear solution. Transfer the solution to a stainless-steel auto-
clave lined with PTFE, hold at 120°C for 48 h, then washed 
several times with deionized water and ethanol, and dried 
at 60°C for 12 h. The obtained samples were labeled as 1:x 
In2S3/CaIn2S4 composites (1:x is molar ratio). Monomers 
prepared in the same method were used for comparison.
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2.3. Characterization of photocatalyst

The X-ray diffraction (XRD) analysis was performed by 
Bruker-AXS (D8) X-ray diffractometer, Germany (Cu tar-
get Kα radiation (λ = 0.15406 nm), tube voltage 60 kV, tube 
current 80 mA, and scanning range 20°–80°). The X-ray 
photoelectron (XPS) spectrum of the sample was mea-
sured by ESCALAB250Xi X-ray photoelectron spectrometer 
(Mg K-ADES source residual gas pressure less than 10–8 Pa 
test). The scanning electron microscopy (SEM) analysis of 
the samples were performed by S-4700 scanning electron 
microscope, Hitachi, Japan (working voltage 5 kV). The 
samples were analyzed by TEM using a H-7650 transmis-
sion electron microscope from Hitachi, Japan, and the accel-
erating voltage was 100 kV. The UV-Vis diffuse reflection 
absorption spectroscopic tests of the samples were carried 
out by TU-1901 UV-Vis double beam spectrophotometer 
(integrating sphere) produced by Beijing General Analysis 
Co., Ltd. The specific surface area and pore size of the sam-
ple were determined by 3H-2000 specific surface area and 
pore size analysis instrument, Best Technology Company, 
Beijing (temperature 77 K). The photoluminescence (PL) 
spectra were recorded using fluorescence spectropho-
tometer (Hitachi F-7000, Japan) and the excitation wave-
length was set at 400 nm. Raman spectrometer (LabRam 
HR Evolution; Thermo Fischer DXR) recorded the Raman 
spectrum at a wavelength set to 325 nm. Absorbance was 
determined by TU-1901 UV-Vis double beam spectropho-
tometer, General Analytical Company, Beijing.

2.4. Photocatalytic experiments

The photocatalytic experimental device consists of a 
cylindrical quartz glass sleeve and a built-in light source 
surrounded by quartz glass. The ultraviolet light source is 
a 125 W Hg lamp (the maximum emission wavelength is 
313.2 nm), and the visible light source is a 400 W Xe lamp 
(the maximum emission spectrum is greater than 410 nm, 
and a glass inner sleeve is used to filter out the ultraviolet 
light). The light source for the simulated sunlight photo-
catalysis experiment was a 300 W Xe lamp (external type, 
with a spectral range of 320–780 nm).

The photocatalytic activity of the samples was evalu-
ated by degrading methyl orange (MO) at a concentration 

of 50 mg/L. Before lighting, agitate for 30 min in the dark to 
achieve adsorption–desorption equilibrium. Take 3 mL of the 
suspension at regular intervals and centrifuge to remove the 
photocatalyst particles. The absorbance at λmax is then deter-
mined with a UV-Vis spectrophotometer (TU-1901 type).

2.5. Photocatalytic hydrogen evolution production experiments

The photocatalytic hydrogen production experiments 
were carried out in a vacuum reactor connected to a closed 
loop system (Labsolar-III AG system). 100 mg of the pho-
tocatalyst was dispersed in 50 mL of distilled water, and 
3.0 g of Na2S·H2O was added as sacrificial agents. Under the 
condition of vacuum degassing and constant stirring, the 
experiment of hydrogen production by photolysis of water 
was started. A 300 W Xe lamp was used as a light source, 
fixed at a distance of 10 cm from the reaction solution. High-
purity nitrogen as the carrier gas, the flow rate is 0.5 mL/s; 
the output pressure is 0.4–0.6 MPa, and the working voltage 
and current are about 20 mV and 50 mA. During the reac-
tion, the temperature of the reactor was maintained at about 
5°C by circulating cooling water. By analyzing hydrogen 
production using online gas chromatography, the gas was 
collected under a certain irradiation time. The reaction was 
carried out for 8 h. The column was a 5 Å molecular sieve 
column, and the detector was a thermal conductivity detector 
(TCD). Based on the peak areas at different reaction times, 
the hydrogen production was calculated, and the catalytic 
activity of the photocatalyst was measured by the total 
hydrogen production over 8 h.

3. Results and discussion

3.1. XRD analysis

In order to investigate the crystal structure of the as-syn-
thesized composites, a series of XRD tests were carried out. 
It can be seen from Fig. 1a. that as-prepared composites are 
mixed crystal phase of CaIn2S4 and In2S3. CaIn2S4 is mainly a 
cubic phase structure, and the diffraction peaks are located 
at the diffraction angles 2θ of 27.4° (311), 28.4° (222), 33.1° 
(400), 43.4° (511), and 47.7° (440) (JCPDS 31-0272) [22]. The 
peaks at 2θ values of 27.4°, 28.6°, 33.2°, 43.6°, and 47.7° 
correspond to the (109), (206), (0012), (1015), and (2212) 
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Fig. 1. X-ray diffraction patterns of CaIn2S4, In2S3, and 1:10 In2S3/CaIn2S4 (a), Raman spectra of In2S3 and CaIn2S4 (b).
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planes of In2S3 tetragonal phase (JCPDS 25-0390), indicat-
ing that as-prepared sample is β-In2S3 crystal [23,24]. It can 
be clearly observed from Fig. 1a that the characteristic dif-
fraction peak of 1:10 In2S3/CaIn2S4 is slightly shifted from 
the characteristic diffraction peak of CaIn2S4 monomer and 
In2S3 monomer, indicating that CaIn2S4 and In2S3 have been 
compounded, moreover, as-prepared 1:10 In2S3/CaIn2S4 
composite contains CaIn2S4 and In2S3 mixed crystal phases 
[25]. Raman spectroscopy was employed to investigate the 
fingerprint vibrations and the formation of In2S3, and the 
results are illustrated in Fig. 1b. The Raman spectrum of In2S3 
exhibits three distinct peaks at 244, 301, and 356 cm–1. The 
peak at 301 cm–1 appears due to the A4g mode, whereas the 
peaks at 244 and 356 cm–1 indicates the A1g and A2g modes, 
respectively. The A1g, A2g, and A4g modes affirm the creation 
of the tetragonal β-In2S3 phase, which agrees well with the 
XRD results. At 244, 301, and 356 cm–1, there is no obvious 
peak for CaIn2S4, which is enough to explain the difference 
between the two substances [26].

The crystallite size (D*) of each sample can be obtained 
by calculating by the Scherrer formula, and the specific val-
ues are listed in Table 1. It can be seen from Table 1 that the 
crystallite size of CaIn2S4 and In2S3 becomes larger after com-
pounding. According to reports, the larger crystallite size 
can effectively improve its photocatalytic activity, which 
is consistent with the results of ultraviolet photocatalytic 
experiments [27].

3.2. SEM and TEM analysis

In order to explore the morphological characteristics of 
In2S3/CaIn2S4 composites, SEM and TEM analysis of In2S3/
CaIn2S4 composites were carried out, and the results are 
shown in Fig. 2. It can be clearly observed from Fig. 2a that 
the synthesized 1:10 In2S3/CaIn2S4 composite is in the shape 
of rambutan, the size is relatively uniform, about 1.2–1.5 µm, 

and the surface has a large number of irregular strips. The 
prepared composite material is expected to have a larger 
specific surface area and a larger contact area with the reac-
tants, which is expected to improve its photocatalytic activ-
ity. Fig. 2b is the TEM image of the In2S3/CaIn2S4 composite 
material. It can be observed that the shape in the figure is 
almost the same as that of SEM image.

3.3. XPS analysis

The element composition and chemical valence state in 
the In2S3/CaIn2S4 composites are analyzed by XPS, as shown 
in Fig. 3. Fig. 3a shows the XPS spectra of In2S3/CaIn2S4, In2S3 
and CaIn2S4. It can be seen that the spectrum of In2S3/CaIn2S4 
contains Ca, In, S, O and C elements, the C may be caused 
by the hydrocarbons in the instrument itself, and the O may 
be adsorbed oxygen [28]. Fig. 3b shows the XPS spectra of 
Ca 2p3/2 and Ca 2p1/2, with binding energies of 347.6 and 
351.2 eV, respectively, indicating that Ca exists in the form 
of Ca2+ [29,30]. Compared with CaIn2S4, the binding energy 
of the Ca 2p3/2 (347.6 eV) and Ca 2p1/2 (351.2 eV) orbitals at 
1:10 In2S3/CaIn2S4 is transferred to lower energy by 0.3 eV, 
respectively. Fig. 3c shows the XPS spectra of In 3d5/2 and In 
3d3/2, and the corresponding binding energies are 443.7 and 
451.3 eV, respectively, indicating that In exists in the form 
of In3+ [31,32]. Compared to In2S3 and CaIn2S4, the binding 
energies of In 3d5/2 (443.7 eV) and In 3d3/2 (453.1 eV) at 1:10 
In2S3/CaIn2S4 shift slightly to lower values. Fig. 3d shows the 
XPS spectra of S 2p3/2 and S 2p1/2, the corresponding binding 
energies are 160.8 and 161.8 eV, respectively, indicating that S 
exists in the S2– valent [33]. The binding energy of 1:10 In2S3/
CaIn2S4 composites In 3d5/2 (443.7 eV) and In 3d3/2 (453.1 eV) 
decreases slightly compared with In2S3 and CaIn2S4. The 
slight changes in the binding energies of elements such as 
Ca, In, and S also confirm the effective electronic interaction 
between In2S3 and CaIn2S4 in In2S3/CaIn2S4 composites.

3.4. UV-Visible diffuse reflectance spectroscopy analysis

In order to explore the effect of the combination of the 
two monomers on the light absorption properties, UV-Visible 
diffuse reflectance spectroscopy measurements were car-
ried out, and the results are shown in Fig. 4. Fig. 4a shows 
the absorption spectra of In2S3/CaIn2S4 composites with 
different ratios prepared by a programmed temperature 
hydrothermal method. It can be clearly observed that In2S3/

Table 1
Crystallite size of CaIn2S4, In2S3, and 1:10 In2S3/CaIn2S4

Sample D* (nm)

CaIn2S4 16.7
In2S3 7.5
1:10 In2S3/CaIn2S4 17.2

 

Fig. 2. Scanning and transmission electron microscopy images of In2S3/CaIn2S4 (a and b).
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CaIn2S4 composites have strong absorption in the visible 
light region, moreover, 1:10 In2S3/CaIn2S4 has the strongest 
visible light absorption capacity.

Based on the optical absorption results of the UV-Vis dif-
fuse reflectance spectra of all samples, the bandgap energy 
of the samples is calculated by the following formula [34]:

� � �h K h Eg� � � �� �
2

 (1)

where α is the absorption coefficient, K is the parameter 
related to the valence band and conduction band, when 
n = 2, it is the indirect bandgap, hν is the absorbed energy, 
and Eg is the bandgap energy.

3.5. N2 adsorption–desorption measurement

In order to investigate the adsorption–desorption iso-
therm type, pore size distribution, specific surface area, 
total pore volume, and average pore size of In2S3/CaIn2S4, 
the N2 adsorption–desorption measurements were carried 
out for CaIn2S4, In2S3, and 1:10 In2S3/CaIn2S4, the related 
results are shown in Fig. 5 and Table 2. It can be observed 
from adsorption–desorption isotherm that under higher 
relative pressure, the condensation section of the capil-
lary is relatively steep, and after condensation occurs in 
all pores, the adsorption only occurs on the outer surface 
which is much smaller than the surface area, and the curve 
gradually tends to be flat. According to IUPAC classifica-
tion, the N2 adsorption–desorption isotherms of CaIn2S4, 
In2S3 and 1:10 In2S3/CaIn2S4 are type IV isotherms with 
hysteresis loops, which indicates that 1:10 In2S3/CaIn2S4 
belongs to mesoporous materials [35,36]. The hysteresis 
loop of 1:10 In2S3/CaIn2S4 belongs to the H3 type hysteresis 
loop, and the type of isotherm and hysteresis loop is caused 
by the coagulation of capillaries and the aggregation of 
particles in the structure [37,38].

It can be seen from Table 2 that the 1:10 In2S3/CaIn2S4 
composites have a larger specific surface area, indicating 
that the photocatalyst surface has a larger contact area with 
the dye and provides more active sites, which is more con-
ducive to the degradation reaction. It can be observed from 
the BJH pore size distribution curve inset in Fig. 5, the pore 
size distributions of the composites and monomers are rel-
atively uniform. It is attributed to the relatively mild pro-
grammed temperature hydrothermal synthesis process, 

which makes the internal structure of the photocatalyst 
relatively uniform.

The specific surface area of the 1:10 In2S3/CaIn2S4 com-
posite are larger than CaIn2S4, which indicates that the per-
formance of the composite based on the CaIn2S4 structure 
has been optimized, indicating that the 1:10 In2S3/CaIn2S4 
photocatalyst will have better photocatalytic activity, 
which is consistent with the results of photocatalytic exper-
iments under ultraviolet light.

3.6. Photoluminescence analysis

In order to study the separation of electron–hole pairs 
of In2S3/CaIn2S4 composites, PL analysis was performed on 
different samples. It can be seen from Fig. 6a and b that 
under the excitation of 400 nm, 1:10 In2S3/CaIn2S4 has the 
lowest PL intensity compared with the samples of mono-
meric In2S3, monomeric CaIn2S4, and other ratios [39]. This 
result shows that the prepared 1:10 In2S3/CaIn2S4 has a 
significant inhibitory effect on the recombination of pho-
togenerated electrons and holes, which further indicates 
that the synergistic effect of In2S3 and CaIn2S4 can enhance 
the transfer of photogenerated carriers in the composite 
material, improve the separation efficiency of photogene-
rated electrons and holes, thereby prolonging the lifetime 
of photogenerated electrons.

3.7. Photocatalytic performance

In order to investigate the photocatalytic performance 
of the as-synthesized samples, photocatalytic experiments 
were carried out, and the results are shown in Fig. 7. It can 
be seen from Fig. 7a and b that the MO is directly photo-
degraded for 15 min under ultraviolet light irradiation, 
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Fig. 5. N2 adsorption–desorption isotherm and pore-size distribution curve (illustration) of 1:10 In2S3/CaIn2S4 (a), CaIn2S4 (b), 
and In2S3 (c).

Table 2
Specific surface area, pore volume, and average pore size of 
CaIn2S4, In2S3, and In2S3/CaIn2S4

Sample SBET (m2/g) Vtotal (cm3/g) D (nm)

CaIn2S4 61.3 0.262 11.1
In2S3 62.2 0.232 14.9
1:10 In2S3/CaIn2S4 66.1 0.164 9.9
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and the degradation rate is very low, while the addition of 
CaIn2S4, In2S3, P25, and different proportions of In2S3/CaIn2S4, 
the degradation effect is significantly enhanced, among 
which the photocatalytic activity of 1:10 In2S3/CaIn2S4 is 
the strongest. In Fig. 7c, the direct photolysis, P25, CaIn2S4, 
In2S3 and 1:10 In2S3/CaIn2S4 (optimum photocatalyst) are 
sequentially enhanced after 180 min under visible light irra-
diation. The degradation effect of 1:10 In2S3/CaIn2S is obvi-
ously improved, and the as-prepared photocatalyst has 
an obvious degradation effect on MO under visible light  
irradiation.

Due to the difference in the bandgap energy of In2S3 and 
CaIn2S4, a synergistic effect occurs after the combination of 
the two components, thus improving their photocatalytic 
activity. It can be clearly seen from Fig. 7d that in the deg-
radation experiments of different samples on the dye MO, 
-ln(Ct/C0) is basically linear with the reaction time t, indi-
cating that the degradation of methyl orange follows the 
pseudo-first-order reaction kinetics. After calculation, under 
visible light, the calculated rate constants of direct photol-
ysis, P25, pure CaIn2S4, pure In2S3, and In2S3/CaIn2S4 are 
9.09×10-5, 4.35×10-4, 4.51×10-3, 6.25×10-3, and 7.98×10-3 min-1, 
respectively. Therefore, the photocatalytic activities of var-
ious photocatalysts under visible light irradiation are: 1:10 
In2S3/CaIn2S4 > pure CaIn2S4 > pure In2S3 > P25 > direct pho-
tolysis. It can be seen from Fig. 7e the degradation rates 
of 1:10 In2S3/CaIn2S4 to methyl orange, rhodamine B, acid 
fuchsin, and methylene blue within 60 min. By contrast, 
In2S3/CaIn2S4 composite also has a certain universality to 
degrade different types of dyes under ultraviolet light irra-
diation. The degradation effect is excellent, and it has a 
bright application prospect.

In addition, it can be seen from Fig. 7f, through four 
recycling experiments, the stability and recyclability of the 
photocatalyst were evaluated by the degradation effect of 
the recovered photocatalyst on MO. The recycled photocat-
alyst is washed with water and alcohol, however, the deg-
radation rate is still reduced in degree, since the adsorbed 
dye could not be removed from the photocatalyst, because 
it can’t bear the high temperature calcination. It can be seen 

from Fig. 7g that after simulated sunlight irradiation for 
210 min, 1:10 In2S3/CaIn2S4 has good activity in photocata-
lytic degradation and is obviously higher than other sys-
tems. In order to study the degradation efficiency of methyl 
orange by 1:10 In2S3/CaIn2S4 photocatalyst in various actual 
water environments, tap water, lake water and snow water 
were sampled in Qiqihar City, Heilongjiang Province, and 
the results were compared with the deionized water in  
Fig. 7h.

In order to investigate the photocatalytic hydrogen pro-
duction ability of the as-prepared In2S3/CaIn2S4 composites, 
the photocatalytic hydrogen evolution experiment was car-
ried out, as shown in Fig. 8a. From Fig. 8a, the photocata-
lytic hydrogen evolution ability of 1:10 In2S3/CaIn2S4 is sig-
nificantly higher than that of P25. After compounding of 
monomer CaIn2S4 with slightly hydrogen-producing In2S3, 
the conduction band of the composite material In2S3/CaIn2S4 
is more negative than that of H2/H2O (0.0 eV vs NHE). It 
means that the composites have a stronger reducing abil-
ity, thereby improving the hydrogen production capacity 
of the composite material.

3.8. Reaction mechanism

As we all know, the main principle behind photocata-
lytic degradation involves a semiconductor comprising 
a valence band (VB) and conduction band (CB) in its elec-
tronic structure. These bands have an energy gap between 
them called a bandgap. When illuminated by photons hav-
ing energy ≥ bandgap energy, the electron present in the 
valence band is excited to the CB, generating a positively 
charged hole in the VB. Both hole and electron are strongly 
oxidizing and reducing species, respectively. When the hole 
and electron react with H2O molecules, hydroxyl (•OH) 
and superoxide (•O2

–) radicals are generated, which attack 
the organic dyes and convert them into non-hazardous  
compounds like CO2 and H2O [40]. To investigate the reac-
tion mechanism of the as-synthesized photocatalyst, trap-
ping experiments with In2S3/CaIn2S4 were carried out, and 
the results are shown in Fig. 8b. Adding EDTA-2Na and 
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Fig. 6. Photoluminescence spectra of In2S3, CaIn2S4, and 1:10 In2S3/CaIn2S4 (a), photoluminescence spectra of In2S3/CaIn2S4 
composites with different ratios (b) (The excitation wavelength is 400 nm).



67Y. Sun et al. / Desalination and Water Treatment 296 (2023) 60–70

0

10

20

30

40

50

60

70

 

 
)

%(etar noitadarge
D

 Direct photolysis
 P25
 CaIn2S4

 In2S3

 1:10 In2S3/CaIn2S4

1.52% 3.46%

51.87%
46.99%

59.48%
a

300 360 420 480 540 600

0.0

0.1

0.2

0.3

0.4

 

 

A
bs

Wavelength(nm)

0 min

15 min

b

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

C
t/C

0

t/min

 Direct photolysis
 P25
 CaIn2S4

 In2S3

 1:10 In2S3/CaIn2S4

c

 

0 30 60 90 120 150 180
0.0

0.4

0.8

1.2

1.6

d
 

Direct photolysis
P25
 CaIn2S4

 In2S3

 1:10 In2S3/CaIn2S4

-ln
(C

t/C
0)

t/min  

0

20

40

60

80

100

MORhBAFMB

%/noitadarge
D

PH

e

   
0 120 240 360 480

0.0

0.2

0.4

0.6

0.8

1.0f
a

 

C
t/C

0

t/min

First Second Third Forth

 

0

20

40

60

80

100

C
aI

n 2S 4

1:
5 

In
2S 3/C

aI
n 2S 4

1:
10

 In
2S 3/C

aI
n 2S 4

 

 

)
%(etar noitadarge

D

 3

 
 3

 
 

61.45%
69.30%

79.25%

91.50%
82.64%

1:
20

 In
2S 3/C

aI
n 2S 4

 In
2S 3

g

   

0 20 40 60 80 100 120
0.0

0.2

0.4

0.6

0.8

1.0
 

C
t/C

0

t/min

 tap water
 snow water
 lake water
 deionized water

h

Fig. 7. Photocatalytic degradation profiles of methyl orange for different photocatalysts under ultraviolet light irradiation 
(t = 15 min) (a), absorption curve of 1:10 In2S3/CaIn2S4 for methyl orange under ultraviolet light (b), degradation results of methyl 
orange by different photocatalysts under visible light (t = 180 min) (c), kinetics profiles of methyl orange degradation with differ-
ent photocatalysts (d), degradation results of 1:10 In2S3/CaIn2S4 for different organic pollutants under ultraviolet light (t = 60 min) 
(e), recycling experiments of 1:10 In2S3/CaIn2S4 under ultraviolet light (f), photocatalytic degradation profiles of methyl orange 
for different photocatalysts under simulated sunlight (t = 210 min) (g), photodegradation of different natural water matrices in 
Qiqihar City, Heilongjiang Province (h).



Y. Sun et al. / Desalination and Water Treatment 296 (2023) 60–7068

p-benzoquinone as holes (h+) and superoxide radicals (•O2
–) 

to the reaction system, respectively. The reaction mecha-
nism of photocatalytic degradation of MO by 1:10 In2S3/
CaIn2S4 composite was explored. After adding EDTA-2Na 
and p-benzoquinone, the photocatalytic performance of 1:10 
In2S3/CaIn2S4 was weakened to a certain extent, the results 
showed that superoxide radicals (•O2

–) play a leading role in 
the photocatalytic reaction process.

Based on the results of the trapping experiment, a pos-
sible photocatalytic mechanism was proposed, as shown 
in Fig. 9.

According to the formula as follow:

E E EC gCB � � �� 0 5.  (2)

E E EgVB CB� �  (3)

where χ represents the absolute electronegativity of the 
semiconductor, and it could be manifested as the geomet-
ric mean of electronegativity of combining elements, EC 
refers to the scaling factor describing the redox level of the 

reference electrode to the vacuum (EC = –4.5 eV for NHE). 
ECB signifies the conduction band (CB) potential, EVB refers 
to the valence band (VB) potential, and Eg is the band-
gap of the semiconductor. The positions of the conduction 
band and valence band of In2S3 and CaIn2S4 are calculated, 
and the results are shown in Table 3.

Under illumination, the electrons of CaIn2S4 in the com-
posite In2S3/CaIn2S4 are excited and transferred from the VB 
of CaIn2S4 to the CB of CaIn2S4, thus forming electron–hole 
pairs. At the same time, due to the close contact between 
In2S3 and CaIn2S4, photogenerated electrons can be rapidly 
transferred to the CB of In2S3 and react with H+ to gener-
ate H2. During the reaction process, the oxygen molecules 
adsorbed on the surface of the photocatalyst are further 
captured by photogenerated electrons and become reactive 
oxygen molecules (superoxide radical (•O2

–)), which inhibit 
the electron–hole pair recombination to a certain extent and 
prolong the lifetime of the carrier. Capture experiments 
confirm the presence of •O2

–, which can degrade and min-
eralize pollutants to CO2 and H2O [41,42].

4. Conclusion

In2S3/CaIn2S4 composites were synthesized by a pro-
grammed temperature hydrothermal method. The com-
posites are mixed crystal phase of cubic phase CaIn2S4 and 
tetragonal phase β-In2S3, with rambutan-like morphology, 
large specific surface area, and large absorption in the visi-
ble region. The as-synthesized 1:10 In2S3/CaIn2S4 composites 
have a high degradation rate for organic pollutants with 
different structures, and the hydrogen production capacity 
is significantly higher than that of P25, indicating that In2S3/
CaIn2S4 composites have certain application prospects of 
degrading wastewater and developing hydrogen energy.
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Fig. 8. Amounts of H2 generated over 1:10 In2S3/CaIn2S4 and P25 (a), trapping experiment results of 1:10 In2S3/CaIn2S4 (b).

  

Fig. 9. Photocatalytic reaction mechanism of In2S3/CaIn2S4 
composite.

Table 3
Conduction band and valence band potential of In2S3 and CaIn2S4

Sample In2S3 CaIn2S4

ECB (eV) –0.82 –1.15
EVB (eV) 1.22 0.92
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