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A B S T R A C T

Semiconductor photocatalysis technology is a promising technique for the environmental remediation and new 
energy development. It is of importance to design the photocatalysts with wide spectral response, high carrier 
separation efficiency and high redox capacity for the photocatalysis. Herein, a CuS/In2S3 Z-scheme hetero
junction is designed and constructed by a one-step hydrothermal method. UPS, free radicals trapping experi
ments and ESR confirm that the electrons are transferred from CuS to In2S3 through the Z-Scheme mechanism. 
Benefiting from the construction of Z-scheme heterostructure, the separation of photogenerated carriers is more 
effective and the redox capacity of the pristine materials reserves the maximum. Compared to pure CuS and 
In2S3, CuS/ In2S3-4 represents the best photocatalytic performance boosting degradation rates of MBT that are 
28.1 and 21.7 times higher than this of the CuS and In2S3, respectively. In the photocatalytic process, ⋅O2

- and h+

are the main active species. Bean sprout planting experiment showed that the toxicity of the solution decreased 
after degradation. This work provides a new method of constructing a high-performance Z-scheme hetero
junction material for improving the activity and efficiency of the photocatalysts.

1. Introduction

Due to the fast development of economy and industry, energy 
shortage and environmental pollution have become the key problems to 
be solved urgently [1,2]. The water pollution by organic pollutants has 
become one of the biggest environmental challenges [3–5]. Among the 
pollutants, MBT is a kind of mercaptan which is extensively used as a 
raw material in many chemical production [6]. However, its heterocy
clic structure containing nitrogen and sulfur poses a highly toxic threat 
to

the environment and human safety [7,8]. Especially when it is over 
discharged into the water, it will cause the chemical characteristics of 
the water to change which will affect the effective use of water resulting 
in the deterioration of water quality [9]. As a kind of advanced oxidation 
technology, semiconductor photocatalysis has potential application 
value in the fields of environmental remediation and new energy 
development [10–12]. Among the most proposed photocatalysts, such as 

TiO2 [13] and ZnO [14] only can generate carriers under the excitation 
of the ultraviolet light, which is a huge obstacle for their industrial 
application. And as for the carbon nitride [15,16] and bismuth halide 
oxide [17], the rapid recombination of photo-induced electron-hole 
pairs also limits their application. Therefore, improving the utilization of 
the solar energy, the separation of photo-generated carriers and the 
redox capacity of the photocatalysts are the key to strengthen the 
application of semiconductor photocatalysis technology [18–20].

The construction of suitable heterojunctions is one of the methods to 
improve the effective segregation of photogenerated carriers in cata
lysts. Wu et al.[21] proposed and constructed a type-I C3N4-based iso
type heterojunction which displayed high H2O2 yield, outstanding 
utilization efficiency and excellent degradation performance. Ding et al.
[22] proposed a CdS/NiS type II heterojunction which achieved a good 
photocatalytic hydrogen evolution reaction (HER) performance. 
Although the construction of type I and type II heterojunctions can 
effectively separate the photogenerated electron hole pairs of the 
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catalysts, the redox ability is weak. Xia et al.[23] designed a ZnIn2S4/
BiVO4 Z-scheme heterojunction to effective separate photogenerated 
carriers and maintain the robust redox ability in the materials to 
enhance the ability of antibiotic degradation. Hence, constructing 
Z-scheme heterojunction can restrain the recombination of photo
generated electron and hole pairs and retain the original redox ability of 
the photocatalysts to improve the photocatalytic performance [24–26].

Recently, indium sulfide (In2S3) has become a research hotpot 
because of its low toxicity and suitable and adjustable band structure. It 
is considered as a promising catalyst for photocatalytic origin pollutants 
degradation [27], CO2 reduction [28], H2 production [29], N2 fixation 
[30] and so on. However, the recombination of charge carriers of In2S3 is 
fast and it will be photocorroded in the process of degradation [31–34]. 
Therefore, different strategies have been proposed to improve the pho
tocatalytic efficiency of In2S3, such as controlling the morphology3, 
doping metals or nonmetals, using cocatalysts and forming complexes 
[35,36]. Copper sulfide (CuS) has caused great interests in photo
catalysis because of its wide light absorption range and no secondary 
pollution. The energy bands of CuS and In2S3 are crossed. It is expected 
to construct Z-scheme heterojunction to further improve the migration 
and separation efficiency of the photogenerated carriers of the materials, 
and maintain the high oxidation/reduction performance of the material. 
Therefore, the combination of In2S3 with CuS may be a promising 
photocatalyst for the photocatalysis. However, to our knowledge, there 
have been no reports of degradation with CuS/In2S3 composites.

In this work, CuS/In2S3 Z-scheme heterojunction is designed and 
fabricated through solvothermal and hydrothermal method. The con
struction of the Z-scheme heterojunction not only enhances the sepa
ration of carriers but also achieves high redox capability. Among the 
materials, CuS/In2S3-4 has the best photocatalytic properties and the 
degradation rate of 2-mercaptobenzothiazole (MBT) is 21.7 and 28.1 
times than In2S3 and CuS, respectively. The cultivation of bean sprouts 
showed that the toxicity of the solution after degradation was very low. 
Our combined analysis proves CuS/In2S3-4 produces the highest surface 
photogenerated electron and hole concentrations. The results and 
mechanism are discussed.

2. Experimental details

2.1. Materials and synthesis

Indium chloride tetrahydrate (InCl3·4 H2O) was bought from 
Shanghai Aladdin Biochemical Technology Co., Ltd. Urea (CH4N2O), 
Copper(п) nitrate trihydrate

(Cu(NO3)2·3 H2O) and thiourea (CH4N2S) were bought from Sino
pharm Group Chemical Reagent Co., Ltd. And the purity of the chem
icals is classified as analytical grade. Scheme 1 demonstrates the 
synthesis of the In2S3 and CuS/In2S3.

2.1.1. Synthesis of In(OH)3
Dissolved 1.7 mmol InCl3·4 H2O and 67 mmol urea into 45 mL 

deionized water and stirred 30 minutes. Then shifted the clarified 

solution into a 50 mL flask and heated at 80 ◦C 2 hours. Finally, After 
washing it with distilled water and dried at 40 ◦C, white In(OH)3 was 
obtained.

2.1.2. Synthesis of In2S3
Dissolved 4.0 mmol thiourea in 20 mL anhydrous ethanol, then 

0.60 mmol In(OH)3 was added before sonication and stirred 30 minutes. 
The solvothermal reaction was then carried out at 180 ◦C for 24 hours. 
After washing it with distilled water and anhydrous ethanol and dried at 
40 ◦C, yellow In2S3 was obtained.

2.1.3. Synthesis of CuS
Dissolved 12 mmol thiourea and 0.6 mmol Cu(NO3)2·3 H2O in 

30 mL deionized water and stirred 30 minutes. The hydrothermal re
action was then carried out at 160 ◦C for 6 hours. After washing it with 
distilled water and anhydrous ethanol and dried at 60 ◦C, the black CuS 
was obtained.

2.1.4. Synthesis of CuS/In2S3
A certain amount of Cu(NO3)2·3 H2O (0.01 g, 0.02 g, 0.03 g and 

0.04 g) was dissolved in 30 mL distilled water. 0.10 g In2S3 was added to 
the solution and stirred for 30 min. The hydrothermal reaction was then 
carried out at 160 ◦C for 6 hours. After washing it with distilled water 
and anhydrous ethanol and dried at 40 ◦C, the CuS/In2S3-2, CuS/In2S3- 
4, CuS/In2S3-6, and CuS/In2S3-8 were obtained.

2.2. Materials characterization

Using the scanning electron microscopy (SEM, JOEL JSM-7800F), 
transmission electron microscopy (TEM, JEM 2100 F FEI Tecnai F20/ 
F30), and high-resolution transmission electron microscopy (HR-TEM, 
JEM 2100 F FEI Tecnai F20/F30) to observe the morphology of the 
materials. The Shimadzu XRD-6000X-ray diffractometer with Cu Kα 
irradiation was used to measure X-ray diffraction (XRD) of the materials 
and UV-3600 Plus spectrophotometer (Shimadzu Corporation, Japan) 
was used for determining UV–vis diffuse reflectance spectra (UV–vis 
DRS). X-ray photoelectron spectroscopy (XPS, ESCALAB QXi) was car
ried out to determine the surface chemical compositions and chemical 
valence states. The molecules produced during MBT decomposition 
were measured by the mass spectrometry (MS) (ThermoLXQ LC/MS). 
The specific surface area and particle size of the photocatalysts were 
determined using a specific surface area analyzer (Micromeritics In
strument Corporation, USA). Using Na2SO4 (0.2 M) and a 10 W Xe lamp 
to test the photocurrent. The Mott-Schottky (M-S) was performed at an 
electrochemical station (Chenhua Instruments Company) at 1 M KCl by 
means of an electrochemical device with the standard 3-electrode 
configuration. The work function of samples was obtained by Ultravio
let Photoelectron Spectroscopy (UPS; ESCALAB QXi) with a He I 
(21.2 eV) photon source. The photoluminescence (PL, QM4m) spectra 
occurred at an excitation wavelength of 360 nm. Electron spin reso
nance (ESR) from Bruker JES-FA200 spectrometer to measure hyper
oxidized under light conditions.

Scheme 1. Schematic illustration of the synthesis of the CuS/In2S3.
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2.3. Photocatalytic experiments

Dispersed 50 mg of photocatalysts in 100 mL MBT solution 
(10 mg L− 1). Using a circulating water system to keep the temperature 
at 20 ℃. In order to have sufficient oxygen during the reaction, air is 
pumped into the reactor. A 250 W Xe lamp with a 420 nm filter was used 
as the light source. Before light exposure, stirred the suspension 30 min 
to establish adsorption and desorption equilibrium. In the photocatalytic 
process, every 15 minutes about 4 mL suspension was extracted and 
centrifuged. The absorbance of 2-mercaptobenzothiazole (MBT) was 
measured at 320 nm and the performance of the materials were 
measured according to the absorbance.

3. Results and discussion

3.1. Structure and morphology characterization of catalysts

The monographic of the materials was observed by SEM and TEM. As 

shown in Fig. 1a-b, In2S3 shows hollow tubular structure decorated 
nanosheets 1.2 µm in length and 200 nm in diameter. Fig. 1d-e shows 
the morphology of CuS. It shows a flower-like sphere structure with an 
average diameter of 4 μm which self-assembled by nanosheets. The SEM 
and TEM images of CuS/In2S3 are shown in Fig. 1g-h, S1 and S2, the 
CuS nanosheets are dispersed on the surface of the In2S3 hollow tubular. 
And with the amount of the Cu(NO3)2·3 H2O added increases, the CuS 
nanosheets on the surface of In2S3 increases. HR-TEM was carried out to 
observe the microstructure of photocatalysts, the lattice spacing of 
0.31 nm indexed to the (2 2 2) crystal facet of In2S3, while the 0.32 nm 
lattice spacing derived from the (2 0 3) crystal plane of CuS (Fig. 1c, f, i). 
The crystal facets of In2S3 and CuS are staggered arrangement revealing 
the successful formation of the heterojunction. The TEM-EDS maps 
(Fig. 1j) and line scan spectra (Fig. S3) of CuS/In2S3-4 in demonstrates 
the existence of three elements: In, Cu and S in CuS/In2S3 composites.

The nitrogen adsorption-desorption isotherms are depicted in 
Fig. 2a, the specific surface areas of In2S3, CuS and CuS/In2S3-4 are 
101.8, 0.1 and 34.5 m2⋅g− 1, respectively. CuS nanosheets fill part of the 

Fig. 1. SEM and TEM images of (a, b) In2S3, (d, e) CuS, (g, h) CuS/In2S3-4; HR-TEM images of (c) In2S3, (f) CuS, (i) CuS/In2S3-4; (j) element maps of CuS/In2S3-4.
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Fig. 2. (a) N2 adsorption-desorption isotherms; (b) XRD patterns; (c) Raman spectra; (d, e, f) XPS In 3d, Cu 2p and S 2p spectra; (g) UV–vis DRS; (h) bandgaps; (i-k) 
UPS spectra; (l) band structure of In2S3, CuS and CuS/In2S3; (m) band arrangement and charge transfer paths of In2S3 and CuS before contact, after dark contact and 
under light contact.
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voids on the surface of In2S3 hollow tubes, resulting in a smaller specific 
surface area of the composite material than that of In2S3, which is 
consistent with the characterization results of SEM and TEM. The XRD 
patterns of In2S3, CuS and CuS/In2S3 are shown in Fig. 2b. Pure In2S3 has 
three strong peaks at 27.4◦, 33.2◦ and 47.7◦, which correspond to the (1 
0 9), (0 0 12) and (2 2 12) diffraction surfaces of tetragonal In2S3 phase 
(JCPDS No. 73–1366). The XRD pattern of CuS is similar to the hexag
onal phase of CuS (JCPDS NO. 78–0876), and the peaks at 21.7◦, 29.2◦, 
31.7◦, 32.8◦ and 47.9◦ correspond to the facets of (0 0 4), (1 0 2), (1 0 3), 
(0 0 6) and (1 1 0) of CuS. No impurities are observed by XRD in In2S3 
and CuS monomer which confirms successful preparation. The synthe
sized CuS/In2S3 show similar peak shape as CuS and the two peaks at 
52.5◦, 59.1◦ negative shift compared to CuS. And the Raman peak of 
CuS/In2S3 composites is positive shifted compared to CuS and negative 
shifted compared to In2S3 (Fig. 2c). The shift of XRD and Raman char
acteristic peaks indicates there is strong interaction between In2S3 and 
CuS.

As shown in Fig. S4, In2S3 and CuS was consisted of In/Cu, S, O and 
C. The XPS survey spectra prove the high purity of the photocatalysts. 
The two peaks of In 3d for In2S3 in Fig. 2d were indexed to 452.1 (In 3d3/ 

2) and 444.5 eV (In 3d5/2), respectively and the two peaks of Cu 2p for 
CuS in Fig. 2e were corresponded to 951.6 (Cu 2p1/2) and 931.7 eV (Cu 
2p3/2), respectively. The peaks of S 2p at 161.05 and 161.88 eV corre
spond to S-S. The banding energy centered at 162.45 and 163.03 eV are 
corresponded to S 2p3/2 and S 2p1/2 (Fig. 2f). When the CuS/In2S3 het
erojunction is formed, the In 3d and S 2p of CuS/In2S3-4 show positive 
shift compared to the pristine In2S3, suggesting the loss of electrons from 
In2S3. On the contrary, the Cu 2p and S 2p orbitals of CuS/In2S3-4 show 
negative shift compared to CuS, proving the accumulation of the elec
trons from CuS.

As shown in Fig. 2g, the absorption band edge of In2S3 is at 600 nm. 
The CuS/In2S3 composite have broader absorption ability compared 
with the pristine In2S3. So it is possible to achieve improved photo
catalytic performance. The band gap (Eg) of In2S3 and CuS are 1.79 and 
1.72 eV, respectively (Fig. 2h). As shown in UPS spectra (Fig. 2i-k), the 
cutoff energies (Ecutoff) of In2S3, CuS and CuS/In2S3 were 16.30, 15.75 
and 15.81 eV, respectively. The onset energies (Eonset) of In2S3 and CuS 
were 0.15 and 0.34 eV, respectively. The EVB of In2S3 and CuS can be 
calculated by the formula: EVB (vs. vacuum) = hν - (Ecutoff - Eonset), EVB 
(vs. RHE) = EVB (vs. vacuum) - 4.44 eV, where hν is 21.22 eV [37]. So, 
the EVB of In2S3 and CuS are 0.63 and 1.37 eV, respectively. According to 
ECB = EVB - Eg, the CBs of In2S3 and CuS are − 1.23 and − 0.35 V, 
respectively. The band structure of In2S3 and CuS is illustrated in Fig. 2l. 
And the work functions (Φ) of In2S3 and CuS are obtained by the for
mula: Φ = 21.22 - Ecutoff [38]. Therefore, the work functions of In2S3, 
CuS and CuS/In2S3 are 4.92, 5.47 and 5.41 eV, respectively. Thus, a 
compact interface is formed when In2S3 and CuS contact, the free elec
trons in In2S3 with a high EF (-4.92 eV) would spontaneously diffuse to 
CuS with a low EF (-5.47 eV) to equilibrate the EF of two components 
[39]. The drifting of free electrons from In2S3 to CuS renders the charge 
redistribution at the interface between In2S3 to CuS, in which the 
interface near In2S3 side forms an electron depletion layer with positive 
charge, while an electron accumulation layer with negative charge ap
pears near CuS side. As a result, this non-uniform interfacial charge 
distribution results in the formation of internal electric field pointing 
from In2S3 to CuS, which is consistent with the XPS results [40]. Based 
on the above results and analyses, a charge transfer mechanism of 
Z-scheme junction between In2S3 and CuS is depicted (Fig. 2m).

The atomic force microscope (AFM) equipped with Kelvin Probe 
Force Microscope (KPFM) has been done to further verify the existence 
of the internal electric field in CuS/In2S3. There was no significant 
change in the AFM images before and after visible-light irradiation 
(Fig. 3a, c), indicating that visible light had no effect on the morphology 
of CuS/In2S3. However, the surface potential diagrams of CuS/In2S3 in 
the dark and under light illumination were different (Fig. 3e). The 
average value of the surface potential along the blue line AB under dark 

conditions was 4.8 mV, and the average value of the surface potential 
along the red line A’B’ under light was 31.2 mV. The difference between 
the average surface potential under dark and light was about 26.4 mV. 
Due to the photoresponse of CuS/In2S3, the surface potential changes 
and the internal electric field were generated, which provided the 
driving force for the spatial separation of photogenerated electrons and 
holes [41,42].

3.2. Enhancement of photocatalytic MBT degradation activity

The photocatalytic properties of the materials were evaluated by 
testing the ability to degrade MBT under visible light irradiation. The 
degradation ability of pure In2S3, CuS and CuS/In2S3 was detected by 
the MBT degradation experiments in light condition. As shown in 
Fig. 4a-b, the self-degradation of MBT is negligible. Furthermore, the 
photocatalytic efficiency of pure In2S3, CuS and their physical mix is 
poor which only removed 12 %, 14 % and 17 % of MBT after light 
exposure for 90 min, respectively. In comparison, CuS/In2S3 have better 
photocatalytic performance. After only 1.5 h of light, CuS/In2S3-4 
removes about 90 % of MBT. The pseudo-first-order reaction rate con
stant k for In2S3, CuS, CuS/In2S3-2, CuS/In2S3-4, CuS/In2S3-6 and CuS/ 
In2S3-8 are 0.0012, 9.24 × 10− 4, 0.0092, 0.029, 0.026, and 
0.019 min− 1, respectively (Fig. 4c). So, the degradation rate of MBT by 
CuS/In2S3-4 is most excellent. To be specific, the rates are 

Fig. 3. AFM topographic images (a) in dark and (b) under light; KPFM images 
(c) in dark and (d) under light; (e) surface potential analysis along the blue line 
in (c) and along the red line in (d) for CuS/In2S3.
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approximately 21.7 and 28.1 times faster than those of In2S3 and CuS, 
respectively. In addition, the performance of the CuS/ In2S3-4 composite 
material is much higher than that of the physical mixture of In2S3 and 
CuS, which indicates that the construction of the Z-scheme hetero
junction of the CuS/In2S3-4 composite material plays a key role in the 
significant improvement of the photocatalytic performance.

As shown in Fig. 4d-e, in order to research the effect of cations, 
1 mmol/L NH4Cl, MgCl2, NaCl, LiCl, KCl and CaCl2 were introduced. In 
addition, the effect of anions was evaluated with NaCl, NaNO3, Na2SO4, 
NaF, Na3PO4, and Na2CO3. These ions do not restrain the photocatalytic 
performance of CuS/In2S3 except NH4Cl, Na3PO4 and Na2CO3. To assess 
the influence of pH, changed the pH from 1 to 13 with 2 M HNO3 or 

Fig. 4. (a, b) Photocatalytic properties for degradation of MBT under visible light irradiation; (c) reaction kinetics for degradation of MBT; Interference experiments 
for (d) positive ions, (e) negative ions, and (f) pH for MBT degradation in the presence of CuS/In2S3-4.

Fig. 5. (a) EIS spectra, (b) photocurrent curves, (c) PL spectra and (d) time-resolved fluorescence spectroscopy of In2S3, CuS and CuS/In2S3-4.
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NaOH. As shown in Fig. 4f, the degradation efficiency of MBT decreases 
under both acidic and alkaline conditions. The pH value can affect both 
the surface properties of the photocatalysts and the chemical 
morphology of the substrates. In2S3 has amphoteric character and 
mercaptan (MBT) can be acid-base balanced. Consequently, the 
adsorption of the substrates may be affected to influence the degrada
tion. The stability of CuS/In2S3-4 is assessed by cycling. And no signif
icant deactivation was found in the degradation process of MBT even 
after five recycles proving the CuS/In2S3-4 has performance stability 
(Fig. S5). The CuS/In2S3-4 after cycling was measured by XRD (Fig. S6), 
SEM (Fig. S7), and TEM (Fig. S8). The results showed that the structure 
is largely the same and the morphology is the same to those before the 
cycle, corroborating its good stability.

Electrochemical impedance spectroscopy (EIS) was used to detect 
the resistance during charge transfer (Fig. 5a) [43–45]. The size of 
resistance can be determined based on the diameter of the Nyquist plot, 
and the smaller diameter means the lower resistance [46–48]. The 
Nyquist diameter of CuS/In2S3-4 is indeed smaller than those of the 
other materials. The results reveal that the construction of the hetero
junction of CuS/In2S3 can reduce impedance and facilitate the charge 
transfer. As shown in Fig. 5b, for the photocurrent intensity, the 

CuS/In2S3-4 has the maximum photocurrent intensity. The photocur
rents of pure In2S3 and CuS are smaller than those of other materials, 
certificating that CuS/In2S3 has the ability of quick photo-generated 
electrons separation and transport. In addition, the photocurrent in
tensity of the CuS/In2S3 composite material is also much higher than 
that of the sample of physical mixture of CuS and In2S3. This is mainly 
attributed to the Z-type electron migration mechanism induced by the 
built-in electric field between the CuS/In2S3 composite materials, which 
can significantly improve the separation efficiency of photogenerated 
carriers, while simple physical mixing has no the built-in electric field 
effect. Further steady-state photoluminescence (PL) spectra (Fig. 5c) 
show that CuS has the lowest intensity, which may be attributed to the 
fact that it produces fewer photogenerated electrons. Compared with 
In2S3, the PL intensity of CuS/In2S3-4 is significantly reduced. 
Time-resolved fluorescence spectroscopy (TRPL) was performed in 
Fig. 5d. The CuS/In2S3-4 exhibited a prolonged lifetime with a value of 
1.49 ns, which is longer than that of In2S3 (1.11 ns) and CuS (1.08 ns). 
The above results show that the construction of CuS/In2S3-4 composite 
materials can effectively reduce the recombination probability of pho
togenerated carriers. And the carrier lifetimes was prolonged confirming 
the formation of Z-scheme heterojunctions.

Fig. 6. (a) Possible degradation routes of MBT in CuS/In2S3-4; Daphnia magna LC50 (48 h) (b), Oral rat LD50 (48 h) (c) for degradation intermediates and MBT; (d, e) 
growing situation of mung bean seeds in deionized water as well as solution before and after photocatalytic degradation.
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Mineralization of organic pollutants by CuS/In2S3-4 is assessed by 
TOC analysis during degradation (Fig. S9 and Table S1). The TOC 
removal efficiency of CuS/In2S3-4 is 39.87 %. To research the degra
dation mechanism of MBT, the products generated in the process of 
photocatalysis were detected by MS. The mass spectra of the solutions at 
different points in time is shown in Fig. S10, and it can be seen that many 
micromolecules were taken shape in the process of degradation. Based 
on the results, the degradation route of MBT is hypothesized [49–51]. As 
shown in Fig. 6a, the first step is to adsorb the MBT molecule on the 
surface of catalysts. MBT (m/z = 167) participated in the addition re
action to generate P2 (m/z = 171), and yielding P3 (m/z = 139) via 
dropping the -SH, followed by losing -CH3 and -NH2 to get P4 
(m/z = 125) and P5 (m/z = 110), respectively. Wiping off the -SH and 
additive reaction leads to the P6 (m/z = 114) and P7 (m/z = 82). In the 
end, these smaller molecules were gradually disintegrated into CO2 and 
H2O. As shown in Fig. 6b-c, the toxicity of MBT and intermediate 
products were evaluated by Toxicity Estimation Software (T.E.S.T.). The 
Daphnia magna LC50 (48 h) was 15.05 mg/L for MBT, the values for the 
intermediates are lower than that of MBT. And the Oral rat LD50 (48 h) 
was 325.15 mg/kg for MBT, the values for P4 and P6 are lower than that 
of MBT. This suggests that more toxic molecules may be formed during 
the degradation process. But by observing the growth of mung beans, the 
toxicity of the solution after degradation is lower (Fig. 6d-e). The bud 
length watered with deionized water, degraded MBT solution 
(1 mg⋅L− 1) and undegraded MBT solution (10 mg⋅L− 1) was about 11, 10 
and 2 cm, respectively. This further proof that photocatalytic reactions 
can effectively decompose organic pollutants.

The main active species in photocatalysis were studied through free 
radical trapping experiments and ESR [52,53]. As shown in Fig. 7a-b, 
the quenching of the hole (h+), superoxide radical (⋅O2

- ), hydroxyl 
radical (•OH) and singlet oxygen (1O2) was caused by the adding of 
Ammonium oxalate (AO), Ar, tert-butanol (TBA) and tryptophan (Trp), 
respectively. The introduction of AO and Ar inhibited the photocatalytic 
activity of CuS/In2S3-4. While the incorporation of TBA and Trp had no 

significant effect on the photocatalytic efficiency of CuS/In2S3-4 because 
the VBs position of CuS and In2S3 are both more negative than that of 
E0(•OH/OH− ) (2.38 eV vs NHE). The results prove that h+ and ⋅O2

- are 
the main active substances. ESR is carried out to further certificate the 
presence of h+ and ⋅O2

- . As a typical spin-labeled molecule, rhythms 
containing unpaired electrons exhibit a triplet ESR signal with an in
tensity ratio of 1:1:1 in the dark but under visible light irradiation, the 
signal strength is reduced due to the formation of TEMPOH. TEMPO on 
CuS/In2S3-4 is consumed faster within 10 min, indicating that 
CuS/In2S3-4 generates the biggest number of photo-generated electrons 
and holes under simulated sunlight (Fig. 7c). In the CuS/In2S3 system, no 
signal peaks for DMPO-⋅O2

- (Fig. 7d) and DMPO-⋅OH (Fig. 7e) in dark. 
However, after the light, both pure In2S3 and CuS/In2S3-4 produce 
DMPO-⋅O2

- signal, and the signal from CuS/In2S3-4 is stronger than that 
of In2S3. However, the signal of DMPO-⋅OH cannot be seen from the 
three photocatalysts. According to the above results, the possible reac
tion mechanism is raised. As shown in Fig. 7f, electrons in VBs of CuS 
and In2S3 are shifted to CBs under visible light illumination. Due to the 
construction of the internal electric field between CuS and In2S3, elec
trons in CB of CuS combine with the holes in VB of In2S3 and the holes in 
VB of CuS and the electrons in CB of In2S3 are reserved. And electrons in 
In2S3 reduce O2 to ⋅O2

- (E0O2/⋅O2- = − 0.046 eV vs NHE) and holes in CuS 
directly oxidize the MBT molecules. Finally, ⋅O2

- and h+ oxidize the 
molecules to CO2 and H2O. Therefore, the CuS/In2S3-4 Z-scheme het
erojunction effectively segregates the photo-induced carriers, and also 
reserves redox ability of the pristine photocatalysts.

4. Conclusion

In conclusion, the CuS/In2S3 Z-scheme heterojunction is devised and 
constructed successfully. The CuS nanosheets grow evenly on the surface 
of the In2S3 hollow tubular. UPS, free radicals trapping experiments and 
ESR prove that the photogenerated electrons are transported from CuS 
to In2S3 through Z-Scheme mechanism. The construction of Z-scheme 

Fig. 7. (a, b) Comparison of the photocatalytic activities of CuS/In2S3-4 for the degradation of MBT with or without adding TBA, AO, Trp, and Ar under visible light 
irradiation; ESR spectra of (c) holes, (d) DMPO-⋅O2

- , (e) DMPO-⋅OH of In2S3, CuS and CuS/In2S3-4; (f) Mechanism and role of CuS/In2S3-4 in photocatalytic 
degradation.
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heterojunction not only effectively segregates the photo-generated car
riers, but also reserves the redox capacity of the pristine photocatalysts. 
Compared to pure CuS and In2S3, CuS/In2S3-4 represents better photo
catalytic performance in the degradation of MBT. And the cultivation of 
bean sprouts showed that the toxicity of the solution after degradation 
was very low. In the photocatalytic degradation of MBT, ⋅O2

- and h+ are 
the main active substances. The constructing of Z-scheme heterojunction 
has important implications to improve the activity of the photocatalysts.
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Fig. S1. SEM images of CuS/In2S3-4 with lower magnification. 
 

 
 

Fig. S2. SEM images of (a) CuS/In2S3-2, (b) CuS/In2S3-6 and (c) CuS/In2S3-8. 
 

 



 
Fig. S3. Line scan spectra of CuS/In2S3-4. 

 

 
 

Fig. S4. XPS spectrum of CuS, In2S3 and CuS/In2S3-4. 
 

 

 

Fig. S5. Cycling experiments in the presence of CuS/In2S3-4. 



 

 

Fig. S6. XRD patterns of CuS/In2S3-4 before and after cycling. 
 

 

 

Fig. S7. SEM images of CuS/In2S3-4 after cycling. 
 



 

 

Fig. S8. TEM images of CuS/In2S3-4 after cycling. 
 

 
 Fig. S9. TOC removal rate of CuS/In2S3-4 after light exposure for 90 min  

 
 
 
 



Table S1 TOC values of MBT before and after light exposure for 90 min 

sample TOC (mg/L) 

the MBT solution before degradation 5.2025 

the MBT solution after degradation 3.1285 

 
 

 

 

 

 

Fig. S10. The mass spectra of the solutions at different time points. 
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