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Abstract In general, quantum dots have the property of
generating a plurality of charge carriers using hot electrons or using a single high-energy photon to improve the
photocatalytic properties of the material. In this paper,
CdS QDs@CdIn2S4/CdWO4 modified by CdS QDs was
synthesized by the microwave-assisted hydrothermal
method, and its composition, crystal structure, morphology, and surface physicochemical properties were well
characterized. Electron microscopy results showed that
CdS QDs@CdIn2S4/CdWO4 composite material exhibited a sheet structure with a length of ca. 350 nm and a
width of ca. 50 nm, and CdS QDs uniformly distributes
with a diameter of about 5 nm on the sheet structure. UVvisible diffuse reflectance tests showed that the combination of CdS QDs and CdIn2S4 can extend the light
absorption range of CdWO4 to the visible region.
Photoluminescence spectroscopy confirmed that CdS
QDs had efficient electron transport capabilities. The
multi-mode photocatalytic activity of CdS
QDs@CdIn2S4/CdWO4 showed an excellent ability to
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degrade organic pollutants. Under the conditions of no
co-catalyst and Na2S-Na2SO3 as the sacrificial agent, the
hydrogen production of CdS QDs@CdIn2S4/CdWO4
can reach 221.3 μmol g−1 when exposed to visible light
(λ > 420 nm) for 8 h.
Keywords Microwave-assisted hydrothermal method .
CdS QDs . CdIn2S4 . CdWO4 .
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Introduction
Recently, the sustainable development of photocatalytic
technology has motivated more and more scientists to
pay attention to the photocatalytic degradation of organic pollutants and photocatalytic hydrogen production
from water (Reddy et al. 2014). Among the relevant
research studies, semiconductor-based photocatalysis is
recognized as one of the ideal technology, which has
great potential in solving environmental crisis and energy shortage. Therefore, from the perspective of human
development, researchers are committed to developing
efficient and stable new semiconductor photocatalysts to
degrade organic pollutants and produce clean energy.
In the past decades, many semiconductor
photocatalysts have been widely applied in the
photocatalysis field, such as metal oxides (TiO2, ZnO,
Cu2O, etc.) (Hussain et al. 2017; Rokhsat and Akhavan
2016; Mao et al. 2016), metal sulfides (CdS, ZnS,
MoS2, etc.) (Cheng et al. 2017; Zang et al. 2017; Shi
et al. 2016), oxyhalides (BiOX, AgX: X = Cl, Br, I) (Xia
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et al. 2016; Bi et al. 2011), and organic semiconductor
materials (g-C3N4, PPy, PANI, etc.) (Wang et al. 2009;
Pan et al. 2016; Wang et al. 2016a). Relevant studies
have shown that some photocatalytic materials do not
have a very good range of visible light response, their
specific surface areas are in general, and their
photogenerated carriers are easily reconfigured. Among
these developed photocatalysts, the layered monoclinic
cadmium tungstate (CdWO4) is considered to be a potential photocatalytic material due to its excellent chemical structure and good thermal stability. The researchers
find that CdWO4 has certain photodegradation and
photohydrogen evolution capabilities (Ye et al. 2008).
However, as a wide band gap semiconductor, the catalytic performance of CdWO4 is not very satisfactory.
In order to further improve its ability of photocatalytic hydrogen production from water and degrade organic pollutants, CdWO4 can be compounded with other semiconductors to construct a multi-channel electron
transfer composite material with energy level matching.
Aslam I et al. used rod cadmium tungstate (CdWO4)
compound with sheet tungsten trioxide (WO3) to prepare WO3/CdWO4 composite materials, in which the
degradation of methylene blue had about seven times
than pure CdWO4 (Aslam et al. 2014). Xu et al. synthesized CdS modified CdWO4 nanorods by a one-step
method. Under the same conditions, the hydrogen production of synthesized composites increased ca. 3.4 and
34 times compared with CdS and CdWO4, and more
importantly, CdS modified CdWO4 nanorods had a
stable hydrogen evolution ability without any precious
metal deposition (Xu et al. 2015). Despite advances in
these studies, it is necessary to further explore the coupling of suitable semiconductors with CdWO4 to form
novel composite catalysts and to improve the photocatalytic hydrogen production from water and degrade
organic pollutants (Mahadadalkar et al. 2018, Wang
et al. 2018, Yu et al. 2018, Qian et al. 2018).
Among them, the semiconductor material CdIn2S4
becomes an ideal material for improving the visible light
response of composites. CdIn2S4 has a narrow bandgap
(2.1 eV), and the conduction band position (− 0.76 eV)
is more negative (Mousavikamazani et al. 2016). However, the high recombination rate of photogenerated
carriers causes the monomer CdIn2S4 activity is very
low, and the formation of a heterojunction by semiconductor recombination can suppress the recombination of
photogenerated carriers. For example, a versatile layered CdIn2S4/graphene nanoheterostructure is prepared
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as a photocatalyst for solar hydrogen production
(Mahadadalkar et al. 2016).
According to the latest research, CdS QDs have been
discovered that quantum dots (QDs) show higher extinction coefficient values in the visible region of the solar
spectrum than bulk CdS semiconductors, which can reduce the recombination of electron-hole pairs and enhance charge transfer. Meanwhile, it is worth mentioning
that quantum confinement effect can make the QD band
gap be changed by adjusting the size of QD, that is the
conduction band shifts to a more negative potential and
the valence band shifts to a more positive potential
(Kandi et al. 2017). Therefore, we let the CdS QDs to
compound with other semiconductors and found that the
presence of CdS QDs can more easily transfer electrons,
thus the charge transfer efficiency of the CdS QDs modified composite material can be effectively enhanced.
Based on these researches, the CdS QDs modified
CdIn2S4/CdWO4 nanocomposites were designed and
obtained, which have strong absorption in the visible
region and can achieve high utilization of sunlight. In
this paper, we compared the characteristics of CdS/
CdWO4 and CdS QDs/CdWO4 to prove that CdS
QDs had high electron transfer ability. In order to
enhance the photocatalytic performance of composites and increase the utilization of visible light, the
semiconductor CdIn2S4 was introduced into the synthesis. The combination of CdS QDs, CdIn2S4, and
CdWO 4 formed heterogeneous heterojunctions,
through virtue of the embedded potential gradient
existing between their nanometer-sized interfaces,
the separation and transfer of electron-hole pairs
were accelerated, and the photostability of the composites was improved. The realization of highefficiency photocatalytic reaction depends on the fine
design and appropriate structure of photocatalyst
(Wang et al. 2016b) in this study, and a series of
composite materials CdS/CdWO4, CdS
QDs@CdWO 4 , and CdS QDs@CdIn 2 S 4 /CdWO 4
are synthesized. It is expected that the effect of CdS
QDs with efficient transfer electrons can prolong the
separation lifetime of photogenerated electron-holes
by comparing CdS QDs with CdS. Meanwhile, we
further studied the photocatalytic activity and cycling
stability of CdS QDs@CdIn2S4/CdWO4 nanocomposites by the degradation of organic pollutants under multi-mode photocatalysis and the photolysis of
water to produce hydrogen experiments to explore
their application prospects.
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Experimental
Materials
Cadmium acetate (≥ 99.5%) was purchased from Tianjin Kemiou Chemical Reagent Factory; Thiourea (≥
99.0%) was purchased from Tianjin Fuchen Chemical
Reagent Factory; sodium tungstate (≥ 99.5%) was purchased from Tianjin Kaitong Chemical Reagent Factory.
Indium nitrate (≥ 99.5%) was purchased from
Sinopharm Chemical Reagent Co. Ltd. Shanghai, China. Mercaptopropionic acid (≥ 98.0%) was purchased
from Shanghai Meyer Chemical Technology Co., Ltd.
Methyl orange (MO), anhydrous ethanol, and sodium
sulfide were all commercially available, analytically
pure, and not further purified. All experimental waters
were double distilled water.
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microwave reactor, and the temperature was maintained at 160 °C for 1.5 h. Finally, the product was
washed and dried. Taking a certain amount of CdS
QDs precursor solution (0.04 mmol of cadmium
acetate dissolved in 10 mL of double distilled water.
After sonication for 10 min, 30 μL of
mercaptopropionic acid was added and dropwise
added 1-mol L−1 NaOH. The solution was changed
from milky white to colorless and transparent. Then
0.04-mmol thiourea was added and stirred until
completely dissolved to synthesize CdS QDs precursor solution). The reaction was microwaved at
100 °C for 60 min. After the reaction was completed, it was dried at 60 °C for 8 h to obtain the final
product. The synthesis of CdS QDs@CdWO4 with
no indium nitrate and thiourea was carried out in the
above steps.

Preparation of photocatalyst
Characterization of photocatalyst
Synthesis of CdS/CdWO4
Typically, 2.2 mmol of cadmium acetate dissolved in
11 mL of double distilled water and sonicated for
10 min. x mmol (x = 2,3,4) sodium tungstate and 0.04mmol thiourea dissolved in 10 mL of double distilled
water and sonicated for 10 min. Subsequently, the mixed
solution was added dropwise to a cadmium acetate
solution. After stirring for 2 h, the precursor was transferred to a 100-mL Teflon-lined autoclave and placed in
a microwave reactor, and the temperature was maintained at 160 °C for 1.5 h. Finally, the product was
washed and dried. According to the different x mmol
(x = 2, 3, 4) sodium tungstate samples, the samples were
labeled as CdS/CdWO4 (x = 2, 3, 4). Monomer CdS and
CdWO4 were prepared by not adding thiourea and sodium tungstate to above steps.
Synthesis of CdS QDs@CdIn2S4/CdWO4
Typically, 2 mmol of cadmium tungstate was added
to 15 mL of double distilled water and sonicated for
10 min. 0.4 mmol of cadmium acetate, 0.8 mmol of
indium nitrate, and 1.6 mmol of thiourea were dissolved in 15 mL of double distilled water and sonicated for 10 min. The above-mixed solution was
added dropwise to a cadmium tungstate solution.
After mixing evenly, the precursor was transferred
to a 100-mL Teflon-lined autoclave and placed in a

X-ray diffraction (XRD) patterns of the samples
were analyzed using an X-ray diffractometer from
20° to 80° with Kα radiation (λ = 0.15406 nm) from
Bruker-AXS (D8), Germany. X-ray photoelectron
spectroscopy (XPS) spectra were measured using a
VG-ADES400 X-ray photoelectron spectrometer
(Mg K-ADES source residual gas pressure <
10−8 Pa test). The scanning electron microscopy
(SEM) analysis of the sample was performed using
a Japanese scanning electron microscope S-4700 of
Hitachi, and the operating voltage was 5 kV. The
EDS analysis of the samples was conducted using
Model 550i from IXRF, USA. The specific surface
area and pore size of the sample were measured by a
Quantachrome NovaWin2 physisorption instrument
from Contac USA, and the temperature was determined to be 77 K. The TEM and HR-TEM analyses
of the samples were conducted using Hitachi H7650 from Hitachi, Japan and JEM-2100F from
Japan JEOL (accelerating voltage of 200 kV). The
UV-Vis diffuse reflectance spectroscopy tests of the
sample were performed on a TU-1901 UV-Visible
double beam spectrophotometer (integrating sphere)
manufactured by Beijing General Analysis Corporation. The photoluminescence (PL) spectrum of the
sample was measured by the F-7000 fluorescence
spectrophotometer of Hitachi High-Tech Science
and Technology, Ltd. Japan.
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Photocatalytic experiment

Results and discussion

The detailed process of multi-mode photocatalytic
degradation experiments can be found in the
existing literature reports for our research group
(Chen et al. 2016a). In this study, MO was used
as the model molecule on the photocatalytic activity
of the sample. First, the photocatalyst (0.15 g under
ultraviolet light, 0.15 g under simulated sunlight,
and 0.3 g under visible light) was dispersed in a
solution to MO (50 mg L−1), sonicated for 10 min,
and stirred for 30 min in the dark to achieve an
adsorption-desorption equilibrium. Excite the light
source, and start the photocatalytic experiment after
the light source was stable. At certain time intervals, 3 mL of the suspension was collected and
centrifuged to remove the catalyst, and the concentration of MO was determined by measuring the
absorbance (at λmax = 463 nm) using an UV-Vis
spectrophotometer (model TU-1901). The
photocatalysis and measurement processes of other
organic pollutants are the same as the degradation
of the MO process. After the photocatalyst was
washed with ethanol and deionized water, it was
dried and recovered for use.

XRD analysis

Photocatalytic H2 evolution from water splitting
The photocatalytic hydrogen production experiment
was carried out in a vacuum reactor connected by a
closed circulation system (LabSolar-IIIAG photocatalytic online analysis system, Beijing Bofeilai
Co., Ltd.). One hundred milligrams of photocatalyst
was dispersed in 50 mL of distilled water, and
Na2S-Na2SO3 sacrificial agent (0.2-mol Na2S and
0.3-mol Na2SO3) was added. The light source is a
300-W Xe lamp (PLS-SXE300), 10 cm from the
reaction solution; high purity nitrogen as a carrier
gas, the flow rate is 0.5 mL/s; the output pressure
is 0.4~0.5 MPa, and the working voltage and operating current are approximately 20 mV and 50 mA.
During the reaction, circulating cool water maintains the temperature of the reactor at about 5 °C.
The detector type is TCD and the chromatography
uses 5-Å molecular sieves. The photocatalytic activity of the samples was investigated by collecting
the amount of H 2 produced 8 h after light
irradiation.

In order to study the crystal structure of the samples,
XRD analysis was performed on the different products
including CdS, CdWO4, CdS/CdWO4, CdS QDs/
CdWO4, and CdS QDs@CdIn2S4/CdWO4. Discovered
from Fig. 1, diffraction peaks of pure CdWO4 correspond to monoclinic phase (JCPDS card 14-0676) (Xu
et al. 2015), and the strong and sharp peaks shown in the
figure indicate that the sample has a high degree of
crystallinity. The pure CdS belongs to the hexagonal
phase structure and corresponds to (100), (002), (101),
(110), (103), and (112) crystal planes of the standard
JCPDS card 06-0314 (Yan et al. 2017). No other peak
appears in the XRD pattern, indicating that the resulting
crystal phase has high purity. The XRD results of the
composites in Fig. 1a are composed of a monoclinic
phase CdWO4 and a hexagonal phase CdS. The 2θ
value corresponding to the left-shaded mark peak is
35.37°, which is consistent with the (002) crystal plane
in CdWO4 (Xu et al. 2015). The right shadow-labeled
peak which corresponds to a 2θ value of 43.68° can be
attributed to the (110) crystal plane in CdS (Yan et al.
2017). It can be seen from Fig. 1a that with the change of
CdS content, the crystallinity of the composite material
changes with the sharpness and intensity of the diffraction peak.
Especially, CdS/CdWO4 (x = 2) can be clearly observed characteristic peaks of CdS. The diffraction peak
labeled as ◆ in Fig. 1b corresponds from left to right to
the (002) and (− 202) crystal planes in CdWO4, and the
diffraction peak labeled as ♥ corresponds to the cubic
crystal phase CdIn2S4 (JCPDS card 27-0060) from left
to right is the (311), (400) crystal plane. The above
results indicate that both CdWO4 and CdIn2S4 exist in
the composite material. In addition, the same characteristic diffraction peaks as those of monomer CdWO4
exist in CdS QDs@CdWO4 and CdS QDs@CdIn2S4/
CdWO4 in Fig. 1b, indicating that the composite still
retains the crystal structure of the original CdWO4, and
the phase is no change. At the same time, the strong and
sharp diffraction peak of CdS QDs@CdIn2S4/CdWO4
nanocomposite proves that the composite has good
crystallinity. Excellent crystallinity is one of the main
influencing factors of composite photocatalytic performance. According to the photocatalytic performance
test described below, CdS QDs@CdIn2S4/CdWO4
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Fig. 1 X-ray diffraction patterns of different samples: a CdS, CdWO4, and different ratio CdS/CdWO4; b CdWO4, CdS QDs@CdWO4, and
CdS QDs@CdIn2S4/CdWO4; and c CdS QDs

nanocomposite exhibits excellent degradation effect on
MO. It is worthy that diffraction peaks of CdS QDs
could not be observed in the XRD pattern. This result
can be attributed to the low content of CdS QDs in the
composite material that could not be detected. In order
to study the crystalline structure of the CdS QDs synthesized, XRD measurements were performed. The results are shown in Fig. 1c. As can be seen from Fig. 1c,
CdS QDs (standard JCPDS card 89-0440) are cubic
phases and diffraction peaks of the synthesized samples
correspond to the (111), (220), and (311) crystal planes,
respectively. It is consistent with CdS QDs reported in
the literature (Lei and Jing 2011), proving that the CdS
synthesized in this paper is indeed CdS QDs.
The crystallite sizes of CdWO4, CdS QDs@CdWO4,
and CdS QDs@CdIn2S4/CdWO4 were calculated according to Scherrer’s formula. The results are shown in Table 1.
In order to calculate the lattice strain of the sample,
the average grain size and lattice stress of CdWO4, CdS
QDs@CdWO4, and CdS QDs@CdIn2S4/CdWO4 were

calculated using the Williamson and Hall equations. The
results are shown in Table 1:
Bcos θ=λ ¼ η sin θ þ 1=D
Here, B is the width of the X-ray diffraction peak (full
width at half maximum), β represents the Bragg diffraction angle, λ represents the X-ray wavelength, and η
represents the lattice strain. The ηsin θ is plotted on the
X-axis, and the Bcos θ/λ is plotted on the Y-axis. D is the
grain size. The sloping lines of ηsin θ and Bcos θ/λ
represent the estimated strain of the lattice. The results
are shown in Fig. 2. According to this method, the
intercept in the figure is the crystallite size, and the
obtained value is consistent with the Scherrer’s equation. Due to the difference in lattice constants between
CdS QDs and CdIn2S4 and CdWO4, the stress near the
growth interface during the nanocomposite composite
process will be distorted. At the same time, this lattice
mismatch phenomenon results in a shift in the lattice
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Table 1 Lattice constants (Å), average grain sizes (nm), bandgap energy (eV), and lattice stress (%) for different synthetic products
Sample

Crystal parameters

Crystallite size(nm)

a/Å

b/Å

c/Å

Ds

Dw

Eg/eV

Lattice strain (%)

CdWO4

5.0353

5.8764

5.0787

24.3

25.1

3.70

− 0.73%

CdS QDs@CdWO4

5.0348

5.8458

5.0771

27.3

27.2

2.25

+ 0.55%

CdS QDs@CdIn2S4/CdWO4

5.0338

5.8305

5.0769

26.7

26.8

2.15

+ 0.62%

Note: Ds: grain size calculated using Scherrer; Dw: grain size calculated using Williamson and Hall method

stress of CdWO4 from a negative value to a positive
value, indicating that there is the interaction between
composites (Khanchandani et al. 2014).

CdWO4. The thin rod-like structure with uniform distribution of CdS QDs and CdIn2S4 can make the organic
contaminant fully contact with the surface of the composite material. It increases the contact area between the
reactant and the nanocomposite material, thereby significantly enhancing the photocatalytic activity. Therefore,
according to the following result, CdS QDs@CdIn2S4/
CdWO4 has the best photocatalytic performance.
In order to further observe the morphology of CdS
QDs@CdIn2S4/CdWO4 under microscopic conditions,
TEM and HR-TEM analyses were performed. The results are shown in Fig. 3d–e. CdS QDs@CdIn2S4/
CdWO4 exists as thin rods, with a length of ca.
350 nm and a width of ca. 50 nm, and black dot-like
particles are distributed on the rod in Fig. 3d. The lattice
fringes in the enlarged part of this region are shown in
Fig. 3e. The presence of CdS QDs with a diameter of
about 5 nm can be clearly observed in lattice staggered
interlacing, and lattice fringes can be obtained through
inverse fast Fourier transform (IFFT) of different selected regions in Fig. 3f–h and Fourier lines see Fig. S4.
Among them, the lattice spacing of the (111) plane
corresponding to the cubic CdS QDs is 0.337 nm in
Fig. 3g, which is in agreement with the literature (Ge
et al. 2012). It is proved that the CdS QDs exist in the

Surface morphology and microstructure analysis
In order to study the surface morphology of different
samples, the samples CdWO4, CdS QDs@CdWO4, and
CdS QDs@CdIn2S4/CdWO4 were analyzed by SEM
and HR-TEM. The results are shown in Fig. 3.
Figure 3a–c shows micrographs of CdWO4, CdS
QDs@CdWO4, and CdS QDs@CdIn2S4/CdWO4 by
TEM at the same magnification. As can be seen from
Fig. 3a, the monomer CdWO4 is a staggered rod-like
structure. From Fig. 3b, c, it is not difficult to find that
the morphology of the sample has not changed significantly with the loading of CdS QDs and CdIn2S4. In
addition, the TEM results of CdS/CdWO4 (x = 2) show
that there is no a significant change in the structure of the
rod-like sheet CdWO4 (Fig. S1). According to the surface element analysis of EDS (Figs. S2 and S3) for CdS
QDs@CdIn2S4/CdWO4, it can be seen that the elements
are evenly distributed on the surface of CdS
QDs@CdIn2S4/CdWO4 catalysts, which indicates that
CdIn2S4 and CdS QDs are uniformly distributed on
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Fig. 2 Williamson-Hall plots for the products of CdWO4, CdS QDs@CdWO4, and CdS QDs@CdIn2S4/CdWO4

sin
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Fig. 3 SEM of CdWO4, CdS
QDs@CdWO4, and CdS
QDs@CdIn2S4/CdWO4(a–c);
TEM of CdS QDs@CdIn2S4/
CdWO4 (d); H-TEM micrographs
of CdS QDs@CdIn2S4/CdWO4
(e); lattice fringe photos of
CdWO4, CdIn2S4, CdS QDs (f–h)

CdS QDs@CdIn2S4/CdWO4 nanocomposites. The lattice spacing of 0.38 nm in Fig. 3f corresponds to the
(011) crystal plane (Ling et al. 2010) of the monoclinic
phase CdWO4, and the lattice spacing of 0.19 nm in
Fig. 3g corresponds to the cubic phase of the (440) plane
CdIn2S4 (Chen et al. 2016b). These results consistent
with the above XRD analysis, it was further proved that
the presence of CdIn2S4 and CdWO4 in the nanocomposites in this article. As combined with PL analysis,
due to the multiple transport pathways of
photogenerated carriers, the electron-hole pair recombination rate is reduced, CdS QDs@CdIn2S4/CdWO4
nanocomposites show the lowest intensity compared to
CdWO4, CdS QDs/CdWO4. It is also indicating the
formation of heterojunctions of CdS QDs@CdIn2S4/
CdWO4 nanocomposites.
XPS analysis
The surface chemical compositions and the valence state
of CdS QDs@CdIn2S4/CdWO4 are measured by XPS,
as shown in Fig. 4. The presence of the C element can be
attributed to the instrument, and the other peaks are
mainly derived from the five elements containing O,
W, C d , I n , a n d S o n t h e s u r f a c e o f C d S
QDs@CdIn2S4/CdWO4 in Fig. 4a. Figure 4b is an
XPS pattern of W 2f, and the binding energies of W

2f5/2 and W 2f7/2 are 37.4 and 35.3 eV, respectively,
indicating that the presence of the tungsten element on
the sample is the W6+ chemical state (Zhan et al. 2016).
The binding energies of In 3f5/2 and In 3f3/2 are 444.6
and 452.2 eV, respectively, indicating that the indium is
the In2+ chemical state (see Fig. 4c) (Zhang et al. 2013)
As Fig. 4d shown, Cd 3d5/2 and Cd 3d3/2 which correspond to the binding energies are 404.7, 405.5,
411.4 eV, and 412.3 eV, inferring that the presence of
the cadmium element is Cd2+ (Chen et al. 2016c; Zhang
et al. 2016). The XPS pattern of O 1s at 532.5 eV is
attributed to the lattice oxygen (Zheng et al. 2015); the
binding energy for the 531.1 eV is attributed to the
hydroxyl oxygen in the sample (Liang et al. 2014); the
binding energy for the 529.9 eV is attributed to the
adsorbed oxygen (see Fig. 4e) (Liu et al. 2015). The S
2p XPS spectra are showed in Fig. 4f. The two centering
at 161.1 and 162.3 eV, showing a peak separation of
1.2 eV, can be attributed to the S2− (Zhang et al. 2013).
UV-visible diffuse reflectance and PL
photoluminescence spectra analysis
In order to investigate the visible light absorption properties of the composites, UV-Vis diffuse reflectance measurements of the samples CdWO4, CdS, CdS QDs, CdS
QDs@CdWO4, CdS/CdWO4, and CdS QDs/CdIn2S4/
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Fig. 4 X-ray photoelectron spectrogram of CdS QDs@CdIn2S4/CdWO4 nanocomposites (a full spectrum, b W4f, c In3d, d Cd3d, e O1s, f S2p)

CdWO4 were performed and the results are shown in
Fig. 5. Figure 5 which shows the wide bandgap semiconductor CdWO4 has a response in the ultraviolet region (Jia et al. 2016) with an absorption band edge of
approximately 365 nm. After compounding with the
narrow bandgap semiconductor CdS, the light absorption
of the composite material broadens into the visible light
region. At the same time, both CdS and CdS QDs have

strong absorption peaks in the visible region and redshift
to visible region of CdS QDs in Fig. 5a. The redshift of
absorption bands of CdS QDs@CdWO4, CdS/CdWO4,
and CdS QDs@CdIn2S4/CdWO4 composites increase by
168, 203, and 225 nm, respectively, compared with that
of CdWO4, when CdS, CdS QDs, CdIn2S4, and CdWO4
are compounded. Figure 5d shows that the bandgap of
CdS is narrower than that of CdS QDs, which is due to
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the quantum size effect of CdS QDs. That is, as the QD
size decreases, the bandgap value becomes wider (Ma
et al. 2017). The bandgap estimates for different samples
were obtained based on the Kubelka-Munk plot curve:
αhυ = A(hυ − Eg)2. Among them, α, hυ, A, and Eg denote the light absorption coefficient, the photon energy,
the proportionality constant, and the bandgap value, respectively. The results are shown in Tables 1 and 2.
Seeing Table 2 and Fig. 5, CdS QDs, CdIn2S4, and
CdWO4 have a suitable bandgap. The complex formation

of CdS QDs@CdIn2S4/CdWO4 has better photocatalytic
activity because the matched band structure between
semiconductors can reduce the unnecessary binding of
electrons and holes to the surface of the material and
further enhance the separation between the excitation
electrons and holes.
PL is an effective technique for studying the excitation, trapping, and transfer of photo-induced charge
carriers. In order to study the separation of electronhole pairs of CdWO 4, CdS QDs@CdWO 4 , CdS/
CdWO4, and CdS QDs@CdIn2S4/CdWO4, PL analysis
was performed as shown in Fig. 6. The CdWO 4
photocatalyst has a strong emission peak around
458.4 nm at room temperature (Xu et al. 2015; Ling
et al. 2010). The luminescence intensity of CdS
QDs@CdWO4, CdS/CdWO4, and CdS
QDs@CdIn2 S4 /CdWO 4 composites is lower than
CdWO4. In addition, in order to further demonstrate
the high-efficiency electron transfer ability of CdS
QDs, the PL spectra of CdS/CdWO 4 and CdS
QDs@CdWO4 were analyzed. The results showed that
the luminescence intensity of CdS QDs@CdWO4 was

Table 2 Electronegativity (eV), energy band gaps (eV), conduction band edge, and valence band edge potential E/(eV) of
CdWO4, CdIn2S4, CdS QDs, and CdS
Semiconductor

X
(eV)

Eg
(eV)

ECB
(eV)

EVB
(eV)

CdWO4

6.28

3.7

− 0.07

3.63

CdIn2S4

4.79

2.1(Carević et al. 2015)

− 0.76

1.34

CdS QDs

5.04

2.30

− 0.61

1.69

CdS

5.04

2.00

− 0.46

1.54
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of CdS QDs@CdIn2S4/CdWO4 nanocomposites is the
lowest. On the one hand, the CdS QDs, CdIn2S4, and
CdWO4 have well-matched energy band structures and
can improve the separation efficiency of photogenerated electrons-holes. On the other hand, CdS
QDs with high electron transfer ability can act as an
intermediate medium for electron transfer, reducing the
recombination of photoelectron-holes. The combination
of the both sides promotes the best photocatalytic performance of CdS QDs@CdIn2S4/CdWO4.

CdWO4
CdS /CdWO4

Emission Intensity (a.u.)

CdS QDs@CdWO4
CdS QDs@CdIn2S4/CdWO4

350

400

450

N2 adsorption-desorption isotherms

500

Wavelength (nm)

In order to investigate the surface physicochemical
properties of CdWO 4 , CdS QDs@CdWO 4 , CdS
QDs@CdIn2S4/CdWO4, and CdS/CdWO4 (x = 2), N2
adsorption-desorption tests were performed. The results
are shown in Fig. 7. As can be seen from Fig. 7a, b, the
N2 adsorption-desorption isotherm types for both
CdWO4 and CdS/CdWO4 (x = 2) are type III with H3
type hysteresis loops. This type of adsorption is due to

Fig. 6 Photoluminescence spectra of CdWO4, CdS/CdWO4, CdS
QDs@CdWO4, and CdS QDs@CdIn2S4/CdWO4 (λex = 280 nm)

significantly reduced, indicating that compared with
CdS, CdS QDs had high electron transfer ability due
to their quantum locality and small size. At the same
time, it is evident from Fig. 6 that the luminous intensity
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the interaction of adsorption of the adsorbate, and the
H3 type hysteresis loop reflects the flake-like structure
of the material, which is consistent with the morphology
of the catalyst observed in the TEM. While observed in
Fig. S5a, d, the sample has two distributions of average
pore size, which can be attributed to the pores of the
material itself and the slit pores caused by the flaky grain
structure, respectively.
The N2 adsorption-desorption isotherms of both CdS
QDs@CdWO4 and CdS QDs@CdIn2S4/CdWO4 in
Fig. 7b, c are type V with H2 hysteresis loop, which is
due to porous adsorption and the capillary condensation
phenomenon, and the H2 type hysteresis loop shows
that the pore structure of the material is complex and
unevenly distributed, which is consistent with the situation of Fig. S5b, c. The BET specific surface area, pore
volume, and average pore size of each material are
shown in Table 3. The specific surface area of CdS
QDs@CdWO4 is larger than that of CdS/CdWO4 (x =
2). This is mainly due to the fact that the small particles
of CdS QDs are loaded on CdWO4. However, the specific surface area of the CdS QDs@CdIn2S4/CdWO4
sample is the largest, which can be attributed to the fact
that the structure of the catalyst surface is changed by
two microwave radiation when the catalyst is synthesized. It also makes CdS QDs@CdIn2S4/CdWO4 exhibits an optimal activity under multi-mode
photocatalysis.
Photocatalytic performance
In order to investigate the photocatalytic properties of
the synthesized products, the composite photocatalysts
CdS/CdWO4 (x = 2, 3, 4) were used for photocatalytic
degradation of MO under UV, visible light and simulated sunlight. As can be seen from Fig. 8a, different
catalysts have better degradation effect on the MO solution under the irradiation of ultraviolet light, wherein
the activity of the composite material is better than the

commercial P25, CdWO4, and CdS. The order of catalytic activity in CdS/CdWO4 (x = 2, 3, 4) series materials is CdS/CdWO4 (x = 2) > CdS/CdWO4 (x = 3) >
CdS/CdWO4 (x = 4). This result is due to the formation
of nano-heterojunctions CdS/CdWO4 (x = 2, 3, 4) after
CdWO4 and CdS compounding, which increases the
separation of electron-hole pairs, prolongs the lifetime
of photogenerated carriers, and improves the catalyst
degradation efficiency. Among them, the activity of
the sample CdS/CdWO4 (x = 2) is the highest, and this
result is mainly consistent with its XRD results. From
the XRD, the sample CdS/CdWO4 (x = 2) has a better
crystal structure and has a clear characteristic peak of
CdWO4 and CdS. Therefore, the ratio of CdS to CdWO4
was synthesized using this optimized condition in the
subsequent experiments.
In addition, in order to study the photocatalytic
activity of CdS QDs, the experimental scheme was
further optimized. First, the CdS QDs precursor
solution was synthesized at a fixed charge ratio,
and the synthesis time was controlled to prepare a
series of CdS QDs@CdWO4 (30, 60, and 90 min)
nanocomposites. Figure 8b shows that CdS
QDs@CdWO4 (60 min) has the best degradation
effect on MO under UV light. It was confirmed that
CdS QDs@CdWO4 with a reaction time of 60 min
was the best sample. This result can be attributed to
the fact that microwave irradiation can promote the
precursor solution reaction during the synthesis,
which is beneficial to the combination of CdS QDs
and CdWO4. If the reaction time is too short, the
load of CdS QDs will be low; too high, the load of
CdS QDs will be more. This is all not conducive to
the improvement of photocatalytic activity. CdS
QDs@CdWO4 was significantly better than CdS/
CdWO 4 (x = 2) for the degradation of MO for
60 min, which was consistent with the PL spectra
and N 2 adsorption-desorption analysis results of
CdS QDs@CdWO 4 and CdS/CdWO 4 (x = 2).

Table 3 Average pore diameter (d), specific surface area (SBET), and total pore volume (Vtotal) of CdWO4, CdS QDs@CdWO4, CdS/
CdWO4 (x = 2), and CdS QDs@CdIn2S4/CdWO4
Semiconductor

d/nm

SBET/(m2/g)

Vtotal/(cm3/g)

CdWO4

4.8/34.9

26.0

0.28

CdS QDs@CdWO4

42.1

23.7

0.19

CdS/CdWO4(x = 2)

3.7/41.8

20.1

0.16

CdS QDs@CdIn2S4/CdWO4

32.7

39.1

0.27
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Fig. 8 UV photocatalytic degradation MO profiles result. a UV
photocatalytic degradation of MO with CdWO 4 , direct
photocatalysis, P25, and different ratio of CdS/CdWO4 catalysts.
b UV photocatalytic degradation of MO by CdS QDs@CdWO4

with different synthesis time. c UV light photocatalytic degradation of MO by monomer, binary, and ternary. d Ternary catalyst
capture experimental results

Compared with CdS, CdS QDs have high electron
transfer efficiency, and the volume of CdS QDs is
small. To a certain extent, the specific surface area
of CdS QDs@CdWO4 (60 min) is larger than that of
CdS/CdWO4 (x = 2), and the presence of CdS QDs
will improve the degradation activity of CdS
QDs@CdWO4. Figure 8c shows the results of UV
degradation of different catalysts. It can be seen
from Fig. 8c that CdS QDs@CdIn 2 S 4 /CdWO 4
shows an excellent photocatalytic activity for the
degradation of MO. MO solution is almost colorless
after photocatalytic reaction carries out 60 min.
Figure 9a shows the experimental results of visible light catalytic degradation of MO on different
catalysts. Under visible light irradiation, CdS
QDs@CdIn2S4/CdWO4 still showed good photocatalytic activity for degrading MO. In order to study
the kinetic characteristics of the reaction, the

kinetics results of different catalysts are plotted in
Fig. 9b. The kinetic formula is that:
−lnC t =C 0 ¼ kt
Among them, Ct is the concentration value (mg/L) of
the dye at time t, C0 is the concentration value (mg/L)
when the dye is started, and k is the rate constant (min−1).
From Fig. 9b, it can be clearly seen that − lnCt/C0 of the
direct solution, P25, CdWO4, CdS, CdS QDs@CdWO4,
CdS/CdWO4, and CdS QDs@CdIn2S4/CdWO4 is basically linear with the reaction time t, indicating that different catalyst degradation of the dye MO follows
pseudo-first-order reaction kinetics. And the rate constants of each catalytic reaction under different conditions
are 3.26 × 10−5, 3.14 × 10−5, 7.89 × 10−5, 3.01 × 10−5,
2.33 × 10−4, 2.88 × 10−4, and 5.30 × 10−4 min−1. It is
worth noting that CdS QDs@CdIn2S4/CdWO4 also
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Fig. 10 Simulated sunlight photocatalytic degradation MO profiles result. a CdS QDs@CdIn2S4/CdWO4 under simulated sunlight
photocatalytic degradation different dyes. b simulated photocatalytic degradation of MO under simulated sunlight

exhibits good activity in the degradation of MO under
simulated sunlight (see Fig. 10b) and also has a degradative effect on different dyes (see Fig. 10a). This shows
that CdS QDs @CdIn2S4/CdWO4 nanocomposites have
a certain activity for different light sources and different
types of dyes.
Why CdS QDs@CdIn2S4/CdWO4 nanocomposites
have excellent degradation effect, according to UV-Vis/
DRS, PL, and N2 adsorption-desorption analysis results,
the reason is that the narrow bandgap CdIn2S4 and CdS
QDs are introduced in the synthesis. Both of them
combine with CdWO4 can increase the absorption of
the composite material in the visible region to a certain
extent and can achieve high utilization of sunlight.
While matching the energy band structure between
semiconductors, weakening the electron and hole and
increasing the probability of separation between excited
electrons and holes.

In order to investigate the active species of CdS
QDs@CdIn2S4/CdWO4 during the photocatalytic reaction, captured experiments of UV photocatalytic reaction MO were carried out by with p-benzoquinone,
triethanolamine, and tertbutyl alcohol as capture agents.
In Fig. 8d, when UV irradiation of the MO solution after
75 min, added superoxide radical scavenger (pbenzoquinone) degradation rate was the lowest. The
degradation rate did not change much when added the
hole trapping agent (triethanolamine) and hydroxyl radical scavenger (tertbutyl alcohol). It can be seen that the
main active material in the reaction process of CdS
QDs@CdIn2S4/CdWO4 nanocomposites is the superoxide radical.
In addition, in order to study the photocatalytic hydrogen production performance of CdS QDs@CdIn2S4/
CdWO4 nanocomposites in this paper, photocatalytic
hydrogen production activity of CdS QDs@CdIn2S4/
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degradation of MO by different catalysts
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CdWO 4 nanocomposites under visible light (λ >
420 nm) was investigated. The cut filter was used to
remove the UV light from the light source and illuminate the sample for 8 h. The results showed that under
the same conditions, the hydrogen evolution amount of
the sample CdS QDs@CdIn 2 S 4 /CdWO 4 was
221.3 μmol g−1, while that of the CdS/CdWO4 and
CdS QDs@CdWO4 were 97.3 and 164.5 μmol g−1,
respectively (Fig. 11a). Obviously, composites modified
with CdS QDs have better photolytic hydrogen production capability. The results show that the CdS
QDs@CdWO4 hydrogen production is much higher
than that of CdS/CdWO4 under visible light. It is further
proved that the CdS QDs have high electron transfer
efficiency, and thus the photocatalytic water evolution
of CdS QDs@CdWO4 is significantly improved.
The above results are further attributed to the fact
that during the photocatalytic water splitting process
photogenerated electrons on the conduction band of
the semiconductor can migrate from the conduction
band of CdIn2S4 to the conduction band of CdS QDs
and finally migrate to the conduction band of
CdWO4. The well-matched bandgap structure of the
three semiconductors is conducive to the electron
transfer, and the efficient electron transfer efficiency
of the CdS QDs further promotes a large number of
transferred electrons on the conduction band of the
CdWO4, and thus it is easier to reduce the H2O to H2.
In order to further examine the photocatalytic
recycling capability of CdS QDs@CdIn2S4/CdWO4,
four cycles of the photocatalyst were tested in
Fig. 11b. As can be seen from Fig. 11b, the CdS
QDs@CdIn2S4/CdWO4 synthesized after four cycles

of experiments still has a certain continuous hydrogen production capability.
Possible photocatalytic mechanism of CdS
QDs@CdIn2S4/CdWO4
The valence band potentials of CdWO4 and CdS QDs
were calculated according to the following empirical
formulas (1) and (2):
E CB ¼ χ þ Ec–Eg=2

ð1Þ

E VB ¼ E CB þ Eg

ð2Þ

Among them, Ec is a constant relative to the standard
H electrode, Ec = − 4.5Ev; Eg is the forbidden bandwidth of the semiconductor (based on the actual measurement result); χ is the geometric mean of the absolute
electronegativity of each atom in the semiconductor.
The enthalpies of CdWO4 and CdS were calculated to
be 6.28 and 5.04 eV. The valence band conduction band
values of relevant substances in the text are shown in
Table 2. Combined with the above capture experiment
results, we speculate the possible photocatalytic degradation mechanism of CdS QDs@CdIn2S4/CdWO4.
As shown in Fig. 12a–b, CdS QDs@CdIn2S4/
CdWO4 was excited under the irradiation of light. Light
irradiation causes the electrons on CdIn2S4 to transition
from the valence band (VB = − 0.76 eV) to the conduction band (CB = 1.34 eV). Since the conduction band of
CdIn2S4 is more negative than that of CdS QDs (CB = −
0.61 eV), and the conduction band of CdS QDs is also
more negative than that of CdWO4 (CB = − 0.07 eV),
and thus the electrons on CdIn2S4 can effectively pass
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Fig. 12 Possible photocatalytic reaction mechanisms of CdS QDs@CdIn2S4/CdWO4 (a, b)

through CdS QDs and eventually transfer to the conduction band of CdWO4. At the same time, the holes on
CdWO4 (VB = 3.63 eV) are transferred to the valence
band of CdIn2S4 (VB = 1.34 eV) by CdS QDs (VB =
1.69 eV), so as to realize effective separation of
electron-hole pairs. The photogenerated electrons on
the CdWO4 conduction band react with O2 to produce
˙O2−. ˙O2−, and holes in the valence band of CdIn2S4
both have highly oxidizing, capable of degrading organic dyes and mineralizing into small molecules of inorganic ions, H2O and CO2. CdIn2S4 (Eg = 2.1 eV) and
CdS QDs (Eg = 2.3 eV) as narrow bandgap semiconductors, the high recombination rate of photogenerated
carriers is not conducive to the improvement of photocatalytic activity. The stability of the composite material
can be enhanced and light corrosion can be effectively
avoided by combination with the wide bandgap semiconductor CdWO4 (Eg = 3.7 eV).
At the same time, from the perspective of semiconductor conduction band, photogenerated electrons eventually migrate to the conduction band of CdWO4, which
can reduce H2O to H2. From the perspective of the
valence band of semiconductors, holes in the valence
band of CdIn2S4 will be trapped by S2−, and the
resulting S22− will compete with the reduction reaction
of protons. SO32− reacts with S22− to generate S2− capable of trapping holes and S2O32− will not compete with
photocatalytic reactions. The difference in semiconductor conduction band and valence band potential leads to
the migration of photogenerated electrons and holes
when the heterojunction of the composite material is
formed, which essentially inhibits the recombination of
photogenerated electron-hole pairs. In addition, the addition of CdS QDs has become a bridge between

photoelectrons and holes transported between CdIn2S4
and CdWO4. Compared to ordinary CdS, due to the
advantages of small QD size, photogenerated electrons
and holes migrate more rapidly on CdS QDs and do not
recombine in the CdS bulk phase, improving the migration efficiency to a certain extent, thereby improving the
photocatalytic activity of the composite material.

Conclusion
In this paper, a kind of CdS QDs modified CdIn2S4/
CdWO4 composites was successfully prepared by
microwave-assisted hydrothermal method. CdS QDs
modified CdIn2S4/CdWO4 composites show a suitable
specific surface area, a matched band structure between
semiconductors and stronger light absorption, which can
well degrade organic pollutants under multi-mode conditions. Meanwhile, the hydrogen production of CdS
QDs@CdIn2S4/CdWO4 was 19.6 times higher than that
of commercial TiO2 (P25). On the one hand, its excellent
photocatalytic performance is due to the fact that CdS
QDs have strong electron transporting ability and can
prolong the separation lifetime of photogenerated electron-hole. On the other hand, after the introduction of
CdIn2S4 and CdS QDs, a matching band structure is
formed between semiconductors in the composite material CdS QDs@CdIn2S4/CdWO4, which increases the
path of photogenerated electron transfer and can reduce
the unnecessary binding of electrons and holes to the
surface of the material and further enhance the separation
between the excitation electrons and holes. These results
bring about an excellent photocatalytic performance of
CdS QDs@CdIn2S4/CdWO4 composite.
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