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ABSTRACT: Photocatalysis provides an exciting solution to the
current growing energy challenge. However, the activity and
stability of photocatalysts are two important issues in photo-
catalytic applications. In this work, we have successfully developed
an efficient and stable photocatalyst by loading ReS2 nanoparticles
onto a CdS/ZnS heterojunction. After loading ReS2, there is a
strong interaction between the CdS/ZnS heterojunction and ReS2,
which accelerates the photogenerated charge migration and
effectively inhibits the recombination of photogenerated electrons
and holes. Accordingly, CdS/ZnS-ReS2 displays excellent photo-
catalytic activity and stability with the highest hydrogen production rate of 10 722 μmol g−1 h−1, which is approximately 178 times
higher than that of the pure CdS and 5 times better than that of CdS/ZnS. This work not only facilitates solar energy conversion to
improve photocatalytic activity and stability but also broadens the application of ReS2 as a cocatalyst.

1. INTRODUCTION
Due to the continuous progress of society, environmental and
energy problems are becoming increasingly serious. Due to the
shortage of fossil energy, there is a need to develop other clean
energy sources. Hydrogen is now widely considered to be a
clean and green energy source. Although there are many
methods to produce hydrogen, hydrogen generation by
photocatalysis based on solar energy and water is considered
to be one of the most promising methods to produce
hydrogen.1−4 Since the great discovery of Fujishima and
Honda in 1972,5 many photocatalysts have been studied and
explored, such as metal oxides6−8 and metal sulfides.9−11

However, among many photocatalysts, CdS has been widely
investigated due to its narrow band gap (∼2.4 eV), wide visible
light absorption range, and suitable conduction band position
for water reduction.12 Unfortunately, CdS is prone to
photocorrosion under light and photogenerated carriers are
easily compounded, which limit its wide application and
development.13−15 To solve this problem, researchers modified
CdS, for example, by constructing heterojunctions and loading
cocatalysts.16−20 Lin et al. greatly improved the efficiency and
stability of photocatalytic hydrogen production by constructing
CdS/ZnS heterojunctions.21 Because ZnS has a wide band gap
with good stability and photocorrosion resistance,22,23

combining CdS and ZnS can improve the photocatalytic
hydrogen production activity. This has been widely inves-
tigated by many scholars.21,22,24−28 Although the CdS/ZnS
heterojunction exhibits better photocatalytic performance than
pure CdS and ZnS, it still suffers from low photoconversion

efficiency and poor stability, which largely hinders its practical
application. Therefore, it is necessary to find new solutions.
Recently, the enhancement of photocatalytic activity and

stability by loading cocatalysts on photocatalysts has attracted
the interest of many researchers, for example, noble metal
cocatalysts (Ag, Pt, and Au), nickel-based cocatalysts (Ni, NiS,
and NiO), and two-dimensional transition metal dihalides
(MoS2, WS2, and ReS2).

20,22,29−35 Among these catalysts, ReS2
with a stable phase structure, excellent charge transfer ability,
and a large number of unsaturated sites, is considered a
promising cocatalyst.36−39 For example, some researchers had
successfully loaded ReS2 onto CdS nanorods as a cocatalyst,
and when they used NaS2−NaSO3 as a sacrificial reagent, the
hydrogen production rate of ReS2/CdS was about 127 times
higher than that of pure CdS.40 Therefore, we would like to
load ReS2 onto the CdS/ZnS catalyst to further improve its
photocatalytic performance. However, there are few studies on
the use of ReS2 as a cocatalyst for photocatalytic hydrogen
production. In particular, the role of ReS2 in CdS/ZnS
heterojunctions remains unstudied.
In this work, we have successfully loaded ReS2 onto a CdS/

ZnS heterojunction by a simple hydrothermal method. The
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rod-like CdS provides the substrate and reaction site for the
loading of ZnS and ReS2. The addition of ReS2 helps to
achieve photogenerated charge transfer, inhibits carrier
recombination, and improves the photocatalytic performance
and stability of CdS/ZnS. Therefore, CdS/ZnS with ReS2 as a
cocatalyst has high photocatalytic performance and stability for
hydrogen production. The highest performance was shown
when NaS2−NaSO3 was used as the sacrificial reagent, and the
rate of hydrogen produced was about 178 times that of pure
CdS and 5 times that of CdS/ZnS, and there was no
degradation in performance after four photocatalytic cycles.

2. EXPERIMENTAL SECTION
2.1. Synthesis of CdS NRs. The CdS nanorods were

prepared by a simple solvothermal method.41 In a typical
procedure, 5 g of Cd (NO3)2·4H2O and 3.69 g of NH2CSNH2
(Cd:S = 1:3) were dissolved in 80 mL of ethylenediamine.
Then the solution was transferred to a 100 mL Teflon-lined
stainless steel autoclave after 30 min of vigorous stirring and
kept at 170 °C for 22 h. When the autoclave was naturally
cooled to room temperature, the yellow powders were
collected through centrifugation. After being washed with
ultrapure water and anhydrous ethanol (3 times for each
solvent), the precipitate was dried in a vacuum oven at 60 °C
overnight for further use.
2.2. Synthesis of CdS/ZnS. In breif, 308 mg of CdS

synthesized above, 768 mg of Zn(Ac)2·2H2O, and 404 mg of
NH2CSNH2 were dissolved in 70 mL of H2O and 10 mL of
C2H8N2. After stirring vigorously for 30 min, the solution was
transferred to a 100 mL Teflon-lined stainless steel autoclave
and kept at 160 °C for 10 h. After cooling to room
temperature, the precipitate was collected by centrifugation
and washed with ultrapure water and anhydrous ethanol (3
times for each solution). Finally, it was dried in a vacuum oven
at 60 °C overnight.
2.3. Synthesis of CdS/ZnS-ReS2. Typically, 10 mg of

NH4ReO4, 5.6 mg of C2H5NS, and 300 mg of CdS/ZnS
synthesized above were dissolved in 35 mL of H2O. After
stirring for 30 min, the solution was transferred to a 50 mL
Teflon-lined stainless steel autoclave and kept at 220 °C for 16
h. When the autoclave was naturally cooled to room

temperature, CdS/ZnS-ReS2 was rinsed several times with
ultrapure water and anhydrous ethanol. Finally, the green
precipitate was dried in a vacuum oven at 60 °C overnight.
2.4. Characterization. X-ray diffraction (XRD) patterns

were collected on a Bruker D8 diffractometer using Cu Ka
radiation with a scan range of 5−80° at a scan rate of 6 °
min−1. The morphology of the samples was characterized using
an FEI QUANTA 200 emission scanning electron microscope
(FESEM). Transmission electron microscopy (TEM), high-
resolution TEM (HRTEM) images, and elemental distribu-
tions were acquired through a JEOL JEM-2100 F (UHR) field
emission transmission electron microscope. UV−vis diffuse
reflectance spectra (DRS) data for the samples were obtained
with a UV−vis spectrometer (PerkinElmer Lambda 650 s),
using BaSO4 as a reference. X-ray photoelectron spectroscopy
(XPS) measurements were determined with a Thermo
Scientific ESCALAB 250 XI X-ray photoelectron spectrometer
(Al Ka, 150 W, C 1s 284.8 eV). PL spectra were measured by a
spectrophotometer (F-4600 FL) at room temperature.
2.5. Photocatalytic H2 Production. First, 50 mg of

photocatalyst, 2.1 g of Na2S, and 0.8 g of Na2SO3 were
weighed into 50 mL of ultrapure water, followed by ultrasonic
dispersion for 30 min. After complete dispersion, it was added
to a glass reactor and purged with Ar for a certain period of
time. A 300 W xenon lamp (PLS−SXE300C, Beijing Perfect
Light Technology Co., Ltd., China) was used as the light
source (λ ≥ 420 nm). During illumination, a gas sample (1
mL) was taken out with a syringe from the reactor every 30
min and analyzed with a gas chromatograph (GC9790II,
Zhejiang Fuli Analytical Instrument Co., Ltd., China)
equipped with a thermal conductivity detector (TCD) and a
5 Å molecular sieve column, where Ar was used as the carrier
gas. The amount of H2 was quantitatively analyzed according
to the standard curve.
2.6. Photoelectrochemical Measurements. The photo-

current response, electrochemical impedance spectroscopy,
and Mott−Schottky curve of the catalysts were measured using
a CHI 660D electrochemical workstation (CHI Instruments,
Shanghai, China). We use a 0.5 M Na2SO4 solution as the
electrolyte solution. First dissolve 0.01 g of ethyl cellulose and
0.1 g of catalyst were dissolved in approximately 15 mL of

Figure 1. (a) XRD patterns of ZnS, CdS, and CdS/ZnS and standard diffraction patterns of ZnS and CdS. (b) XRD patterns of ReS2 and CdS/
ZnS-ReS2 and standard diffraction patterns of ReS2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c08110
ACS Omega 2023, 8, 6059−6066

6060

https://pubs.acs.org/doi/10.1021/acsomega.2c08110?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08110?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08110?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08110?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. SEM images of (a) CdS, (b) CdS/ZnS, and (c) CdS/ZnS-ReS2, (d) CdS/ZnS-ReS2 TEM image, (e) CdS/ZnS-ReS2 HRTEM image,
and (f−j) EDS elemental mapping.

Figure 3. XPS analysis of CdS/ZnS, CdS/ZnS-ReS2, and ReS2: (a) Cd 3d, (b) Zn 2p, (c) S 2p, and (d) Re 4f.
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ethanol and then coated on FTO glass by a coating rod and
dried at 120 °C for 3 h. Sample-coated FTO glass, carbon rod,
and Ag/AgCl electrodes were used as the working, counter,
and reference electrodes, respectively. During the photocurrent
test, a 300 W Xe lamp was used as the light source, and the test
was performed under visible light.

3. RESULTS AND DISCUSSION
The crystal structures and compositions of the samples are
shown in Figure 1, which shows the XRD spectra of CdS, ZnS,
CdS/ZnS, and CdS/ZnS-ReS2, and the standard diffraction
patterns of CdS (PDF #80-0006), ZnS (PDF #79-2204), and
ReS2 (PDF #89-0304). CdS/ZnS was synthesized by a two-
step hydrothermal method, and the synthesized CdS and ZnS
were both in the hexagonal phase. From Figure 1a, we can see
that the diffraction peaks of ZnS appear in CdS/ZnS in
addition to the original diffraction peaks of CdS, and the
diffraction peaks at 2θ values of 30.5, 39.5, 51.7, and 56.35°
correspond to the (101), (102), (103), and (112) crystallo-
graphic planes of ZnS, respectively. Compared with the
diffraction peaks of CdS and ZnS, the diffraction peaks of
CdS/ZnS are not shifted to the high-or low-angle side, which
indicates that the sample is not a solid solution but a
heterogeneous junction. From Figure 1b, it can be seen that
the diffraction peaks of CdS/ZnS do not change significantly
after loading ReS2 on the surface of CdS/ZnS, which indicates
that the addition of ReS2 does not change the crystal structure
of CdS/ZnS. However, we did not observe the diffraction

peaks of ReS2 on the XRD patterns of CdS/ZnS-ReS2, which
may be due to its low content and crystallinity.
The morphologies and microstructures of the samples are

shown in Figure 2. Figure 2a shows the SEM images of pure
CdS, which behave as nanorods with a smooth surface. The
SEM images of CdS/ZnS and CdS/ZnS-ReS2 are shown in
Figure 2b,c. It is obvious that the surface of CdS nanorods
becomes rough after loading with ZnS and ReS2, but the
morphology of CdS nanorods is not changed, indicating that
Zn and Re are successfully loaded. In addition, the lattice
spacing of 0.355 nm in Figure 2e corresponds to the (100)
crystal plane of CdS and 0.331 nm corresponds to the (100)
crystal plane of ZnS, which are consistent with the XRD test
results (Figure 1a). The EDS spectra demonstrate the presence
of Cd, Zn, S, and Re elements, and Figure 2f−j shows the
elemental distribution of CdS/ZnS-ReS2, demonstrating that S
and Cd elements are uniformly distributed in the selected
region, while Zn and Re are separately distributed, which
further indicates that the contact between CdS, ZnS, and ReS2
are in close contact with each other. An effective interfacial
contact can shorten the charge transfer distance, and ReS2
facilitates the electron transfer between CdS and ZnS.
We have explored the surface and elemental valence states of

CdS/ZnS and CdS/ZnS-ReS2 samples by X-ray photoelectron
spectroscopy (XPS). Figure 3 compares the binding energies of
Cd, Zn, S, and Re elements in the two samples, corrected with
the C 1s peak at 248.80 eV as a reference. The peaks at 411.13
and 404.40 eV in Figure 3a correspond to Cd 3d5/2 and Cd
3d3/2 in the CdS/ZnS sample, respectively; however, the Cd 3d

Figure 4. (a) UV−vis diffuse reflection spectra, (b) corresponding Tauc plots, (c) Mott−Schottky plots, and (d) band structure diagrams of CdS
and ZnS.
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shifts to a higher binding energy after loading with ReS2.
Similarly, Zn 2p and S 2p are also shifted toward higher
binding energy as seen in Figure 3b,c. The two different peaks
at 44.01 and 41.58 eV in Figure 3d correspond to Re 4f7/2 and
Re 4f5/2 of the CdS/ZnS-ReS2 sample, respectively, which
shows that Re 4f in the sample moves in the direction of lower
binding energy compared to pure ReS2, which indicates that
the electron cloud density on the ReS2 surface increases after
loading ReS2 and electrons are transferred to the ReS2 surface.
The above evidence proves that there is a strong interaction
between CdS/ZnS and ReS2.
To investigate the interaction between CdS and ZnS, UV−

vis diffuse reflectance tests and Mott−Schottky tests were
performed on separate CdS and ZnS samples. The absorbance
range of CdS is much larger than that of ZnS, as can be seen in
Figure 4a. The band gaps of the samples were calculated from
the Tauc curves based on the formula αhv = A(hv − Eg)n/2 to
obtain the band gaps of 2.39 and 3.59 eV for CdS and ZnS,
respectively, as shown in Figure 4b. The Mott−Schottky curves

are used to determine the semiconductor type and the flat-
band potential. The slopes in Figure 4c are both positive,
indicating that both ZnS and CdS are n-type semiconductors.
The flat-band potentials of the semiconductors were
determined by making the intercept of the tangents on the
x-axis, which are −0.37 and −0.33 V, respectively, and then the
conduction band potentials of CdS and ZnS were obtained
using Eq. The energy band structure of CdS and ZnS is shown
in Figure 4d. The valence band potential of the sample is
calculated using the equation Eg = EVB + ECB.
Similarly, we also investigated the effect of loading ReS2 on

the optical properties of CdS/ZnS samples using UV−visible
diffuse reflectance. As shown in Figure 5a, the light absorption
range of CdS/ZnS increases after loading with ReS2, which
may be due to the good visible light trapping ability of ReS2
black nanoparticles. As before, the relation between (αhv)2 and
energy (hv) can be calculated for the band gap values of 2.40
and 2.37 eV for CdS/ZnS and CdS/ZnS-ReS2, respectively
(Figure 5b). The narrower the band gap, the more favorable

Figure 5. (a) UV−vis diffuse reflection spectra, (b) corresponding Tauc plots, (c) Mott−Schottky plots, (d) Transient photocurrent response
curves, and (e) electrochemical impedance plots of CdS/ZnS and CdS/ZnS-ReS2 samples. (f) PL spectra of CdS/ZnS and CdS/ZnS-ReS2 samples
excited at 550 nm.
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the excitation of visible light. To demonstrate the change in
energy band structure, we determined the conduction band
position of the samples using Mott−Schottky curves (Figure
5c) and calculated the approximate valence band position
using Eq. The conduction band of CdS/ZnS-ReS2 becomes
more negative, which is more favorable for the reduction
reaction. In addition, we performed photoelectrochemical and
photoluminescence tests on the samples to further investigate
the effect of the ReS2 cocatalyst in charge transfer. We can
easily see from Figure 5d that the photocurrent response of
CdS/ZnS-ReS2 is much higher than that of CdS/ZnS, which
indicates that ReS2 is an effective carrier for promoting
photogenerated carrier migration. The migration character-
istics of photogenerated carriers were measured by electro-
chemical impedance, as shown in Figure 5e. The radius of
CdS/ZnS-ReS2 is significantly smaller than that of CdS/ZnS,
indicating that the charge transfer resistance of CdS/ZnS-ReS2
is relatively low, and the migration of photogenerated carriers
is accelerated and the carrier separation is promoted, which
proves that ReS2 is an excellent cocatalyst. The lower intensity
of the CdS/ZnS-ReS2 peak in the PL spectrum indicates that
ReS2 can effectively inhibit the recombination of electron−hole
pairs and accelerate carrier separation (Figure 5f).
The photocatalytic properties of the samples were

investigated because of the properties of ReS2 in promoting
light absorption and photogenerated charge separation. The
hydrogen production performance of the CdS/ZnS-ReS2
samples under visible light irradiation and with NaS2−NaSO3
as the sacrificial reagent is shown in Figure 6a, with 21 445
μmol g−1 H2 produced for 2 h. Figure 6b shows the
photocatalytic hydrogen production rate of each of the six
different samples, and we can see that the rate of hydrogen

produced by the CdS/ZnS-ReS2 sample is about 178 times
higher than that of pure CdS and about 5 times higher than
that of CdS/ZnS. This indicates that the photocatalytic
performance can be greatly enhanced by forming CdS/ZnS
heterojunctions and using ReS2 as a cocatalyst. To better
understand the details of photocatalytic hydrogen precipita-
tion, we calculated the quantum efficiency (AQY) of CdS/
ZnS-ReS2 under different wavelengths of irradiation. The AQY
of CdS/ZnS-ReS2 was 1.3, 1.7, 1.5, and 0.026% at wavelengths
of 400, 420, 500, and 550 nm, respectively (Figure 6c). The
results showed that the best photocatalytic hydrogen
precipitation performance was achieved at the incident
wavelength of 420 nm. Since CdS is liable to photocorrosion
under light, a cyclic test was conducted on the CdS/ZnS-ReS2
sample. As shown in Figure 6d, the performance of the sample
did not decrease after 8 h of illumination and still had good
photocatalytic hydrogen production performance. The above
results demonstrate that CdS/ZnS-ReS2 is a promising
photocatalyst with high photocatalytic activity and good
cycling stability.
The possible photocatalytic mechanism of the CdS/ZnS-

ReS2 photocatalyst is shown in Figure 7. A typical
heterostructure is formed between CdS and ZnS, in which
ReS2 acts as a bridge. Under the irradiation of visible light,
both CdS and ZnS can be excited to produce electrons and
holes. After ZnS is excited by light, electrons migrate from the
valence band to the conduction band, and then the electrons in
the conduction band of ZnS will be transferred to the
conduction band of ReS2, which acts as an electron transfer
bridge and continues to transfer electrons to the valence band
of CdS, which can well suppress the compounding of
photogenerated carriers. Finally, the electrons migrate to the

Figure 6. (a) Amount of hydrogen produced by photocatalysis of CdS/ZnS-ReS2, (b) photocatalytic H2 evolution rate of ZnS, CdS, ZnS-ReS2,
CdS-ReS2, CdS/ZnS, and CdS/ZnS-ReS2 under visible light irradiation for 2 h, (c) apparent quantum efficiency under irradiation with
monochromatic light at different wavelengths, and (d) recycling for hydrogen evolution of CdS/ZnS-ReS2.
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conduction band of CdS and react with H+ to form H2. The
presence of the ReS2 intermediate can effectively inhibit the
carrier complexation and promote the photogenerated charge
migration, which can further enhance the photocatalytic
activity of the photocatalyst.

4. CONCLUSIONS
In this study, we successfully synthesized a CdS/ZnS-ReS2
photocatalyst by a simple hydrothermal method and used it for
photocatalytic hydrogen production. CdS/ZnS-ReS2 has
favorable photocatalytic activity, with the highest hydrogen
production rate of 10722 μmol g−1 h−1 under visible light
irradiation, which is about 178 times higher than that of pure
CdS and 5 times higher than that of CdS/ZnS. The highest
AQY is 1.7% at a wavelength of 420 nm. More significantly, the
photocatalytic performance did not drop after four photo-
cycles; the heterojunction between CdS and ZnS can
effectively suppress the photocorrosion defects of CdS in
visible light, and the loading of ReS2 as a cocatalyst can further
promote the migration of photogenerated carriers and suppress
the complexation of electron−hole pairs, so that CdS/ZnS-
ReS2 exhibits better photocatalytic performance. It is expected
that this work will promote the development of photocatalytic
hydrogen production technology.
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