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three stages.[1,2] First, photogenerated 
electron–hole pairs migrate to the surface 
of semiconductor. Second, the electron 
transfer to water molecules while the holes 
transfer either to water or to other hole-
acceptor sacrificial agents presented in 
solution. Third, the electrons reduce H+ 
to H2 in water.[3,4] Therefore, searching for 
energetic photocatalysts which first can 
directly generate electron–hole pairs under 
visible light–irradiation, second, can effi-
ciently separate and transport photogen-
erated carriers to water, and last can reduce 
H+ to H2 in water is a critical mission.

Cu2ZnSnS4 is a direct bandgap p-type 
semiconductor with a high optical absorp-
tion coefficient of about 105 cm−1.[5]  
It can directly generate electron–hole pairs  
under visible light irradiation due to its 
favorable bandgap (1.5 eV). Further-

more, the conduction band (CB) minimum of Cu2ZnSnS4 
is about −0.7 eV (vs Normal hydrogen electrode (NHE), 
pH = 0),[6] which is more negative than the redox poten-
tial of H+/H2 (0 eV vs NHE, pH = 0). Therefore, in theory,  
Cu2ZnSnS4 is suitable for water reduction.[7] Accordingly, 
Cu2ZnSnS4 has been investigated as a potential visible light 
driven photocatalyst for hydrogen production and showed 
inspiring results.[8,9] However, as the valence band (VB) 
minimum of Cu2ZnSnS4 is ≈0.8 eV (vs NHE, pH = 0),[6] which 
is less positive than the redox potential of O2/H2O (1.23 eV vs 
NHE, pH = 0), the photogenerated holes can only be absorbed 
by sacrificial agents, not by water. It results in a high charge 
carrier recombination rate of photogenerated electron–hole 
pairs, as well as leading to a low photocatalytic efficiency. Up 
to now, it is still a challenge to improve the photocatalytic effi-
ciency of Cu2ZnSnS4. Some self-assembly of nanoparticle (NP) 
and diverse single molecule detections are studied.[10,11] Most 
recently, employing nanosized noble metals, such as Pt and Au, 
to decorate Cu2ZnSnS4 to form a new Fermi level equilibrium 
to inhibit the charge carrier recombination has been proved 
to be a feasible method.[12] Besides introducing noble metals, 
designing optimal core/shell nanostructure between noble 
metal and Cu2ZnSnS4 was further studied and greatly improved 
the photocatalytic efficiency of Cu2ZnSnS4.[13] However, the 
scarcity and high cost of noble metals may hinder them from 
being widespread used. Therefore, developing nonnoble metal, 
abundant and efficient cocatalysts to promote the effective 
charge carrier transfers becomes an urgent requirement.

Hydrogen produced from water splitting is a renewable and clean energy 
source. Great efforts have been paid in searching for inexpensive and highly 
efficient photocatalysts. Here, significant enhancement of hydrogen production 
has been achieved by introducing ≈1 mol% of MoS2 to Cu2ZnSnS4 nanoparti-
cles. The MoS2/Cu2ZnSnS4 nanoparticles showed a hydrogen evolution rate of 
≈0.47 mmol g−1 h−1 in the presence of sacrificial agents, which is 7.8 times that 
of Cu2ZnSnS4 nanoparticles (0.06 mmol g−1 h−1). In addition, the MoS2/Cu2Z-
nSnS4 nanoparticles exhibited high stability, and only ≈3% of catalytic activity 
was lost after a long time irradiation (72 h). Microstructure investigation on the 
MoS2/Cu2ZnSnS4 nanoparticles reveals that the intimate contact between the 
nanostructured MoS2 and Cu2ZnSnS4 nanoparticles provides an effective one-
way expressway for photogenerated electrons transferring from the conduction 
band of Cu2ZnSnS4 to MoS2, thus boosting the lifetime of charge carriers, as 
well as reducing the recombination rate of electrons and holes.

Photochemistry

1. Introduction

Photocatalytic water splitting is one of the most promising 
way to produce hydrogen serving as an environmental friendly 
energy source. Generally, photocatalytic water splitting involves 
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Among the 2D materials, MoS2 has 
attracted a lot of considerable attention due 
to its catalytic properties and anomalous elec-
tronic, it has been study for its important 
applications in potential hydrogen storage, 
field emission tips, solid lubricants, and 
solid-state secondary lithium battery cath-
odes[14] Also,MoS2 with a 2D structure has 
been proved as an encouraging cocatalyst 
for hydrogen production because nanostruc-
tured MoS2 is rich in active edge sites.[15,16] 
Particularly, it has been investigated as an 
effective cocatalyst for improving the photo-
catalytic activities of various materials such 
as graphene, TiO2 and CdS.[17–20] In our pre-
vious work, we have successful synthesized 
nanostructured MoS2 and Cu2ZnSnS4.[21,22] 
Herein, we developed a one-pot microwave 
assisted synthesis method to introduce  
≈1 mol% of MoS2 to Cu2ZnSnS4 NPs. The 
photocatalytic activity of the as-synthesized 
MoS2/Cu2ZnSnS4 NPs toward hydrogen pro-
duction from water was further studied under 
visible light irradiation by adopting Na2SO3 
and Na2S as sacrificial agents. Photocatalytic 
efficiency can be improved by the addition 
of sacrificial reagents such as ascorbic acid 
Na2S, NaSO4, methanol, ethanol, ethylene 
diamine tetraacetic acid (EDTA), lactic acid, 
etc.[23,24] And also because sulfide (S2−) and 
sulfide (SO3

2) are usually used as sacrificial 
agents to avoid the corrosion of the sulfide 
in the process of photocatalytic decompo-
sition of water,[25] Na2S and Na2SO3 were used as sacrificial 
here. Notably, the MoS2/Cu2ZnSnS4 NPs exhibited signifi-
cant improvement of photocatalytic performances compared 
to Cu2ZnSnS4 NPs. In addition, the MoS2/Cu2ZnSnS4 NPs 
showed high stability after 72 h visible light–irradiation.

2. Results and Discussion

The surface morphology of the MoS2/Cu2ZnSnS4 NPs was 
investigated by scanning electron microscopy (SEM). For refer-
ence, Figure 1a presents a typical SEM image of the Cu2ZnSnS4 
NPs we synthesized for control experiment. The Cu2ZnSnS4 
NPs possess diameters in the range of about 20–50 nm, and 
the surface of Cu2ZnSnS4 NPs are clearly clean. No contami-
nation was observed. Figure 1b demonstrates an SEM image 
of the as-synthesized MoS2/Cu2ZnSnS4 NPs. It can be seen 
that, after introducing MoS2, the diameters of the NPs obvi-
ously decreased. It is believed that the introduced nanostruc-
tured MoS2 increased the change of Gibbs free energy (∆G) and 
in the meantime, reduced the surface energy of Cu2ZnSnS4 
NPs, which made the diameters of MoS2/Cu2ZnSnS4 NPs 
smaller.[26,27]

Transmission electron microscopy (TEM) characteriza-
tion was further conducted on the MoS2/Cu2ZnSnS4 NPs. 
Figure 1c shows a typical TEM image of the MoS2/Cu2ZnSnS4  

NPs. It can be seen that there is a slight contrast in the 
TEM image caused by the difference in the atomic masses 
of MoS2 and Cu2ZnSnS4.[28] The average diameter of the  
MoS2/Cu2ZnSnS4 NPs shown in Figure 1c is about 20 nm 
extracted from 50 nanoparticles.[29] Previously, porous MoS2 
has been obtained by employing hydrothermal method using 
sodiummolybdate and thioacetamide as source materials.[21] 
Here, porous MoS2 was not observed both in the SEM and 
TEM measurements. From the TEM measurement results, it 
can be seen that the nanostructured MoS2 binds to the sur-
face of Cu2ZnSnS4 NPs tightly. The formed intimate contact 
between nanostructured MoS2 and Cu2ZnSnS4 NPs is partly 
attributed by Van der Walls interactions.[30,31] To have a quali-
tative understanding of the binding energy between the MoS2 
and Cu2ZnSnS4 NPs, we dissolved the MoS2/Cu2ZnSnS4 
NPs in ethanol solution in a 50 mL flask, stirred it vigor-
ously for 8 h, and treated it with 30 min ultrasonic vibra-
tion. Interestingly, similar SEM and TEM measurement 
results were observed, the nanostructured MoS2 was still 
binding on the surface of Cu2ZnSnS4 NPs (see Figure S1,  
Supporting information). The applied external mechanical 
force did not separate the nanostructured MoS2 from the 
Cu2ZnSnS4 NPs. The intimate contact is beneficial to efficient 
electron transfer between MoS2 and Cu2ZnSnS4. Particularly, 
because the CB edge of Cu2ZnSnS4 (≈−0.7 eV at pH = 7)[6] is 
higher than that of bulk MoS2 (≈0.25 eV) and monolayer MoS2 
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Figure 1.  a) SEM image of pure Cu2ZnSnS4 nanoparticles. b) SEM image, (c) TEM image, and 
(d) HRTEM image of the as-synthesized MoS2/Cu2ZnSnS4 nanoparticles.
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(≈−0.12 eV),[32–34] the photogenerated electrons in the CB of 
Cu2ZnSnS4 tend to transfer to the CB of MoS2. The optimized 
MoS2/Cu2ZnSnS4 photocatalysts just contain 0.35 wt% MoS2. 
MoS2 was tightly attached on the surface of Cu2ZnSnS4, as 
evidenced by the high resolution TEM (HRTEM) images in 
Figure 1d. The intimate contact between the MoS2 and Cu2Z-
nSnS4 provides an effective one-way expressway for electrons 
to transfer. Figure 1d shows an HRTEM image of the MoS2/
Cu2ZnSnS4 NPs. The lattice fringes clearly observed suggest 
the high degree of crystallinity of MoS2 and Cu2ZnSnS4.[35,36] 
The measured interplanar spacings of 0.32 nm and 0.27 nm 
can be ascribed to the (112) plane of kesterite Cu2ZnSnS4 and 
(100) plane of hexagonal MoS2, respectively.[37–40]

Powder X-ray diffraction (XRD) measurement was employed 
to further confirm the crystal structure of the MoS2/Cu2ZnSnS4 
NPs. Figure 2 shows the XRD pattern. The diffraction peaks 
appeared at 2θ  = 28.5°, 33.0°, 47.3°, and 56.2° are attributed 
to the (112), (200), (220), and (312) planes of a hexagonal 
structure Cu2ZnSnS4 and match well with those of kesterite 
Cu2ZnSnS4 (JCPDS 26–0575). The other two peaks observed at 
2θ = 32.6° and 58.3° are assigned to the (100) and (110) planes 
of 2H–MoS2 (JCPDS 37–1492).[41,42] The XRD result is in good 
agreement with the TEM result. Furthermore, as revealed by 
the XRD result, Cu2ZnSnS4 and MoS2 share the same hexag-
onal crystalline structure, ensuring that a high-quality intimate 
contact can be obtained.[43]

The optical properties of the MoS2/Cu2ZnSnS4 NPs were 
investigated using UV–vis spectroscopy. Figure 3 shows the 
absorption spectra of the MoS2/Cu2ZnSnS4 NPs and Cu2Z-
nSnS4 NPs. It can be seen that both of the MoS2/Cu2ZnSnS4 
NPs and the Cu2ZnSnS4 NPs exhibited broad absorption in 
the visible region. The bandgaps of the MoS2/Cu2ZnSnS4 NPs 
and the Cu2ZnSnS4 NPs were calculated by extrapolating the 
linear part of the function (αhν)2 versus energy (hν) (where 
α  = absorbance, h  = Planck's constant, and ν  = frequency) as 
shown in the inset of Figure 3.[43] The obtained bandgap of 
MoS2/Cu2ZnSnS4 NPs is ≈1.59 eV, which is higher than that 

of Cu2ZnSnS4 NPs (≈1.52 eV). It is believed that the quantum 
confinement effect and the synergic effect of nanostructured 
MoS2 contribute to the bandgap enlargement.[44,45]

Photocatalytic hydrogen evolution activities of MoS2/Cu2Z-
nSnS4 NPs were evaluated under visible light irradiation  
(λ  > 420 nm, intensity of 100 mW cm−2) in a mixed aqueous 
solution containing 0.1 m Na2S and 0.1 m Na2SO3. Figure 4a  
presents the hydrogen evolution rate result of 20 mg of  
MoS2/Cu2ZnSnS4 NPs under 1 h illumination of simulated 
sunlight, together with that of Cu2ZnSnS4 NPs for compar-
ison. Cu2ZnSnS4 NPs alone exhibited hydrogen evolution rate 
of 0.06 mmol g−1 h−1, while MoS2/Cu2ZnSnS4 NPs showed a 
rate of 0.47 mmol g−1 h−1. Under the same test condition, pure 
MoS2 spheres showed a rate of 0.22 mmol g−1 h−1.[46] Even 
though there is only 0.35 wt% MoS2, more active sites in MoS2/
Cu2ZnSnS4 as well as a higher charge separation make higher 
photocatalytic activity of MoS2/Cu2ZnSnS4. The result shows 
that the introduction of MoS2 led to a significant enhancement 
in the photocatalytic hydrogen production. We speculated that 
the ratio of MoS2 and Cu2ZnSnS4 is very important for the 
hydrogen generation rate. Few MoS2 addition is not enough to 
improve the charge carrier separation and transfer, while the 
overload MoS2 may leads to the aggregation of NPs for lower 
photocatalytic performance.

The recycling performance and durability of photocata-
lysts are two important factors considering their future prac-
tical applications. To evaluate the recycling performance of 
the MoS2/Cu2ZnSnS4 NPs, we conducted the cycling tests of 
the photocatalytic hydrogen evolution by repeatedly using the 
same catalyst three times. The result is shown in Figure 4b, 
after three consecutive experiments, the MoS2/Cu2ZnSnS4 
NPs still showed high photocatalytic activity. Only ≈3% of the 
catalytic activity was lost after it was irradiated with visible 
light for long time (72 h). The nanostructured MoS2 tightly 
attached on the surface of Cu2ZnSnS4 NPs is expected to act 
as an efficient electron transfer medium, making charge sep-
aration suppress the electron–hole recombination, as well as 
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Figure 2.  XRD pattern of the prepared MoS2/Cu2ZnSnS4 nanoparticles.
Figure 3.  UV–vis spectra of the Cu2ZnSnS4 and MoS2/Cu2ZnSnS4 nano-
particles. The inset shows the corresponding Tauc plots.
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enhancing the photocatalytic performance. Furthermore, pre-
vious report shows the lattices of MoS2 and Cu2ZnSnS4 match 
well,[47] which is another advantage for charge carrier transfer 

between the nanostructured MoS2 and the host of Cu2ZnSnS4 
NPs.

A proposed photocatalytic hydrogen production mechanism 
is illustrated in Scheme 1. Due to quantum confinement effect, 
the bandgap of MoS2 increases when its volume decreases to 
nanodimension.[48] Specifically, the bandgap of monolayer 
MoS2 is ≈1.9 eV,[49,50] larger than that of its bulk counterpart 
(≈1.2 eV).[51] Upon the absorption of visible light, the photogen-
erated electrons in the CB of Cu2ZnSnS4 rapidly transfer to 
the CB of MoS2. The transferred photoelectrons on the edge 
of MoS2 sites are rapidly captured by H+, and hydrogen pro-
duction continuously takes place at the surface of MoS2/Cu2Z-
nSnS4 NPs. In the meantime, the photogenerated holes in 
the VB of Cu2ZnSnS4 are captured by the provided sacrificial 
agents of S2− and SO3

2−, which makes the hydrogen production 
process go smoothly.

3. Conclusion

In this study, MoS2/Cu2ZnSnS4 NPs have been synthesized 
by a facile one-pot microwave assisted solvothermal method. 
The MoS2/Cu2ZnSnS4 NPs possessed an average diameter 
of ≈20 nm. The MoS2/Cu2ZnSnS4 NPs exhibited significant 
enhancement in visible light photocatalytic activity compared 
to Cu2ZnSnS4 NPs. The enhanced photocatalytic activity is 
attributed to the effective transfer of photogenerated electrons 
between the CB of Cu2ZnSnS4 and MoS2. The encouraging 
photocatalytic properties make MoS2/Cu2ZnSnS4 a promising 
visible light–driven photocatalyst for water splitting. Future 
work should focus on the optimized photocatalytic efficiency 
of this system such as usage of other sacrificial reagents, etc., 
which is a critical factor that may influence the overall perfor-
mance. Our work provides an alternative effective method to 
introduce MoS2 to other nanoparticles which keep loaded MoS2 
and host NPs in an intimate contact.

4. Experimental Section
The MoS2/Cu2ZnSnS4 NPs were synthesized by a one-pot microwave 
assisted solvothermal method. Cu(CH3COO)2·H2O (0.4 g), 
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Figure 4.  a) Hydrogen evolution rate of the Cu2ZnSnS4 and MoS2/
Cu2ZnSnS4 nanoparticles. b) Photocatalytic hydrogen evolution in 24 h 
repeated cycles by the MoS2/Cu2ZnSnS4 nanoparticles.

Scheme 1.  Schematic illustration and energy diagram of the charge transfer and photocatalytic redox reaction in MoS2/Cu2ZnSnS4 nanoparticles.
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Zn(CH3COO)2·2H2O (0.220 g), Sn(CH3COO)2 (0.237 g), thiocarbamide 
(0.305 g), sodiummolybdate (0.002 g), and thioacetamide (0.020 g) 
were mixed with 20 mL of ethylene glycol. The mixed solution was 
stirred gently at room temperature, transferred into a microwave reactor 
(MCR-3, Gongyi City Yuhua Instrument Co., Ltd, Gongyi City, China), and 
then heated at 180 °C for 10 min. Here, the appropriate reaction time 
and temperature are important to control the size of NPs. The size of 
NPs increased on increasing the reaction time or temperature. However, 
other miscellaneous will be generated when the time is too long or the 
temperature is too high. Black product was gradually observed during 
the process of heating. After air-cooled to room temperature, the black 
products were obtained by vacuum filtration, washing with deionized 
water, acetone, and ethanol successively for three times, and vacuum 
drying at 40 °C for 24 h. The Cu2ZnSnS4 NPs mentioned in this work 
was prepared in the same procedure without adding sodiummolybdate 
and thioacetamide as source materials.
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