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ABSTRACT: Highly reductive RGO (reduced graphene oxide)/ZnIn2S4
nanocomposites with a sheet-on-sheet morphology have been prepared via a
facile one-pot solvothermal method in a mixture of N,N-dimethylformamide
(DMF) and ethylene glycol (EG) as solvent. A reduction of GO (graphene
oxide) to RGO and the formation of ZnIn2S4 nanosheets on highly reductive
RGO has been simultaneously achieved. The effect of the solvents on the
morphology of final products has been investigated and the formation mechanism
was proposed. The as-prepared RGO/ZnIn2S4 nanoscomposites were charac-
terized by powder X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), N2-adsorption BET surface area, UV−vis diffuse reflectance spectroscopy (DRS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM). The photocatalytic
activity for hydrogen evolution under visible light irradiations over the as-prepared RGO/ZnIn2S4 nanocomposites has been
investigated. The as-prepared RGO/ZnIn2S4 nanocomposites show enhanced photocatalytic activity for hydrogen evolution
under visible light irradiations and an optimum photocatalytic activity is observed over 1.0 wt % RGO incorporated ZnIn2S4
nanocomposite. The superior photocatalytic performance observed over RGO/ZnIn2S4 nanocomposites can be ascribed to the
existence of highly reductive RGO which has strong interactions with ZnIn2S4 nanosheets. The existence of the strong interaction
between ZnIn2S4 nanosheets and RGO in the nancomposites facilitates the electron transfer from ZnIn2S4 to RGO, with the
latter serving as a good electron acceptor, mediator as well as the co-catalyst for hydrogen evolution. This study can provide some
guidance for us in the developing of RGO-incorporated nanocomposite photocatalysts.
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1. INTRODUCTION

The ever-increasing global demand for energy has stimulated a
new wave of research activities on efficient utilization of solar
energy. Semiconductor-based photocatalytic hydrogen gener-
ation is considered to be an attractive and promising strategy in
solving the increasing serious energy and environmental
problems since it can utilize the solar energy and is
environmental friendly.1,2 Ever since the pioneering work of a
photoelectrochemical cell using Pt−TiO2 electrodes for water
splitting by Fujishima and Honda in 1972, great efforts have
been devoted to the development of highly efficient semi-
conductor photocatalysts for hydrogen production.3 So far, a
variety of active photocatalysts for hydrogen production,
including metal oxides, sulfides, oxynitrides, as well as the
metal-free semiconductors have already been developed.4−10

Among the numerous types of semiconductor systems
studied, metal sulfides have demonstrated promising activities
towards hydrogen evolution from water containing sacrificial
reagents under visible light.5,11−13 ZnIn2S4 is a ternary
chalcogenide with a suitable band gap (2.34−2.48 eV), well
corresponding to the visible light absorption.7,8,14 ZnIn2S4

exhibits two distinct polymorphs based on cubic and hexagonal
lattices, which can be controlled synthesized via a facile
hydrothermal method using different precursors.15,16 Previous
studies revealed that both polymorphs of ZnIn2S4 are active for
photocatalytic hydrogen generation under visible light irradi-
ations and show considerable chemical stability.7,8,17,18

However, the photocatalytic hydrogen evolution activity over
pure ZnIn2S4 is low because of the poor separation efficiency
and low migration ability of the photoexcited charge carriers.
To enhance the photocatalytic performance of ZnIn2S4, a
variety of efforts have been made, for example, doping with
metals, such as Cu, incorporation of multiwalled carbon
nanotubes (MWCNTs), RGO (reduced graphene oxide), or
polymers.8,19−21

Graphene, an allotrope of carbon, is a two-dimensional (2D)
sp2 carbon network. Because of its many fascinating properties
such as large surface area, high electrical conductivity, stability
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and tunable surface properties, graphene has attracted a wide
range of recent interests.22−24 Most of the previous studies have
found that the performance of the semiconductor photo-
catalysts can be enhanced by the incorporation of RGO.25−28

However, our recent study revealed that there exists a
correlation between the reductive degree of RGO and the
photocatalytic activity in the RGO/semiconductor nano-
composites.8 For example, our previous study found that the
hydrothermally prepared RGO/ZnIn2S4 nanocomposite, which
incorporates RGO with a lower reductive degree, exhibits lower
photocatalytic activity for hydrogen evolution even when
compared to pure ZnIn2S4. However, when the hydrothermally
prepared RGO/ZnIn2S4 nanocomposite was further treated
with photoreduction or hydrazine to increase the reduction
degree of RGO, the as-formed products show significantly
enhanced performance for hydrogen evolutions. This study
indicates that it is important to develop RGO/semiconductor
nanocomposites with RGO in a highly reductive degree for
their better application in photocatalysis.
In this manuscript, a facile one-pot solvothermal method has

been developed to prepare RGO/ZnIn2S4 nanocomposites with
a sheet-on-sheet morphology. A simultaneous reduction of GO
(graphene oxide) to highly reductive RGO and the formation
of ZnIn2S4 nanosheets on the as-formed RGO have been
achieved via a solvothermal reaction using a mixture of ethylene
glycol (EG) and N,N-dimethylformamide (DMF) as solvent.
The as-prepared RGO/ZnIn2S4 nanocomposites exhibited
highly enhanced photocatlaytic activity for hydrogen evolution
under visible light irradiations and an optimum photocatalytic
activity was observed over 1.0 wt % RGO incorporated ZnIn2S4
nanocomposite. The superior photocatalytic performance
observed over RGO/ZnIn2S4 nanocomposites can be ascribed
to the existence of the highly reductive RGO with strongly
interactions to ZnIn2S4 nanosheets. The existence of the strong
interaction between ZnIn2S4 nanosheets and RGO in the
nancomposites facilitates the electron transfer from ZnIn2S4 to
RGO, with the latter serving as a good electron acceptor,
mediator as well as the co-catalyst for hydrogen evolution.

2. EXPERIMENTAL SECTION
2.1. Preparations. All the reagents are analytical grade and used

without further purifications. GO was synthesized following the
Hummers’ method with a slight modification.28 For the synthesis of
RGO/ZnIn2S4 nanocomposites, different amounts of GO were
dispersed in a mixed solution containing 30 mL of DMF and 30 mL
of EG, followed by ultrasonication for 60 min. Then ZnCl2 (0.136 g, 1
mmol) and InCl3.4H2O (0.586 g, 2 mmol) was added to the GO
dispersion and the suspension continued to ultrasonicate for a few
minutes. After that, thioacetamide (TAA, 0.3 g, 4 mmol) was added
into the mixture under vigorous stirring. The resultant suspension was
transferred to a 100 mL Teflon liner, sealed in the stainless steel
autoclave and heated at 200 °C for 24 h. After the autoclave was
cooled to room temperature, the products were collected and washed
with de-ionized water and ethanol for several times and dried at 60 °C.
The RGO/ZnIn2S4 nanocomposites with different amount of RGO
are denoted as x wt%-RGO/ZnIn2S4. For comparison, pure ZnIn2S4
was also synthesized by a similar solvothermal reaction in absence of
GO (Supporting Information Figure S1).
2.2. Characterizations. Powder X-ray diffraction (XRD) data

were collected using a Bruker D8 Advance X-ray diffractometer (Cu
Kα irradiations). Raman spectroscopy was performed using an invia-
Reflex Micro-Raman Spectroscopy system (Renishaw Co.) with 532
nm line of an Ar ion laser at room temperature. The IR analyses were
carried out on a Nicolet 670 FT-IR spectrometer. The morphology of
the samples was characterized by a field emission scanning electron

microscopy (SEM) (JSM-6700F). The transmission electron micros-
copy (TEM) and high resolution transmission electron microscopy
(HRTEM) images were obtained in a JEOL model JEM 2010 EX
instrument at an accelerating voltage of 200 kV. The powder particles
were supported on a carbon film coated on a 3 mm diameter fine-mesh
copper grid. The sample suspension in ethanol was sonicated and a
drop was dripped on the support film. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a PHI
Quantum 2000 XPS system (PHI, USA) with a monochromatic Al
Kα source and a charge neutralizer. All the binding energy is reference
to C 1s peak observed in the XPS spectrum of pure ZnIn2S4. BET
surface area was carried out on an ASAP2020M apparatus (Micro-
meritics Instrument Corp., USA). For BET surface area analyses, the
samples were degassed in vacuum at 200 °C for 10 h and then
measured at 77 K. UV−visible diffuse reflectance spectra (UV-DRS) of
the powders were obtained for the dry-pressed disk samples using a
Cary 500 Scan Spectrophotometer (Varian, USA). BaSO4 was used as
a reflectance standard in the UV−visible diffuse reflectance experi-
ment. Electrochemical impedance spectroscopy (EIS) were measured
on an electrochemical analyzer (Zahner, Germany) in a standard
three-electrode system using the prepared samples as the working
electrodes with an active area of ∼0.25 cm2, a Pt wire as the counter
electrode, and Ag/AgCl (saturated KCl) as a reference electrode.
Na2SO4 (0.2 M) aqueous solution was used as the electrolyte.
Impedance data were fitted with ZSimpWin software (Princeton
Applied Research). Photoluminescence (PL) spectra were carried out
on a fluorescence spectrometer (Hitachi F-4500). The PL emission
spectra of pure ZnIn2S4 and RGO/ZnIn2S4 with different amount of
RGO were obtained respectively with a 260 nm wavelength as the
excitation source.

2.3. Photocatalytic Hydrogen Evolution. Photocatalytic experi-
ments for hydrogen evolution were carried out in a closed gas
circulation and evacuation system fitted with a top Pyrex window. 50
mg of photocatalyst was dispersed in 100 mL of aqueous solution
containing 2.0 mL of lactic acid as sacrificial reagents. The suspension
was irradiated with a 300 W Xe lamp equipped with a 420 nm cut-off
filter to provide the visible light irradiations. The temperature of the
reactant solution was maintained at room temperature by a flow of
cooling water during the photocatalytic reaction. The amount of
hydrogen evolved was determined with an on-line gas chromatograph
equipped with a TCD detector.

3. RESULTS AND DISCUSSION
RGO/ZnIn2S4 nanocomposites were prepared via one-pot
solvothermal method from ZnCl2, InCl3 and TAA in the
presence of different amounts of GO using a mixed solvent of
DMF and EG in 1:1 ratio. As shown in the XRD patterns of the
as-prepared RGO/ZnIn2S4 nanocomposites, all the as-prepared
samples show characteristic peaks assigned to (006), (102),
(104), (108), and (110) crystallographic planes of hexagonal
ZnIn2S4 phase (JCPDS-03-065-2023), indicating that the
presence of RGO does not influence the structure of ZnIn2S4
(Figure 1). No diffractions peaks corresponding to either GO
or RGO has been observed in the XRD patterns of the resultant
products because of its low amount and relatively low
diffraction intensity.29 However, the existence of RGO in the
nanocomposite can be confirmed by the FT-IR spectra. As
shown in Figure 2, only two peaks at 1610 and 1396 cm−1

corresponding to the surface absorbed water molecules and
hydroxyl groups are observed over ZnIn2S4.

30 On the contrary,
RGO/ZnIn2S4 nanocomposites show peaks at 1048, 1620 and
1450 cm−1 corresponding to the C−O stretching vibrations,
skeletal vibration of graphene and O−H deformation
respectively. The peak at 1735 cm−1 which assigned to CO
vibration observed on GO totally disappears in the RGO/
ZnIn2S4 nanocomposites, indicating that GO has been
successfully reduced to RGO during the solvothermal
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reaction.31 The presence of the RGO in the nanocomposites is
also confirmed by the Raman spectroscopy (Figure 3). All the

samples show characteristic peaks at 1346 and 1596 cm−1,
corresponding to the D and G bands of RGO respectively. The
ratio of ID/IG over the nanocomposites is determined to be
∼1.29, much higher than that observed over the original GO
(0.91). Since the ratio of ID/IG is an indicator of the
graphitization degree of carbonaceous materials, the higher
ID/IG observed over the as-prepared nanocomposites as
compared to that of GO suggests a successful reduction of
GO to RGO in the nanocomposites.32

XPS analyses were carried out to study the surface chemical
composition and electronic state of 1.0 wt %-RGO/ZnIn2S4
nanocomposite. Characteristic binding energy of 1021.4 and
1044.7 eV for Zn2+ 2p, 445.3 and 452.9 eV for In3+ 3d, and
161.6 eV for S2− 2p are observed over RGO/ZnIn2S4
nanocomposite. As compared to those observed over pure
ZnIn2S4, the peaks of Zn 2p and S 2p in RGO/ZnIn2S4
nanocomposite shift toward lower binding energy, while a
higher binding energy shift is observed for In 3d. The shift of
the binding energy for RGO/ZnIn2S4 nanocomposite as
compared to pure ZnIn2S4 suggests a strong electronic
interaction between RGO and ZnIn2S4 in the nanocomposite
(Figure 4a−c).33 The XPS spectrum of the RGO/ZnIn2S4
nanocomposite in the C 1s region shows three peaks at 284.8,
285.6, and 286.6 eV. The peaks at 284.8 and 286.6 eV can be
assigned to the sp2-hybridized carbon (C−C) and epoxy/
hydroxyl carbon (C−O) respectively.34,35 As compared to
original GO, the intensity of the peak ascribed to the epoxy/
hydroxyls carbon (C−O) (286.8 eV) in the nanocomposite
significantly decreases, while the peak corresponding to the
carboxyl (CO) (288.5 eV) totally disappears, in consistent
with the FT-IR result. A small additional peak at 285.6 eV can
be assigned to the C−N bond, which may be induced by the
residue DMF from the solvent. The O-bound C content for 1.0
wt %-RGO/ZnIn2S4 nanocomposite decreases from the original
55.0% in GO to 14.0%, indicating that the one-pot
solvothermal treatment can lead to RGO/ZnIn2S4 nano-
composites with RGO in a highly reductive degree.36

The morphology of the as-prepared RGO/ZnIn2S4 nano-
composites was studied by SEM and TEM. Two-dimensional
flakelike structure is observed in the SEM image of a typical 1.0
wt %-RGO/ZnIn2S4 nanocomposite (Figure 5a). The flakelike
morphology is quite different from the RGO/ZnIn2S4 micro-
spheres prepared via a hydrothermal method which we
reported previously, indicating that the reaction solvent plays
an important role for the morphology formation.8 The TEM
image of the 1.0 wt %-RGO/ZnIn2S4 nanocomposite clearly
shows that ultrathin ZnIn2S4 nanosheets are dispersed on RGO
sheet. These ZnIn2S4 nanosheets are interconnected with each
other to form a sheet-on-sheet RGO/ZnIn2S4 nanocomposite
(Fig. 5b). Well-defined crystal structure of hexagonal ZnIn2S4
in the RGO/ZnIn2S4 nanocomposites is evidenced from the
HRTEM image. Clear lattice-fringe spacing of 0.32 nm can be
assigned to the (102) crystal plane of hexagonal phase of
ZnIn2S4 (Figure 5c). The energy dispersed spectrum (EDS)
also reveals the co-existence of Zn, In, and S, confirmation of
the formation of ZnIn2S4 (Figure 5d).
The mechanism for the formation of the RGO/ZnIn2S4

nanocomposites with a sheet-on-sheet is illustrated in Scheme
1. It is well known that GO has lots of hydrophilic functional
groups (e.g.,−OH, −COOH) on its surface,37 which can act as
the adsorption sites for Zn2+ and In3+ ions. These surface
adsorbed Zn2+ and In3+ cations can react with EG to form metal
glycolate complex, which further interact with S2− anions
provided by the decomposition of the thioacetamide (TAA) to
form ZnIn2S4 nuclei on the GO surface.17,38 As a result of the
intrinsic lamellar structure of the hexagonal ZnIn2S4 phase, the
as-formed ZnIn2S4 nuclei tend to grow larger and form the
nanosheets on the surface as the reaction continued. In the
meantime, GO is reduced to RGO by the organic solvent.39

Finally, these ZnIn2S4 nanosheets grew larger and interconnect
with each other to form the sheet-on-sheet hierarchical RGO/
ZnIn2S4 nanocomposites. Controlled experiments performed in

Figure 1. XRD patterns of (a) ZnIn2S4, (b) 0.5 wt %-RGO/ZnIn2S4,
(c) 1.0 wt %-RGO/ZnIn2S4, (d) 3.0 wt %-RGO/ZnIn2S4, and (e) 5.0
wt %-RGO/ZnIn2S4 nanocomposites.

Figure 2. FTIR spectra of GO, ZnIn2S4, and RGO/ZnIn2S4
nanocomposites with different amount of RGO.

Figure 3. Raman spectra of (a) GO, (b) 0.5 wt %-RGO/ZnIn2S4, (c)
1.0 wt %-RGO/ZnIn2S4, (d) 3.0 wt %-RGO/ZnIn2S4, and (e) 5.0 wt
%-RGO/ZnIn2S4 nanocomposites.
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absence of EG (i.e., in pure DMF) only gave product composed
of phase separated RGO and ZnIn2S4 as shown in Supporting
Information Figure S2. This indicates that the formation of the
metal glycolate complex between EG and the metal ions is
important for the formation of RGO/ZnIn2S4 nanocomposites
with strong interaction. On the contrary, pure EG in absence of
DMF also cannot lead to high qualified RGO/ZnIn2S4
nanocomposites with uniform flakelike morphology as shown
in Supporting Information Figure S3. Previous work has shown
that homogeneous colloidal suspension of RGO could be

produced in DMF.40,41 Therefore the use of DMF is supposed
to impede the aggregation of RGO, which would favor the
dispersion of Zn2+ and In3+ absorbed on the surface of RGO
sheet. The above controlled experiments clearly indicate that
both EG and DMF are indispensable for the formation of the
sheet-on-sheet hierarchical RGO/ZnIn2S4 nanocomposites.
The formation mechanism was confirmed by the result from
the time-dependent experiments. As shown in Supporting
Information Figure S4, after reacting for 1 h, small nano-
particles of ZnIn2S4 formed on the RGO surface. When the

Figure 4. XPS spectra of (a) Zn 2p, (b) In 3d, and (c) S 2p in ZnIn2S4 and 1.0 wt %-RGO/ZnIn2S4 nanocomposite. (d) XPS spectra in C1s region
for 1.0 wt %-RGO/ZnIn2S4 nanocomposite, GO, and ZnIn2S4 nanocomposite.

Figure 5. 1.0 wt %-RGO/ZnIn2S4 nanocomposite (a) SEM image, (b) low magnification TEM image, (c) HRTEM image, and (d) EDS.
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reaction time was prolonged to 10 h, small nanoparticles
disappeared and small nanosheets of ZnIn2S4 formed. When
the reaction time was prolonged to 24 h, these small
nnaosheets grew larger and interconnected with each other.
The nitrogen adsorption/desorption isotherms of 1.0 wt

%-RGO/ZnIn2S4 nanocomposite exhibits stepwise adsorption
and desorption behavior as shown in Figure 6. The BET

specific surface area is determined to be 150.0 cm3 g−1, higher
than that observed over pure ZnIn2S4 (99.8 cm3 g−1). The
higher BET specific surface area of RGO/ZnIn2S4 nano-
composite as compared to pure ZnIn2S4 can be attributed to
the introduction of RGO with an extremely high surface area, as
well as the uniform grown of ultrathin ZnIn2S4 nanosheets on
the surface of RGO. The large surface area of heterogeneous
photocatalysis can provide more surface active sites for the
adsorption of reactant molecules, making the photocatalytic
process more efficient.
The UV−visible diffuse reflectance spectra of RGO/ZnIn2S4

nanocomposites were displayed in Figure 7. Pure ZnIn2S4
shows an absorption edge at about 540 nm and its energy
gap is estimated to be 2.4 eV.7 Although the incorporation of
RGO onto ZnIn2S4 does not obviously change the band gap of
ZnIn2S4, attributable to the absorption of RGO, enhanced
absorption in the visible light region is observed in the resultant
RGO/ZnIn2S4 nanocomposites. The absorption intensity of
RGO/ZnIn2S4 nanocomposites in the visible light region
increases with the amount of RGO incorporated, in agreement
with the observed color change from yellow to dark green of
the samples.35

Photocatalytic hydrogen evolution experiments were carried
out over the as-prepared RGO/ZnIn2S4 nanocomposites in the
presence of lactic acid as sacrificial agent under visible light
irradiations. It was found that pure ZnIn2S4 only had a low
activity, with the amount of hydrogen evolved determined to be
57.0 μmol in 6 h. However, a significant improvement of the
photocatalytic activity was observed when ZnIn2S4 was
incorporated with a little amount of RGO. 160.5 μmol of
hydrogen was evolved over 0.5 wt %-RGO/ZnIn2S4 nano-
composite, about 2.8 times of that over pure ZnIn2S4 under
otherwise similar condition (Figure 8a). The time-dependent
hydrogen evolution over 1.0 wt %-RGO/ZnIn2S4 nano-
composite, pure ZnIn2S4, and RGO was shown in Figure 8b.
It was found that the amount of hydrogen evolved increase with
the irradiations time, and the amount of hydrogen evolved
reach 245.1 μmol in 6 h over 1.0 wt %-RGO/ZnIn2S4
nanocomposite, an almost 4.3 times as that obtained over the
pure ZnIn2S4. The effect of the amount of RGO incorporated
on the photocatalytic performance of the RGO/ZnIn2S4
nanocomposites has also been investigated and the results are
shown in Figure 8a. The rate of hydrogen evolution first
increases with the amount of the incorporated RGO and an
optimum hydrogen evolution is observed over 1.0 wt %-RGO/
ZnIn2S4. However a further increase in the amount of RGO
results in a decrease of the photocatalytic hydrogen evolution
rate. A decrease in the photocatalytic activity over samples with
a heavy loading of RGO is likely due to the shading effect of
RGO. When covered with RGO, the light absorption by
ZnIn2S4 will be partly blocked and the inefficient excitation of
ZnIn2S4 will lead to the decrease of the photocatalytic
performance. Such a shading effect has already been reported
previously.17,25 Therefore, an appropriate RGO loading amount
is crucial to achieve the optimized photocatalytic activity of
ZnIn2S4 photocatalyst.
The mechanism for the enhanced photocatalytic hydrogen

evolution over the as-prepared sheet-on-sheet RGO/ZnIn2S4
nanocomposites under visible light irradiation was proposed in
Scheme 2. Although the conduction band edge of ZnIn2S4
(−1.1 eV) is higher than the reduction potential of H+/H2, the
photocatalytic activity for hydrogen evolution is low over bare
ZnIn2S4 due to the rapid recombination of photogenerated
charge carriers as well as the presence of a large hydrogen
evolution overpotential. The incorporation of RGO into
ZnIn2S4 can lead to an effective hole−electron separation due
to an electron transfer from the CB of ZnIn2S4 to RGO. The
strong interaction between the RGO and ZnIn2S4 in the as-

Scheme 1. Proposed Mechanism for the Formation of RGO/
ZnIn2S4 Nanocomposite with a Sheet-on-Sheet Morphology

Figure 6. Nitrogen adsorption−desorption isotherms of 1.0 wt
%-RGO/ZnIn2S4 nanocomposite and ZnIn2S4.

Figure 7. UV−vis DRS spectra of pure ZnIn2S4 and RGO/ZnIn2S4
nanocomposites with different amount of RGO.
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prepared RGO/ZnIn2S4 nanocomposite can ensure an effective
electron transfer from ZnIn2S4 to RGO.22,29,42 In addition,
since RGO has previously been shown to be an electrocatalyst
for hydrogen evolution, RGO can also act as a non-noble-metal
cocatalyst like some transition metal chalcogenides.18,43−45 The
photogenerated electrons transferred to RGO can further move
to the defective carbon sites which act as active hydrogen
evolution sites to reduce H2O. Such an electron transportation
process, in part determined by their electronic conductivity, can
significantly influence the photocatalytic performance of these
RGO nanocomposites photocatalysts. Actually, previous study
has revealed a correlation between the performance of
photocatalytic hydrogen evolution and the RGO reduction
degree over RGO/ZnIn2S4 photocatalytic nanocomposites. As
shown in Figure 9, the electrochemical impedance spectra
(EIS) analysis reveals that the solvothermal prepared 1.0 wt
%-RGO/ZnIn2S4 nanocomposite shows smaller semicircle as
compared with that of pure ZnIn2S4, suggesting its superior
electronic conductivity. In addition, the XPS result suggests that
the RGO in the as-prepared RGO/ZnIn2S4 nanocomposites are
highly reductive, which can benefit the charge transfer in the
RGO/ZnIn2S4 system. Since photoluminescence (PL) spectra
is generally utilized to investigate the recombination rate of the
photo-generated charger carriers,46−48 the PL spectra of pure
ZnIn2S4 and RGO/ZnIn2S4 with different amount of RGO have
also been investigated (Supporting Information Figure S5).
The intensity of the PL peak on RGO/ZnIn2S4 nano-
composites decreases as compared to that of pure ZnIn2S4,
indicating the incorporation of RGO leads to a decrease of the
recombination rate in the nanocomposites. Besides this, the 1.0
wt %-RGO/ZnIn2S4 nanocomposite shows the lowest PL

intensity, in agreement with its highest photocatalytic activity.
Therefore, the highly reductive RGO in the RGO/ZnIn2S4
nanocomposites can serve as a good electron acceptor,
mediator as well as the co-catalyst, which contributes to their
highly enhanced photocatalytic performance for photocatalytic
H2 generation. However, too much RGO can have a shading
effect and can lead to a decrease of hydrogen evolution rate as
observed over 5.0 wt %-RGO/ZnIn2S4 nanocomposite.

4. CONCLUSION

In summary, a facile one-pot solvothermal method has been
developed for the preparations of RGO/ZnIn2S4 nano-
composites with ZnIn2S4 nanosheets grown on the surface of
highly reductive RGO. The highly reductive RGO in the RGO/
ZnIn2S4 nanocomposites serves as a good electron acceptor and
mediator, as well as the co-catalyst, which contributes to the
highly enhanced photocatalytic performance for photocatalytic
hydrogen evolution over the as-prepared RGO/ZnIn2S4
nanocomposites. This study can provide some guidance for
us in the developing of other RGO-incorporated nano-
composite photocatalysts.

Figure 8. (a) Hydrogen evolution rate over ZnIn2S4 and RGO/ZnIn2S4 with different RGO loading amount. (b) Time-dependent hydrogen
evolution over 1.0 wt %-RGO/ZnIn2S4 nanocomposite and pure ZnIn2S4.

Scheme 2. Schematic Illustration for the Enhanced
Photocatalytic Hydrogen Evolution over RGO/ZnIn2S4
Nanocomposites

Figure 9. Nyquist plots of experimental impedance data for ZnIn2S4
and 1.0 wt %-RGO/ZnIn2S4 nanocomposite in the frequency range of
0.01−1.0×105 Hz using an ac bias of 0 V vs Ag/AgCl without visible
light irradiations in 0.2 M Na2SO4 aqueous solution. Inset: Electrical
equivalent circuit used for fitting of impedance spectra. Rs, Csc, and Rb
represent electrolyte resistance, space charge capacitance, and bulk
electrode resistance, respectively.
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