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ABSTRACT: A series of CaIn2S4-reduced graphene oxide
(RGO) nanocomposites with different RGO contents were
fabricated using a facile hydrothermal approach. During the
hydrothermal process, the reduction of graphene oxide to
RGO, in situ deposition of synthesized CaIn2S4 nanoparticles
on RGO nanosheets and formation of chemical-bonding
CaIn2S4-RGO nanocomposites were performed simultane-
ously. Under visible light irradiation, the as-prepared CaIn2S4-
RGO nanocomposites showed enhanced photocatalytic
performance for rhodamine B degradation and phenol
oxidation. The sample with 5 wt % RGO hybridized CaIn2S4 exhibited the highest photocatalytic activity. The enhancement
of photocatalytic performance may be related to the increased adsorption/reaction sites, positive shift of the valence band
potential, and high separation efficiency of photogenerated charge carriers due to the electronic interaction between CaIn2S4 and
RGO. We hope that this work can not only provide an in-depth study on the photocatalytic mechanism of RGO-enhanced
activity, but also provide some insights for fabricating efficient and stable RGO-based photocatalysts in the potential applications
of purifying polluted water resources.
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■ INTRODUCTION

In past decades, photocatalysis has attracted a great deal of
attention because of its potential application in the field of
pollutant degradation and energy conversion. Since visible light
accounts for about 43% of the incoming solar spectrum,
developing visible-light-driven photocatalysts becomes impor-
tant for the efficient utilization of the solar energy. Among a
variety of visible photocatalysts, metal sulfides have been widely
studied for their narrow band gaps and relatively negative
potentials of the valence band compared to metal oxides. For
example, CdS has been proven to be an effective photocatalyst
though it suffers from chemical instability during the photo-
catalytic reaction.1−3 Ternary metal sulfides, such as ZnIn2S4

4−6

and CdIn2S4,
7,8 have also been considered as candidate

photocatalysts due to their narrow band gap with considerable
chemical stability. However, as a single component, the low
separation efficiency of photogenerated charge carriers has
limited their large-scale practical application.
To address this issue, numerous efforts have been carried out

on the development of composite photocatalysts with two or
more components, as the separation efficiency of photo-
generated charge carriers can been effectively suppressed at the
interface of the composites. In recent years, graphene has
aroused intense scientific interest for fabrication of graphene-
based composite photocatalysts for enhanced performance

because of its special two-dimensional structure, high surface
area, and excellent electrical conductivity.9 As an excellent
supporting matrix, graphene can efficiently suppress the
agglomeration of semiconductor particles, facilitate the charge
separation and transportation from photocatalyst to graphene,
and thereby improve the photocatalytic performance of
photocatalysts. In most cases, graphene-based composites are
prepared using graphene oxide as the precursor followed by its
chemical reduction to reduced graphene oxide (RGO).To date,
there are a lot of reports on RGO-based composites and their
enhanced photocatalytic activity in hydrogen production or
environmental application.10−20 However, to the best of our
knowledge, few studies have focused on the mechanism of
RGO-enhanced performance from the point of view of the
electronic energy band structure in RGO−semiconductor
composites.
Our recent study found that ternary cubic CaIn2S4, first

synthesized using a facile hydrothermal method, can produce
hydrogen from pure water without any cocatalysts under visible
light irradiation.21 In this study, CaIn2S4-RGO nanocomposite
with a strong coupling interface was prepared by a one-step
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hydrothermal method for environmental remediation. Gra-
phene oxide (GO), a lamellar two-dimensional material with
unoxidized aromatic regions and aliphatic regions containing
oxygen functional groups, was used as the precursor to
synthesize RGO. During the hydrothermal process, the
reduction of graphene oxide (GO) to RGO, in situ deposition
of synthesized CaIn2S4 nanoparticles on the RGO nanosheets,
and formation of chemical-bonding CaIn2S4-RGO nano-
composites can be achieved simultaneously. The nano-
composites exhibit increased photocatalytic performance for
rhodamine B (RhB) degradation and phenol oxidation,
compared to pure CaIn2S4 or a physical mixture of CaIn2S4/
RGO under visible light irradiation. The introduction of RGO
in CaIn2S4-RGO nanocomposites can not only increase the
surface area and suppress the recombination of photogenerated
charge carriers, but also change the electronic structure of
CaIn2S4 by the chemical interaction between RGO and
CaIn2S4, both of which could improve the photocatalytic
activity. Furthermore, the CaIn2S4-RGO nanocomposites show
good chemical and photocatalytic stability.

■ EXPERIMENTAL SECTION
Materials Preparation. Indium nitrate was purchased from

Aladdin Industrial Inc. Natural graphite powder, calcium nitrate, and
Thioacetamide were supplied by Sinopharm Chemical Reagent Co.,
Ltd. Deionized (DI) water was used in all experiments. All other
reagents are at least of analytic reagent grade and used without further
purification. Graphene oxide (GO) was prepared from natural graphite
powder using a modified Hummers’ method according to previous
reports.22

The synthesis procedures of the CaIn2S4-RGO nanocomposites
were based on a one-step hydrothermal method. In detail, a certain
amount of GO was dispersed in 80 mL DI water by ultrasonication to
obtain a homogeneous suspension. Then, 1.18 g Ca(NO3)2·4H2O (5
mmol), 3.0 g In(NO3)3 (10 mmol), and 3.0 g CH3CSNH2 (40 mmol,
double amount) were added into the suspension. The mixture was
stirred for 30 min and then transferred to a 100 mL Teflon-lined
stainless steel autoclave. A hydrothermal reaction took place in the
sealed autoclave at 120 °C for 24 h. During the hydrothermal reaction,
the reduction of GO was achieved with in situ deposition of CaIn2S4
nanoparticles on the reduced graphene oxide (RGO) substrate
simultaneously. After that, the product was collected and washed
using absolute ethanol and DI water several times before drying at 80
°C. The samples with different contents of GO to CaIn2S4 (1, 3, 5, 7,
and 10 wt %) were labeled as CR1, CR3, CR5, CR7, and CR10,
respectively.
For comparison, pure CaIn2S4 (CR0) or RGO was also prepared

through a similar procedure in the absence of RGO or CaIn2S4
precursor. The mixed-CaIn2S4/RGO (Mixed-CR5, 5 wt % RGO) was
synthesized by physical mixing of pure CaIn2S4 and RGO (5 wt %),
with the same composition as that in the CR5 nanocomposite.
CaIn2S4-RGO and CaIn2S4 electrodes were prepared by a dip-

coating method. Typically, 15 mg of powder was suspended in 50 mL
absolute ethanol by ultrasonication to get a suspension, and then the
suspension was dip-coated onto a 1 cm × 2 cm indium−tin oxide
(ITO) glass electrode placed on a 70 °C heating station. After the
elimination of ethanol, the dip-coating process was repeated ten times
to obtain the final electrodes.
Characterization. Powder X-ray diffraction (XRD) patterns were

measured using a Rigaku TTR III diffractometer with CuKα radiation
(λ = 0.15418 nm) at a scan rate of 5° min−1 to determine the crystal
phase of the prepared samples. The morphology and microstructure of
the samples were investigated by a transmission electron microscopy
(JEM-2100F) and a scanning electron microscopy (Sirion 200).
Nitrogen adsorption−desorption isotherms were recorded on a
Micromeritics ASAP 2020 M+C accelerated surface area and
porosimetry system at 77 K. The surface areas were estimated using

the Brunauer−Emmett−Teller (BET) method. The UV/vis diffuse
reflectance spectrum of photocatalysts and absorption spectrum of
RhB solution were measured at room temperature using a UV/vis
spectrometer (SolidSpec-3700, Shimadzu, Japan). The surface
characterization was carried out using X-ray Photoelectron Spectro-
scope (XPS, ESCALAB 250, Thermo-VG Scientific) with a base
pressure lower than 1.0 × 10−10 Pa and MgKα radiation (E = 1253.6
eV) operated at 150 W as the X-ray source. Raman spectra were
recorded with an InVia microscopic confocal Raman spectrometer
using a 514.5 nm laser beam. Fourier transform infrared (FTIR)
spectroscope was carried out on a Nicolet 8700 FTIR in a KBr pellet
scanning from 4000 to 400 cm−1. The photoelectrochemical properties
were measured on a CHI-760D electrochemical analyzer in a standard
three-electrode system using the prepared samples with an active area
of ca. 1 cm2 as the working electrodes, a platinum wire as the counter
electrode, and Ag/AgCl as the reference electrode. KCl (1 M, pH = 7)
solution was used as the electrolyte.

Photocatalytic Experiments. The photocatalytic activities of the
CaIn2S4-RGO nanocomposites for RhB decomposition were eval-
uated. In the case of visible light irradiation, a 300 W Xe arc lamp
(PLS-SXE 300, ChangTuo Ltd.) was used as the light source through
infrared and UV cutoff filters to ensure visible illumination only (420
nm ≤ λ ≤ 750 nm). In a typical experiment, 100 mg of photocatalyst
was suspended in 120 mL of RhB solution ((60−120) × 10−6 mol/L)
or phenol solution (20 mg/L) in a Pyrex glass cell. The distance
between the lamp and the suspension surface was 20 cm. To eliminate
the thermal effect during the photocatalytic reaction, a water jacket
outside the Pyrex glass cell was used to keep the solution temperature
constant at room temperature by flowing cooling water. Before the
reaction, the prepared suspension was magnetically stirred for 30 min
in the dark to ensure the establishment of an adsorption−desorption
equilibrium between photocatalyst powders and RhB/phenol mole-
cules. At given time intervals, the concentration changes of RhB/
phenol were monitored by measuring the maximum absorption band
(665 nm for RhB and 270 nm for phenol) in the UV−vis spectrum of
RhB or phenol using a portable fiber spectrometer (SD2000, Ocean
Optics). For comparison, the self-degradation of RhB (namely,
photolysis) was also tested under similar conditions in the absence
of photocatalysts.

■ RESULTS AND DISCUSSION
Structure and Morphology. Figure 1 shows the XRD

patterns of CaIn2S4 and CaIn2S4-RGO nanocomposites. In

general, no obvious difference in XRD patterns was observed
among all the samples. The main diffraction peaks of all the
samples at 27.4°, 28.4°, 33.1°, 43.4°, and 47.7°, correspond to
the diffractions of the (311), (222), (400), (511), and (440)
planes of cubic CaIn2S4 (PCPDF #310272), respectively. No
other impurity peaks corresponding to binary sulfides or oxides

Figure 1. XRD patterns of the CaIn2S4-RGO nanocomposites: (A)
CR0, (B) CR1, (C) CR3, (D) CR5, (E) CR7, and (F) CR10.
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related to the reactants are detected, indicating the pure phase
of cubic CaIn2S4. Furthermore, there is not any characteristic
diffraction peaks for carbon species (GO or RGO) observed in
the XRD patterns even though the content of GO is as high as
10 wt %, mainly due to its relatively low diffraction intensity
and high dispersion.23,24

The morphology of CaIn2S4 and CaIn2S4-RGO nano-
composites was characterized by TEM and SEM. A mixture
of differently shaped nanoparticles, including nanorods and
nanosheets, is observed in Figure 2A. From the typical TEM/

SEM images of CR5 nanocomposite (the highest photocatalytic
activity for RhB degradation) in Figure 2B−C and Supporting
Information Figure S1, it is found that the CaIn2S4 nano-
particles are very thin and look transparent, and they are
dispersed on RGO sheets with good contact. This contact
makes the interfacial charge transfer available at the interface of
the composites. RGO displays a two-dimensional sheet with
chiffon-like ripples and wrinkles resulting from the deformation
and distortion of graphite sheets during the oxidation process.
A well-defined crystal structure of cubic CaIn2S4 in CR5
nanocomposite is evidenced from the HRTEM image (Figure
2D). Clear lattice-fringe intervals of 0.33, 0.31, and 0.27 nm
correspond to the (311), (222), and (400) crystal plane of
cubic CaIn2S4, respectively.
To investigate the surface chemical composition and

electronic state, XPS spectra of GO, RGO, and CR5
nanocomposite were collected. Characteristic binding energies
of 346.7 and 350.1 eV for Ca2+ 2p, 445.1 and 452.6 eV for In3+

3d, and 161.6 and 162.8 eV for S2− 2p are observed for CaIn2S4
and CR5 nanocomposite, which are shown in Supporting
Information Figure S2. In Figure 3A, the XPS spectrum of C 1s
from GO can be deconvoluted into four small peaks which can
be ascribed to the following functional groups: CC (sp2,
284.8 eV), CO (epoxy/hydroxyl, 286.8 eV), CO (carbon-
yl, 287.7 eV), and OCO (carboxyl, 289.5 eV).25 After the
hydrothermal reaction, the significant decrease of oxygen-
containing functional groups is observed on the C 1s XPS
spectra of RGO or CR5 nanocomposite (Figure 3B,C). The
reduction degree of RGO can be calculated based on the XPS
results.26 It is found that the content of oxygen-containing
carbon (including CO, CO, and OCO) decreased

from 75.8% in GO to 25.8% in RGO after the hydrothermal
reaction. These results indicate that most oxygen-containing
functional groups can be efficiently removed through the
hydrothermal reduction.
Further evidence for the reduction degree of oxygen

functional groups comes from FTIR spectra of GO, RGO,
and CR5 nanocomposite. For GO, the peaks at 845, 1056,
1222, 1398, and 1727 cm−1 correspond to the typical stretching
of carbon−oxygen bonds. The peak at 1625 cm−1 may be
assigned to the vibration of sp2 hybridized CC bonding, O
H bending vibration of epoxide group, or OH deformation
vibration of COOH group.27−29 The broad absorption at
3000−3700 cm−1 corresponds to the stretching mode of −OH
or the physically absorbed H2O. After the hydrothermal
reaction, only weak features appear and some peaks even
vanish in the spectrum of RGO or CR5 nanocomposite,
demonstrating the effective reduction of GO. Furthermore, a
new absorption peak appeared at 1569 cm−1, which may be
attributed to the skeletal vibration of the graphene sheets.11

Figure 5 shows the Raman spectra of GO, RGO, and
CaIn2S4-RGO nanocomposites. In general, all the samples show
characteristic peaks at about 1360 and 1590 cm−1, correspond-
ing to the D and G bands of graphene, respectively. The
intensity ratio ID/IG over RGO or CaIn2S4-RGO nano-
composites is much higher than that of GO (0.86), which is
typically observed when graphene is produced by reducing
GO.30,31 The result further demonstrates the reduction of GO

Figure 2. TEM images of CaIn2S4 (A) and CR5 nanocomposite (B−
D).

Figure 3. C 1s XPS spectra of GO (A), RGO (B), and CR5 (C)
nanocomposite.

Figure 4. FTIR spectra of GO (A), RGO (B) and CR5 (C)
nanocomposite.
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to RGO and is consistent with the XPS or FTIR data.
Moreover, it can be seen that the peak of the G-band was red-
shifted from 1593 cm−1 to longer wavelength for the CaIn2S4-
RGO nanocomposites compared with GO. The red-shift of G
band was mainly caused by the electronic interaction between
CaIn2S4 and RGO nanosheets with a firm interface.32,33

Figure 6 gives the N2 adsorption−desorption isotherms of
pure CaIn2S4 and CaIn2S4-RGO nanocomposites. As shown, all

the samples exhibit a type IV isotherm according to the IUPAC
classification, indicating the mesoporous nature. However, with
the increase in the content of RGO, the shape of the hysteresis
loop is changed from type H3 to H2, indicating the formation
of slit-type pore structure.34 Accordingly, the BET surface area
and pore volume are gradually increased with increasing RGO
content, as listed in Table 1. Therefore, the incorporation of
RGO has an obvious effect on the pore structure and surface
area of CaIn2S4-RGO nanocomposites. As we know, larger
surface area will provide more adsorption/reaction sites during
the photocatalytic reaction, which can be beneficial for the
improvement of the photocatalytic activity.
Figure 7 displays the UV−vis diffuse reflectance spectra of

CaIn2S4-RGO nanocomposites. The cubic CaIn2S4 shows a
wide absorption in visible region with an absorption edge end
at about 575 nm, corresponding to the band gap of about 1.96
eV according to the Tauc equation. The enhancement of visible
light absorption for CaIn2S4-RGO nanocomposites was mainly
caused by the background absorption of RGO. However, the

end of the absorption band-edge exhibits almost no change
with increasing RGO content (Supporting Information Figure
S3), which means that the introduction of RGO has little effect
on the band gap value of CaIn2S4.

Photocatalytic Activity. To evaluate the photocatalytic
activity of CaIn2S4-RGO nanocomposites under visible light
irradiation, RhB was chosen as a model pollutant for
photocatalytic degradation, which is a representative of organic
dyes in textile effluents. From Figure 8, RhB had only about 5%
self-degradation after irradiation for 60 min, which means the
self-degradation effect of RhB was almost negligible under
visible light irradiation. Adsorption of RhB on the photocatalyst
reached an equilibrium state within 30 min in the dark. When
CaIn2S4 nanoparticle was contained in the solution, the
degradation of RhB increased to 49%, proving that CaIn2S4
was active for RhB photocatalytic degradation under visible
light irradiation. However, it needs about 240 min to
completely remove the RhB dye in the solution. Furthermore,
it is found that the introduction of RGO can significantly
enhance the photocatalytic activity of CaIn2S4. The optimal
photocatalytic performance is observed when the RGO content
reaches 5 wt %. Under 60 min visible light irradiation, the
degradation of RhB for CR5 nanocomposite was measured to
be about 99%. Its corresponding apparent first-order rate
constant k is 0.0816 min−1, which is about 5.9 times higher than
that of pure CaIn2S4 (0.0139 min−1), as listed in Table 1. It
should be noted that the rate constant from mixed-CR5
composite was 0.0196 min−1, which is much lower than that
from the CR5 nanocomposite. The difference can be attributed

Figure 5. Raman spectra of GO (A), RGO (B), CR1 (C), CR3 (D),
CR5 (E), CR7 (F), and CR10 (G).

Figure 6. N2 adsorption−desorption isotherms of CaIn2S4-RGO
nanocomposites.

Table 1. Surface Area, Pore Volume, Flat-Band Potential,
and Photocatalytic Reaction Rate Constant over CaIn2S4-
RGO Nanocomposites

sample
RGO
(wt %)

SBET
(m2 g−1)

pore volume
(cm3 g−1)

flat-band
potentiala (Vfb,

V)

rate
constantb (k,

min−1)

CR0 0 33.1 0.080 −1.06 0.0139
CR1 1.0 45.5 0.107 −0.93 0.0421
CR3 3.0 51.2 0.122 −0.89 0.0561
CR5 5.0 78.8 0.146 −0.85 0.0816
CR7 7.0 119.1 0.179 −0.81 0.0321
CR10 10.0 135.7 0.228 −0.75 0.0241

aObtained from the x intercepts of the linear region in MS plots. bcat:
100 mg; RhB: 120 mL, 80 uM; λ ≥ 420 nm; reaction time: 60 min.

Figure 7. UV−visible diffuse reflectance spectra of the CaIn2S4-RGO
nanocomposites: (A) CR0, (B) CR1, (C) CR3, (D) CR5, (E) CR7,
and (F) CR10.
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to the unique structure between CaIn2S4 and RGO. The
chemical bonding between CaIn2S4 and RGO in CaIn2S4-RGO
nanocomposites, demonstrated by the G-band red-shift of
Raman peak, clearly reveals the formation of CaIn2S4-RGO
nanocomposite with firm interfaces, which favors the interfacial
charge transfer spatially available and accordingly improve the
photocatalytic activity.
However, the photocatalytic activity over the CaIn2S4-RGO

nanocomposites is decreased when the RGO content exceeds 5
wt %. In this case, the decrease may be attributed to the joint
effect between the excellent charge transfer capability of RGO
and its detrimental effect on visible light absorption.
The influence of the initial RhB concentration (C0) on the

photocatalytic rate over CR5 nanocomposite was also
investigated, and the results are shown in Supporting
Information Figure S4. By changing C0 in the range 60−120
μM, the calculated rate constant was 0.115, 0.080, 0.0581, and
0.0425 min−1, respectively. The photocatalytic rate of RhB
becomes higher with decreasing the initial concentration,
indicating that the initial concentration of RhB has a significant
effect on the degradation rate. As we know, the degradation of
RhB is de-ethylated initially, and then followed a destruction of
the conjugated structure.35,36 The inset of Supporting
Information Figure S3 shows the temporal absorption spectra
of RhB solution with an initial concentration of 80 μM. In
general, the position of the absorption peak was shifted to
shorter wavelength and the intensity of the peak was reduced
with increasing irradiation time. After 60 min reaction, all the
absorption peaks of RhB disappeared and no new peak was
observed, indicating a complete degradation through photo-
catalytic reaction.
The stability of the CR5 nanocomposite was also

demonstrated by five successive recycling experiments. As
shown in Figure 9, after five consecutive reaction runs, the
degradation of RhB still remained to 91% under 60 min visible
light irradiation. The slight decrease in activity might be
attributed to the fact that a large number of intermediates were
formed and adsorbed on the surface of photocatalyst.37 The
structure and composition after the reaction were analyzed by
XRD and XPS (Supporting Information Figures S5 and S6),
which indicated no change in the structure and composition of
CR5 nanocomposite. Therefore, the as-prepared CaIn2S4-RGO
nanocomposites can be used as novel visible-light-driven
photocatalysts with good stability.
In addition, the photocatalytic performance for phenol

oxidation was also evaluated as the photosensitization effect

of phenol was negligible under visible light. Supporting
Information Figure S7 shows the phenol removal rate against
irradiation time over the CaIn2S4-RGO nanocomposites. The
initial concentration of phenol was 20 mg/L. Similar to the
photocatalytic performance for RhB degradation, the activities
of phenol photo-oxidation for CaIn2S4-RGO nanocomposites
were remarkably improved compared to pure CaIn2S4 or
mixed-CR5 composite. The phenol removal rate over the CR5
nanocomposite reaches about 54.6% after 60 min irradiation,
while the degraded phenol by pure CaIn2S4 was only 24.6%.

Origins of Enhanced Photocatalytic Performance. The
photocatalytic reaction mainly includes the following three
processes: (1) electron−hole pairs are generated inside the
semiconductor with photo energy equal to or larger than the
band gap of the semiconductor, (2) the photogenerated charge
carriers separate and migrate to the surface of the semi-
conductor before recombination, and (3) a redox reaction takes
place. Therefore, the electronic energy band structure of a
photocatalyst directly affects its photocatalytic activity. To
understand the origins of the enhanced photocatalytic perform-
ance for the CaIn2S4-RGO nanocomposites, Mott−Schottky
(MS) and transient photocurrent measurement were per-
formed through photoelectrochemical experiments.
Figure 10 shows the MS plots of the electrodes based on

CaIn2S4 and CaIn2S4-RGO nanocomposites. Positive slope
from the MS plot proves that CaIn2S4 is an n-type
semiconductor.

Figure 8. Degradation ratio of RhB solution (80 μM) after 60 min irradiation over photolysis, CaIn2S4-RGO nanocomposites, and mixed-CR5.

Figure 9. Stability of photocatalytic degradation of RhB for CR5
nanocomposite under visible light irradiation.
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Compared to pure CaIn2S4, the slope of the CaIn2S4-RGO
nanocomposites decreases to a lower value with increasing the
RGO content, indicating higher donor density for the CaIn2S4-
RGO nanocomposites.38 The flat-band potential (Vfb),
calculated from the x intercept of the linear region, is listed
in Table 1. The Vfb of CaIn2S4-RGO nanocomposites shows a
positive shift as compared with that of pure CaIn2S4. The
reason may be attributed to the electronic interaction between
RGO and CaIn2S4 in CaIn2S4-RGO nanocomposites that
results in a shift of the Fermi level, which is consistent with the
Raman shift of the above-mentioned G band. A similar
phenomenon was also reported by Zhu in ZnO/graphene
composite,39 while negative shift of Vfb was found in Bi2WO6/
graphene composite.32,40

It is well-known that the conduction band potential (or the
Fermi level) of n-type semiconductor is very close (about 0−
0.1 V more negative) to Vfb,

41,42 so it can be deduced that the
conduction band potential of CaIn2S4-RGO nanocomposites is
more positive compared to CaIn2S4. As the band gap of CaIn2S4
was not changed after the introduction of RGO according to
Figure 7, we can further speculate that the valence band
potential of CaIn2S4-RGO nanocomposites is also more
positive than that of CaIn2S4. Further evidence for the
positive-shift of the valence band comes from valence band
XPS.43 In Supporting Information Figure S8, The position of
the valence band maximum of CaIn2S4 and CR5 nano-
composite was calculated to be about 0.88 and 1.13 eV,
respectively. Therefore, the oxidation capacity of the holes
generated on the valence band of CaIn2S4-RGO nano-
composites will be higher than that of CaIn2S4. Supporting
Information Figure S9 shows the photocatalytic degradation of
RhB with the addition of holes and hydroxyl radicals’
scavengers, respectively. The addition of tert-butanol as the
hydroxyl radicals’ scavengers only causes a slight decrease in
RhB photodegradation, while the RhB can be hardly degraded
with the addition of sacrificial reagent for holes (ammonium
acetate, 10 mM). That is the reason the CaIn2S4-RGO
nanocomposites exhibit higher photocatalytic activity for RhB
degradation than pure CaIn2S4, because direct hole oxidation is
the major reaction process in the photocatalytic degradation of
RhB.44,45

To further study the charge transfer properties, the transient
photocurrent responses were measured. Figure 11 shows the
current−voltage curves for CaIn2S4 and CaIn2S4-RGO nano-
composites. It can be seen that uniform and reproducible

photocurrent responses are observed over all electrodes, which
indicates that the photocurrent response is reversible and the
electrodes are stable. Why did the shapes of photocurrent
curves of CaIn2S4 and RGO-modified CaIn2S4 have an obvious
difference? This is due to the fact that the photogenerated
electrons transfer from the conduction band of CaIn2S4 to
RGO nanosheets at the interface of the nanocomposites. From
Figure 11, the pure CaIn2S4 electrode exhibits weak photo-
current density (3.4 μA cm−2). Obviously, significant enhance-
ment of photocurrent density for CaIn2S4-RGO electrodes was
observed. When the RGO content was increased from 1 wt %
to 5 wt %, the photocurrent density increased from 10.6 to 88.5
μA cm−2. The highest photocurrent density for the CR5
nanocomposite is about 26 times higher than that of the pure
CaIn2S4 electrode, indicating efficient separation of photo-
generated charge carriers in the composite. However, reduced
photocurrent density was observed once the RGO content
exceeded 5 wt %, probably due to intense light scattering and
absorbance of RGO, but they still maintain better photocurrent
responses than that of pure CaIn2S4. A similar phenomenon
was also confirmed by the typical electrochemical impedance
spectra (EIS, Supporting Information Figure S10). For
CaIn2S4-RGO nanocomposites, the semicircle in the plot was
much shorter compared to the pure CaIn2S4. The CR5
nanocomposite shows the smallest semicircle among all the
CaIn2S4-RGO nanocomposites, indicating efficient charge
transfer and superior electronic conductivity. All these results
demonstrate that RGO can function as an effective cocatalyst in
the CaIn2S4-RGO nanocomposites to effectively suppress the
charge recombination and therefore improve the photocatalytic
performance.
On the basis of the results of photodegradation and

photoelectrochemical experiments, a mechanism for increased
photocatalytic performance over the CaIn2S4-RGO nano-
composites is proposed in Figure 12. Under visible light
irradiation, electron−hole pairs are generated on the con-
duction band and valence band of CaIn2S4. Since the Fermi
level of graphene (−0.08 V vs NHE46) is more positive than the
conduction-band potential of CaIn2S4, the photogenerated
electrons can transfer readily from the conduction band of
CaIn2S4 to RGO nanosheets. As a result, the separation
efficiency of photogenerated charge carriers can be effectively
improved at the interface of the nanocomposites, which

Figure 10. Mott−Schottky plots of CaIn2S4-RGO nanocomposites at
the frequency of 1000 Hz. Figure 11. Transient photocurrent density responses of CaIn2S4-RGO

nanocomposites with light on/off cycles under visible light irradiation:
(A) CR0, (B) CR1, (C) CR3, (D) CR5, (E) CR7, and (F) CR10.
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provides more hole participation in the photocatalytic reaction.
Meanwhile, the introduction of RGO can positively shift the
valence band potential of CaIn2S4 to a higher value, which can
improve the oxidation capability of the photogenerated holes in
the valence band and thereby enhance the photocatalytic
performance for RhB degradation..

■ CONCLUSIONS
In summary, for the first time, a series of CaIn2S4-RGO
nanocomposites were synthesized using one-step hydrothermal
method, where the reduction of GO to RGO was achieved with
in situ deposition of CaIn2S4 nanoparticles on the RGO
nanosheets simultaneously. As reported here, the as-prepared
CaIn2S4-RGO nanocomposites provide more adsorption and
reaction sites, positively shift the position of the valence band
potential and improve charge transportation and separation
efficiency. On the basis of these advantages, the CaIn2S4-RGO
nanocomposites exhibit increased photocatalytic performance
for RhB degradation and phenol oxidation under visible light
irradiation, which is much higher than that of pure CaIn2S4 or
physical mixture of CaIn2S4/RGO. It is hoped that our work
can open new insights for the design and synthesis of other
RGO-based nanocomposites with efficient performance in
purifying polluted water resources.
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