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a b s t r a c t

A chemically cross-linked ZnIn2S4/reduced graphene oxide (ZIS/rGO) composite photocatalyst was syn-
thesized as a stable sunlight photocatalyst for the degradation of 4-nitrophenol. The experimental results
revealed that although the pure ZnIn2S4 exhibited reasonable visible light photocatalytic activity toward
the degradation of 4-nitrophenol, it was suffered from severe photocorrosion under sunlight irradia-
tion. In strong contrast, the chemically cross-linked ZIS/rGO possessed not only an enhanced visible light
photocatalytic activity but also a dramatically improved sunlight stability. The characterization data sug-
gested that ZnIn2S4 nanosheet was chemically interacted with rGO sheet through Zn O C covalent
bonds, leading to a tunable band structure and enhanced photocatalytic activity. More importantly, such
covalent bondings between ZnIn2S4 and rGO could improve the composite’s structural stability, capable
of dramatically enhancing the photocorrosion resistance under sunlight irradiation. The findings of this
work would provide a new means for design of visible light active and sunlight stable photocatalysts for
environmental remediation applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As a green technology, heterogeneous photocatalysis has
demonstrated a great potential for environmental remediation
applications [1,2]. However, the most reported semiconductor
photocatalysts to date are active only under UV light illumina-
tion, greatly limited their practical applications. Extensive efforts
have therefore been devoted to develop visible light active pho-
tocatalysts, resulting in a large number of visible light active
photocatalysts being synthesized [3–5]. However, a key issue
remains unresolved, that is, most of reported visible light active
photocatalysts are unstable under sunlight irradiation due to the
severe photocorrosion caused by the UV component of the sunlight
[6–9]. In order to practically utilize sunlight-driven photocatalysis,
a photocatalyst must be not only visible light active but also stable
under sunlight irradiation.
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ZnIn2S4, a ternary semiconductor chalcogenide with a narrow
bandgap (2.34–2.48 eV), well corresponding to the visible light
region, has attracted great interest for visible light-driven pho-
tocatalytic degradation of organic pollutants and water splitting
to produce hydrogen [10–14]. However, as a photocatalyst, the
ZnIn2S4 suffers a critical drawback of high photocorrosion under
sunlight irradiation, which in fact is a general issue for most of nar-
row bandgap semiconductors [15]. For example, the metal sulfide
semiconductors with narrow bandgaps such as CdS possess high
activity, reasonable stability and photocorrosion resistance under
visible light irradiation. However, they become unstable when sub-
jected to sunlight irradiation [16].

Recently, graphene has received considerable attention due to
its unique optical, electronic and mechanical properties, promis-
ing for a wide range of applications [17,18]. More recently, a
number of reports have indicated that the photocatalytic perfor-
mance of semiconductor materials can be significantly improved
when composited with graphene [19–23]. Importantly, some wide
bandgap semiconductors (e.g., TiO2) could exhibit visible light
activity after composited with graphene [18,19,24,25]. This is
attributed to the advantageous properties of graphene such as visi-
ble light absorptivity, superior electron transport ability within the
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photocatalysts, and suppressed charge recombination and tuned
band structure can be induced into the semiconductor/graphene
composites [18,19,26,27]. More importantly, the narrow bandgap
semconductor/graphene composite photocatalysts have shown an
increased photocorrosion resistance with enhanced photostabil-
ity [6]. For example, several groups have demonstrated that the
reduced graphene oxide (rGO)–ZnIn2S4 composites possess the
enhanced visible light photocatalytic activity and stability for the
solar hydrogen production [28,29], and pollutants degradation
[30]. However, to the best of our knowledge, fabricating narrow
bandgap semiconductor/rGO composite photocatalysts with chem-
ically cross-linked semiconductor and graphitic carbon bonding to
improve the sunlight stability has not been previously reported.

Herein, ZnIn2S4/rGO (ZIS/rGO) composites with Zn O C cross-
linked bonds were synthesized to improve the visible light
photocatalytic activity and the sunlight stability. The enhanced
photocatalytic performance was due largely to the existence of
the cross-linked covalent bonds between inorganic component and
rGO, which was differing remarkably from the reported approaches
for which the composite was formed via non-covalent bonding. The
readily tunable optical property and band structure of the result-
ing composite via simple control of the amount of GO enabled the
control synthesis of the composite with high photocatalytic activ-
ity and excellent solar stability. The photocatalytic performance of
the resultant ZIS/rGO composite photocatalysts was systematically
investigated using 4-nitrophenol (4-NP) as a model contaminant
under both visible light and simulated sunlight irradiations. The
selection of 4-NP as the model contaminant was because of its
environmental importance. As well known, 4-NP was a highly toxic
compound which was widely used as intermediates for synthesis of
pesticides, insecticides, herbicides and dyes [31]. The widespread
use and high solubility made 4-NP often present in industrial and
environmental waters, potentially causing severe chronic poison-
ing even at very low concentrations.

2. Experimental

2.1. Synthesis

Graphene oxide (GO) was synthesized by modified Hummers
method through the oxidation of graphite powder, as reported in
our previous report [18]. For synthesis of ZIS/rGO composite, a cer-
tain amount of GO was dispersed into a 10 mL of distilled water
by ultrasonication for 30 min. Then, 0.147 g InCl3·4H2O, 0.072 g
ZnSO4·7H2O and 0.150 g C2H5NS was added into the above solu-
tion under stirring. The formed mixture was then stirred for another
30 min. Finally, the obtained solution was transferred into a 15 mL
Teflon-lined stainless steel autoclave, and heated to 180 ◦C for 12 h.
After the hydrothermal reaction, the as-synthesized products were
obtained by centrifuged, rinsed adequately with distilled water and
then dried at 60 ◦C for 12 h in a vacuum oven. The obtained com-
posite was denoted as ZIS/rGO-X%, where X% is the initial weight
ratio of GO. For comparison, ZnIn2S4 and rGO were also fabricated
with the same method.

2.2. Characterization

X-ray diffraction (XRD, Shimadzu XRD-6000 diffractometer,
equipped with a graphite monochromator) was employed to char-
acterize the crystal structure. Raman spectra were recorded on a
Renishaw inVia Raman microscope with a laser excitation wave-
length of 520 nm. Morphology and microstructures of the samples
were observed by the scanning electron microscopy (SEM, JEOL
JSM-6300F) and transmission electron microscopy (TEM, Philips
F20), and the elemental mapping was characterized by JEOL

7001 scanning electron microscopy. The specific surface areas of
the materials were calculated using the Brunauer–Emmett–Teller
method. UV–visible (UV–vis) diffuse reflectance spectra of the sam-
ples were recorded on a UV–vis-NIR spectrophotometer (Varian
Cary 300). Chemical compositions of the prepared compos-
ites were analysed by X-ray photoelectron spectroscopy (XPS,
Kratos Axis ULTRA incorporating a 165 mm hemispherical elec-
tron energy analyser). Fourier transform infrared spectroscopy
(FT-IR, PerkinElmer spectrum 1000) analysis of the composite was
performed using FT-IR spectrophotometer (KBr as the reference
sample). Photoluminescence spectra (PL, Hitachi F-7000, excitation
wavelength: 330 nm, scanning rate: 1200 nm min−1, PMT voltage:
500 V, widths of the excitation slit and emission slit: 20 nm) of the
composites were obtained using a fluorescence spectrometer at
293 K.

2.3. Photocatalytic activity and stability measurement

The visible light (VL) photocatalytic activity was evaluated in
a XPAII photoreactor (Nanjing Xujiang Machineelectronic Plant,
China). 100 mg of photocatalyst was put into 60 mL of quartz test
tube containing 50 mL of 10 mg L−1 4-NP, and then stirred in dark
for 30 min to achieve adsorption equilibrium before light irradi-
ation. After that, a 1000 W Xe lamp was used as the VL source
(the UV light was cut off by 2.0 M sodium nitrite [18]) to perform
the photocatalytic experiment at 25 ◦C. Under simulated sunlight
(SSL) irradiation, a 500 W Xe lamp (Trusttech Co., Beijing) with
an AM 1.5 G filter (Sciencetech, Canada) was used as the light
source. The incident visible-light and solar-light intensity were
82 and 100 mW cm−2, respectively. The remaining concentration
of 4-NP in reaction solution was determined using the UV–vis
spectrophotometer (UV-1800, Shimadu). To determine the extent
of mineralization, total organic carbon (TOC) contents of solution
were measured with a Shimadzu TOC-VCPH/CPN analyzer. To eval-
uate the photostability, the photocatalyst after the first run of
360 min for VL irradiation (or 180 min for SSL irradiation) was sepa-
rated by centrifuged from the suspension, washed with water, and
dried at 60 ◦C, and then, the recovered photocatalyst was reused
for the next run of the photocatalytic degradation under the same
conditions.

3. Results and discussion

3.1. Structural characteristics

XRD patterns of the prepared composites are shown in Figs. 1A
and S1. As can be seen, ZnIn2S4 and ZIS/rGO composites show the
same diffraction peaks of (0 0 6), (1 0 2), (1 0 4), (1 0 8), (1 1 0), (1 1 6)
and (2 0 0) crystal planes at 2� = 21.6◦, 27.7◦, 30.4◦, 39.8◦, 47.2◦,
52.4◦ and 55.0◦, respectively, which can be indexed to a hexag-
onal phase of ZnIn2S4 (JCPDS NO. 65-2023), indicating that low
content of GO added (≤wt. 3.0% in our case) has no significant influ-
ence on the crystal phase of ZnIn2S4 in composite. The presence
of rGO in composite can be confirmed by Raman spectra, and two
typical peaks are found to be located at 1340 and 1590 cm−1, corre-
sponding to D and G bands, respectively (Fig. 1B). For ZIS/rGO–1.5%,
besides these two peaks, two new characteristic peaks at around
250 and 355 cm−1 attributed to the typical stretching modes of
ZnIn2S4 can also be observed [28], confirming the existence of both
ZnIn2S4 and GO in the composite. Furthermore, an increased D/G
intensity ratio (ID/IG = 1.16) for ZIS/rGO–1.5% is also obtained in
comparison with that of GO (ID/IG = 0.88), indicating that the GO
has been, to some extent, reduced to rGO during the hydrothermal
process.
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Fig. 1. XRD patterns (A) and Raman spectra (B) of ZnIn2S4 and ZIS/rGO-1.5%. SEM images of ZnIn2S4 (C) and ZIS/rGO-1.5% (D) TEM images of ZIS/rGO-1.5% (E) and rGO (F).

To further investigate the effect of GO weight ratio on the mor-
phology and microstructure of the composites, as-synthesized rGO,
ZnIn2S4 and ZIS/rGO composites are characterized by SEM and TEM
techniques. SEM results reveal that ZnIn2S4 exhibits microsphere
structure of 4–8 �m in diameter (Fig. 1C), which is composed of
numerous nanosheets with the thickness of ca. 20 nm (inset in
Fig. 1C). The ZIS/rGO composite shows a mixture of microspheres
and dispersed nanosheets, while the amount and size of micro-
sphere apparently decrease and the dispersed nanosheets become
dominant species with the increase of the amount of GO added
(Figs. 1D and S2), implying that resulted rGO can act as a structure-
directing agent transforming ZnIn2S4 structure from microsphere
into nanosheet. Similar results can also be found in other graphene
based composites [32,33]. The ZnIn2S4 microspheres before and
after rGO modification both show solid structure (TEM data not
shown) and the HRTEM image of ZIS/rGO–1.5% exhibits two sets
of lattice fringes (Fig. 1E). One is ordered with different inter-
layer distances (d-spacing) of 0.31 and 0.35 nm, and the other
is not well defined with d-spacing of around 0.42 nm. The for-
mer one corresponds to the (1 0 3) and (0 0 7) planes of hexagonal
ZnIn2S4, while the later one can be assigned to the (0 0 2) plane
of rGO as the pure rGO obtained under the same experimen-
tal conditions shows the same d-spacing (Fig. 1F). It should be
noted that the measured value (around 0.42 nm) of the d-spacing

of rGO in this composite is a slightly larger than that of per-
fectly crystallized graphite (0.34 nm), which may be attributed to
the presence of oxygen-containing groups [32,34]. Moreover, the
elemental mapping analysis of ZIS/rGO–1.5% displayed in Fig. S3
suggests the homogeneous distribution of C, O, Zn, In and S ele-
ments in the composite, indicating the coexistence of ZnIn2S4 and
rGO in the composite. Therefore, based on the above analysis, it is
concluded that rGO sheet effectively binds with ZnIn2S4 nanosheet,
which may be beneficial for improving the photocatalytic perfor-
mance and stability of the resulting composite. Furthermore, N2
adsorption–desorption isotherms and the corresponding pore size
distribution curves of ZnIn2S4 and ZIS/rGO composites are also
investigated and similar type IV (IUPAC classification) isotherms
are observed for all samples with a typical H3 hysteresis loop [35],
indicating the existence of mesoporous structure and slit-like pores
(Fig. 2A). The corresponding pore size distributions of the samples
are wide in the range of 2–40 nm, further confirming the presence
of a large number of mesopores (Fig. 2B). The calculated specific
surface areas are 72.9, 73.5, 72.8, 71.4 and 51.8 m2 g−1 for ZnIn2S4,
ZIS/rGO–0.30%, ZIS/rGO–0.75%, ZIS/rGO–1.5% and ZIS/rGO–3.0%,
respectively. Apparently, high surface area of the composite can be
remained close to that of ZnIn2S4 when the initial weight ratio of GO
is below 1.5%, while the surface area significantly decreases with
further increasing the amount of GO. The above results reveal that
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Fig. 2. N2 adsorption-desorption isotherms (A) and pore size distribution curves (B) of ZnIn2S4 and ZIS/rGO composites. UV–vis diffuse reflectance spectra (C) and the plots
of transformed Kubelka–Munk function versus the light energy (D) of ZnIn2S4 and ZIS/rGO composites.

the nanosheet assembled microsphere structure should contribute
to the high surface area of ZnIn2S4 and ZIS/rGO composites.

Based on the above results, it can be concluded that with a suit-
able initial weight ratio of GO added, the resulted rGO modification
not only adjusts the morphology of the resulting composite, but
also changes the microstructure of the composite, thus resulting in
significant difference in the surface area. Similar results have also
been reported by Kumar et al. and Ma et al. [33,36].

3.2. Optical characteristics

Besides the structural properties, the rGO modification also
significantly affects the optical property of ZnIn2S4. As shown in
Fig. 2C, all investigated samples exhibit strong VL light absorption.
In comparison with ZnIn2S4, the ZIS/rGO composites exhibit signifi-
cantly improved VL absorption capability with increasing the initial
weight ratio of GO. Importantly, with increasing the amount of GO
added, a red shift of the absorption band edge to a longer wave-
length is observed, indicating the bandgap narrowing of ZIS/rGO
composite. Similar observation has also been reported for other rGO
modified composites [18,37]. Based on UV–vis diffuse reflectance
spectra, the estimated bandgaps are calculated to be ca. 2.17, 2.06,
1.95, 1.92 and 1.45 eV for ZnIn2S4, ZIS/rGO–0.30%, ZIS/rGO–0.75%,
ZIS/rGO–1.5% and ZIS/rGO–3.0%, respectively (Fig. 2D). Some
studies have revealed that for rGO modified semiconductor pho-
tocatalysts (e.g., TiO2/rGO and C3N4/rGO), the formation of the
chemical bonding between semiconductor material (e.g., TiO2 or
C3N4) and the specific sites of rGO (e.g., Ti O C or C O C bonding),
leading to a red shift of the absorption band edge of the composite
[18,19]. In this study, similar to these rGO modified composites,
the oxygen-rich active sites on GO surface (e.g., OH, COOH)
may play key role of cross-linkers to form Zn O C covalent bond-
ing rGO sheet with ZnIn2S4 nanosheet during the hydrothermal

reaction, which may be the reason why the band structure can be
easily tuned in this study. This hypothesis can be further confirmed
by the results of XPS and FT-IR analysis.

The XPS surface survey spectrum shows the presence of C1s,
Zn2p, In3d, S2p and O1s peaks in the composite (Fig. S4). The
presence of O1s peak is due to the residual oxygen-containing
groups in rGO, which is well agreed with Pan et al. report [32].
The high-resolution XPS spectra analysis of Zn, In and S elements
indicates that the atomic ratio of Zn2p, In3d, and S2p is close to
be 1:2:4, meaning the formation of ZnIn2S4 (Fig. S5). Fig. 3A shows
the high resolution C1s spectrum of GO, where three peaks of C1s
can be deconvoluted. The peak at 284.6 eV is attributed to sp2 car-
bon atom (C C, C C and C H groups), while the peak cantered
at 286.7 eV is assigned to the C from the C OH and C O groups
[38]. The peak located at 288.5 eV is closely associated with the
O C OH species [39]. Compared with the C1s spectrum of GO,
the peaks of C OH, C O and O C OH for ZIS/rGO–1.5% still exist
with decreased peak intensity, implying the substantial reduc-
tion of GO after the hydrothermal reaction (Fig. 3B). Meanwhile,
a new peak at 287.6 eV can be observed, which is attributed to the
Zn O C bond [40]. Furthermore, the FT-IR spectrum of GO shows
C O (1724 cm−1), aromatic C C (1621 cm−1) and alkoxy C OH
stretches (1049 cm−1) (Fig. 3C) [28,41]. Similarly, the FT-IR spec-
trum of ZIS/rGO–1.5% composite also shows two obvious peaks at
1742 (C O) and 1628 (C C) with decreased peak intensity, again
indicating the incompletely hydrothermal reduction of GO. Further
observation indicates that the peak of C OH at 1049 cm−1 almost
disappears, while a new peak at 1091 cm−1 assigned to Zn O C can
be discerned (Fig. 3D) [42], which means that C OH groups may act
as cross-linkers to form Zn O C bonds in the composite during the
hydrothermal reaction (Fig. S6). And the formed ZnOC bonds should
be responsible for the bandgap narrowing of the composite [18,40].
Moreover, the residual oxygen-containing groups may induce an
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Fig. 3. High resolution C1s XPS spectra of GO (A) and ZIS/rGO–1.5% (B), and FT-IR spectra of GO (C) and ZIS/rGO–1.5% (D).

increase in interplanar distance of the resulted rGO, leading to the
d-spacing of rGO slightly larger than that of perfectly crystallized
graphite, which is also consistent with the TEM results.

To further investigate the effect of the addition amount of GO
on the band structure of the ZIS/rGO composite, the flat band
potentials of ZnIn2S4 and ZIS/rGO composites are measured by
electrochemical technique to approximately estimate their con-
duction band edge potentials (Ecb), with a method as addressed in
literatures [18,43]. The Ecb potentials derived from Mott–Schottky
plots are about −0.79, −0.66, −0.54, −0.40 and −0.38 V for ZnIn2S4,
ZIS/rGO–0.30%, ZIS/rGO–0.75%, ZIS/rGO–1.5%, and ZIS/rGO–3.0%,
respectively (Fig. 4A). Obviously, the conduction band edge poten-
tials of ZIS/rGO composites become positive-shift compared to
ZnIn2S4. Based on the bandgap values of the samples obtained
by UV–vis diffuse reflectance spectra (Fig. 2D), the valence band
edge potentials (Evb) are calculated as ca. 1.38, 1.40, 1.41, 1.52 and
1.07 V for ZnIn2S4, ZIS/rGO–0.30%, ZIS/rGO–0.75%, ZIS/rGO–1.5%
and ZIS/rGO–3.0%, respectively (Fig. 4B). Compared to ZnIn2S4, the
Evb of the ZIS/rGO–0.30%, ZIS/rGO–0.75% and ZIS/rGO–1.5% appar-
ently become positive-shift, while a negative-shift of Evb occurs for
ZIS/rGO–3.0%. And ZIS/rGO–1.5% displays the most positive valence
band potential, meaning the highest oxidation power in compari-
son with other samples.

3.3. Photocatalytic activity and stability evaluation

To evaluate the photocatalytic activity of the prepared sam-
ples, the photocatalytic degradation of 4-NP is firstly carried out
under VL irradiation (� > 400 nm). Fig. 5A shows the VL pho-
tocatalytic degradation curves of 4-NP by ZnIn2S4 and ZIS/rGO
composites. For control experiments, no adsorption of 4-NP is
found without light and photocatalyst, while under VL irra-
diation, no noticeable degradation of 4-NP is observed with
direct photolysis. When both photocatalyst and VL are present, a

significant decrease of 4-NP concentration is observed. After
360 min irradiation, approximate 77.1%, 80.0%, 81.8%, 97.8%

Fig. 4. (A) Mott–Schottky plots of ZnIn2S4 and ZIS/rGO composites at a fixed fre-
quency of 80 Hz. (B) Schematic diagram of band structures (CB: conduction band,
VB: valence band) of ZnIn2S4 and ZIS/rGO composites.
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and 68.3% of 4-NP are degraded by ZnIn2S4, ZIS/rGO–0.30%,
ZIS/rGO–0.75%, ZIS/rGO–1.5%, and ZIS/rGO–3.0%, respectively, and
the highest degradation activity can be obtained with ZIS/rGO–1.5%
photocatalyst. Moreover, it is found that the photocatalytic degra-
dation of 4-NP follows a pseudo-first-order reaction and the
degradation rate by ZIS/rGO–1.5% is almost 2.0 times to ZnIn2S4,
and 1.6, 1.5 and 2.1 times to ZIS/rGO–0.30%, ZIS/rGO–0.75% and
ZIS/rGO–3.0% under the same experimental conditions, respec-
tively, which further confirms ZIS/rGO–1.5% exhibiting the highest
photocatalytic degradation rate (Fig. S7) and demonstrates that a
suitable rGO modification can efficiently promote the photocat-
alytic activity of ZnIn2S4.

Furthermore, the photocatalytic activities of ZnIn2S4 and
ZIS/rGO–1.5% composite are investigated under SSL irradiation.
As shown in Fig. 5B, only ca. 10% of 4-NP is photodegraded
within 180 min. When the photocatalyst is added, the degrada-
tion efficiency greatly increases to 88.2% and 97.0% for ZnIn2S4
and ZIS/rGO–1.5%, respectively. Obviously, ZIS/rGO–1.5% compos-
ite displays higher photocatalytic activity to 4-NP under both VL
and SSL irradiation in comparison with ZnIn2S4. To further eluci-
date the environment fate of 4-NP, the extent of mineralization
is quantified by the decrease of TOC concentration (Fig. 5C). As
seen from the figure, for ZnIn2S4 photocatalyst, under irradiated
by VL for 10 h and SSL for 6 h, about 39.1% and 48.5% of carbon
contents in 4-NP solution is mineralized and completely con-
verted into CO2, which are lower than those of ZIS/rGO–1.5% (47.8%
and 53.2%), further indicating the enhanced photocatalytic perfor-
mance of ZnIn2S4 with rGO modification. It should also be noted
that ZIS/rGO–1.5% shows higher photocatalytic and mineralization
performances toward 4-NP under SSL irradiation than that under
VL irradiation, which may be attributed to the broad-spectra of sun-
light, especially the involvement of UV light and indicates that the
ZIS/rGO composite is a potential sunlight-driven photocatalyst.

Meanwhile, the stability of a given photocatalyst is a crucial fac-
tor for its practical application. More importantly, narrow bandgap
semiconductors have been reported more unstable when subjected
to sunlight irradiation in comparison with that under visible light
irradiation [16]. Thus, the stability test is evaluated and compared
by repeatedly photocatalytic degradation of 4-NP using ZnIn2S4
and ZIS/rGO-1.5% as photocatalysts under both VL and SSL irradi-
ation (Fig. 5D). The result demonstrates that for ZnIn2S4 under VL
irradiation, the degradation efficiency decreases about 7.2% after
five repeated use, which increases to ca. 13.7% when subjected to
SSL irradiation, confirming more unstable of ZnIn2S4 under SSL irra-
diation. In comparison, relatively slow and similar decrease of the
degradation efficiency for ZIS/rGO–1.5% is observed, and only ca.
2.5% and ca. 3.7% decrease of the degradation efficiency is obtained
under VL and SSL irradiation, suggesting the improved sunlight
stability of ZnIn2S4 after rGO modification. These results indicate
that the synthesized ZIS/rGO composite is stable under sunlight,
which are more promising in practical photocatalysis application
in environmental remediation.

3.4. Enhancement mechanism of photocatalytic activity and
stability

Based on the above results, it is obvious that a suitable amount
of GO added can significantly improve the photocatalytic perfor-
mance including the activity and the stability of ZIS/rGO composite
compared with ZnIn2S4. This improved photocatalytic performance
of the composite with an optimized amount of GO added can
be attributed to the synergistic effect of following advantages:
narrowed bandgap, positive valence band potential and superior
electron transport property ascribed from the formation of Zn O C
bonds as well as relatively high surface area. Fig. 6 displays the
schematic diagram of the enhanced photocatalytic mechanism over
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Fig. 6. Schematic diagram of the enhanced photocatalytic mechanism over ZIS/rGO
composite.

ZIS/rGO composite. When it subjected to light irradiation, due to the
formation of the Zn O C bonds between ZnIn2S4 nanosheet and
rGO sheet, the bandgap of ZIS/rGO composite is further narrowed,
leading to the improvement of the utilization of VL. Meanwhile,
more positive valence band potential is obtained after rGO mod-
ification, providing the higher photocatalytic oxidation ability of
composite toward 4-NP. Besides, the photogenerated electrons can
transfer quickly from ZnIn2S4 conduction band to rGO through
the Zn O C bonds, which could subsequently suppress the charge
recombination and lead to the increase in the number of holes par-
ticipating in the photocatalytic reaction. Moreover, the excellent
electron mobility of graphene sheet increases the charge trans-
port rate and achieves enhanced charge separation subsequently
accomplished [27]. This can be verified by PL results shown in
Fig. 7 that the extent of the fluorescence quenching is found to
be noticeably increased with increasing GO weight ratio, indicat-
ing an significantly decreased the recombination of photogenerated
electrons with holes in the composite photocatalyst. Moreover, the
effective transfer of the photogenerated electrons from ZnIn2S4
to rGO through Zn O C bonds is beneficial for preventing the
reduction of In3+ and Zn2+ by electrons, which increases the sta-
bility of ZnIn2S4 in the composite photocatalyst. Also, rGO can act
as a protective layer to protect ZnIn2S4 against the dissolution of
the photocatalyst, further improving the stability of ZnIn2S4. In
addition, relatively high surface area of the composite can provide
both high adsorption capability and high population of active sites.
Thus, 4-NP molecules can be more easily concentrated near the
catalyst surface and then the concentrated contaminant molecules
environment over catalyst surface speed their reaction with photo-
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Fig. 7. PL spectra of ZnIn2S4 and ZIS/rGO composites.

generated active species (·OH, O2−·, h+, etc), which accelerates the
photocatalytic degradation of 4-NP to produce different intermedi-
ates and then are finally mineralized to CO2 and H2O with enough
degradation time. However, the composites with too high amount
of GO added (e.g., ZIS/rGO–3.0%) will hinder the improvement of
the photocatalytic performance owing to the adverse effect of high
rGO modification ratio: (1) absorption of most of incident light by
rGO rather than by ZnIn2S4; and (2) significant decrease of surface
area of the composite resulting in the decrease of reaction active
sites. Therefore, a suitable amount of GO modification is critically
important to improve the photocatalytic performance.

4. Conclusion

In summary, a chemically cross-linked ZIS/rGO composite pho-
tocatalyst with enhanced sunlight-driven photocatalytic activity
and stability are fabricated via an one-step hydrothermal method.
The improved photocatalytic performance of the composite with
an optimized amount of GO added is attributed to the synergistic
effect of narrowed bandgap, positive valence band potential and
superior electron transport property ascribed from the formation
of Zn O C bonds as well as relatively high surface area. This study
will motivate new developments in chemically cross-linked pho-
tocatalyst methodology and promote their practical application in
environmental purification of organic contaminants in water.
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