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thesized with GO aqueous solution
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loaded on the surface of graphene
sheets.

• ZnS/RGO exhibited higher photocat-
alytic activity compared to pure ZnS.
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a b s t r a c t

Zinc sulfide/Reduced graphene oxide (ZnS/RGO) nanocomposites were synthesized via one-step
solvothermal method with commercial graphene oxide (GO) aqueous solution as precursor. The crystal
structure andmorphology of the ZnS/RGO nanocomposites were characterized by X-ray diffraction (XRD)
and transmission electron microscopy (TEM), respectively. During the process GO was reduced into
RGO and ZnS nanoparticles with a diameter of about 5 nm were uniformly loaded on the surface of
graphene sheets. The smaller size and uniformdistribution of ZnS nanoparticles benefited from the higher
purity and smaller size of GO in aqueous solution. The photocatalytic activity of the nanocomposites was
investigated through the photocatalytic degradation of methyl orange in aqueous solution. The ZnS/RGO
nanocomposites exhibited higher photocatalytic activity compared to pure ZnS; furthermore, the surface
reaction rate constant of the nanocomposites was six times higher than that of the pure ZnS.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

In the past couple of decades, semiconductor nanostructures
have been a subject of extensive interest due to their fundamental
importance as well as enormous potential in optoelectronic,
magnetic, and catalytic applications [1–3]. The optical catalysts of
semiconductor have receivedmuch attention in the field of organic
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pollutant degradation research because these catalysts can convert
light energy into chemical energy without regenerating pollution
in the environment [4,5]. Photocatalyst is generally based on the
light absorption of semiconductor to excite the electrons from
valence band to conduction band, creating electron–hole pairs.
These electrons and holes can transfer to the surface of materials
and generate a series of redox reactions with water and oxygen
molecules, degrading organic molecules adsorbed on the surface
of the photocatalyst [6].

As one of typical II–VI semiconductor materials with a wide di-
rect band gap (3.6 eV), zinc sulfide (ZnS) has received considerable
concern due to its excellent properties such as strong oxidation
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and lower secondary pollution. So far, various ZnS heterogeneous
nanostructures have been used to degrade the harmful dyes into
less harmful chemicals by photocatalytic reaction under ultravio-
let (UV) light illumination.

Given its photocatalytic properties, ZnS is a popular research
topic [7]; however, its photocatalytic efficiency is not high enough
as a result of the fast recombination of photo-generated elec-
tron–hole pair. This feature severely limits its practical application
in the environmental protection. Extensive investigations showed
that combining the traditional photocatalysts with other carrier
materials could effectively reduce the recombination of photogen-
erated electron–hole pairs, such as precious metals [8,9], com-
pound semiconductors [10,11], and carbon materials [12].

Carbon materials are increasingly becoming a popular choice
for the formation of composites with semiconductor nano materi-
als. The purpose of this compound is to combine excellent photo-
catalytic properties of conventional semiconductor photocatalysts
with excellent electrical and optical properties of carbon materi-
als. Graphene with unique physical and chemical properties as-
sociated with their two-dimensional (2D) single monolayer form
of sp2 carbon atoms arranged in a honeycomb lattice, has at-
tracted tremendous attention from theoretical and experimental
scientists [13–17].

Graphene, including grapheneoxide (GO) and reduced graphene
oxide (RGO), is introduced and integrated with semiconductor
photocatalysts due to its unique properties, such as high electronic
conductivity (16000 S/m), high specific surface area (2600 m2/g,
theoretical value), and regular 2D planar structure. On the one
hand, graphene could limit the agglomeration of nanoparticles,
thereby increasing the number of effective active reaction sites.
On the other hand, it can accelerate the charge transferring from
the photocatalyst to the liquid–solid interface contacting with or-
ganic pollutants by taking advantage of the unique electron trans-
port property of graphene [18,19]. In this process, the photocat-
alytic performance of the composite catalyst can be improved.
So far, more and more efforts have been paid on the research
and development of the photocatalyst/Graphene nanocomposites
such as TiO2/RGO [20–22], BiOCl/RGO [23], ZnO/RGO [24–26],
ZnS/RGO [27,28], etc.

‘‘One-step solvothermal method’’ is one of the main techniques
for preparing carbon-semiconductor nanocomposites. In this
method, conventional solid graphite powder was usually adopted
as a precursor. As a potential alternative with excellent properties,
graphene especially GO might be more suitable for preparation of
carbon-semiconductor nanocomposites compared to the graphite
powder because the surface ofGOhas a variety of functional groups
which can absorb more nanoparticles. In particular, the GO aque-
ous solution can be applied to mass production. Therefore, it is of
great significance for the preparation of photocatalytic nanocom-
posites with higher quality by using GO aqueous solution [29–32].

In this study, ZnS/RGO nanocomposites were synthesized via
a single-step solvothermal method with GO aqueous solution as
the precursor. Furthermore, the photocatalytic performance of the
nanocomposites was evaluated by degrading methyl orange (MO)
solution under UV light illumination.

2. Experimental

2.1. Materials

GO aqueous solution (2 mg/ml) was purchased from the Shanxi
Coal Research Institute, Chinese Academy of Sciences. Zinc acetate,
sodium sulfide, methyl orange, ethylene glycol, and anhydrous
ethanol were purchased from Sinopharm Chemical Reagent Co.,
Ltd, and used without further purification. All laboratory reagents
employed in the analysis were pure with deionized water utilized
in all experiments.

2.2. Preparation of ZnS/RGO nanocomposites

Fig. 1 shows the schematic diagram for the preparation of the
ZnS/RGO nanocomposites. In a typical synthesis process, ZnS/RGO
nanocomposites were prepared with the solvothermal method
by using ethylene glycol as a solvent. 100 mg of zinc acetate
dihydrate was first dissolved into 20 ml of ethylene glycol. Then,
20 ml (2 mg/ml) GO aqueous solution was added into the solution
and subjected to ultrasonic treatment for 30 min to produce a
light brown solution. Subsequently, 100 mg of sodium sulfide was
added into 20ml solvents under ultrasonic treatment. This solution
was then added into the previously light brown solution and the
mixturewas stirred for 30min. Finally, themixturewas autoclaved
in a Teflon-lined stainless steel vessel at 180 °C for 10 h. The
reaction products were centrifuged and washed with deionized
water and anhydrous ethanol, and then dried in a vacuum oven
at 60 °C.

2.3. Photocatalytic performance experiments

The photocatalytic activity levels of the ZnS/RGO nanocompos-
ites were estimated bymonitoring the degradation of MO in a self-
assembled apparatuswith a UV lamp (8W) as the radiation source.
Typically, 20 mg of photocatalysts is suspended in a beaker con-
taining an aqueous solution that consists of model dye (50 mL;
20 mg/L) in the photocatalytic experiment. First, the suspension
was subjected to ultrasonic treatment for 30 min to reach adsorp-
tion–desorption equilibrium without UV light exposure (adsorp-
tion region: −30–0 min). Subsequently, a photocatalytic reaction
was initiated byUV light irradiationwith continuousmagnetic stir-
ring (photocatalytic region: 0–60 min). At specific time intervals,
3 ml suspensions were sampled and centrifuged. Then, the su-
pernatants were collected for analysis with the UV–vis absorption
spectrometer.

The intensity of the maximum absorption peak (463 nm) of the
MO dye was regarded as a measure of residual MO dye concentra-
tion. According to Lambert–Beer law, Ct/C0 = At/A0, where C0 is
the concentration of the MO solution after dark adsorption; Ct is
the concentration of the MO solution after illumination time t; A0
is the absorbance of the MO solution after dark adsorption; At is
the absorbance of the MO solution after illumination time t .

2.4. Microstructural and spectrum characterization

The phase and crystallite size of the ZnS/RGO composites were
characterized with an automated X-ray powder diffractometer
(XRD, Rigaku D/max 2400) with a monochromated CuKα radia-
tion (λ = 0.154056 nm). The surface morphology, particle size,
and composition of samples were examined using transmission
electron microscopy (TEM, TECNAI 20). The UV–vis absorption
spectrum was recorded with a UV–vis spectrophotometer (INESA,
UV757CRT/PC).

3. Results and discussion

3.1. Characteristics of ZnS/RGO nanocomposites

The XRD patterns of the ZnS/RGO nanocomposites are shown
in Fig. 2. As can be seen, three relatively strong peaks appeared
around 28.61°, 47.62° and 56.51°, which are assigned to (111),
(220) and (311) reflections of the sphalerite ZnS (JCPDS 05-0566).
The crystallinity of ZnS in the nanocomposites (Fig. 2(c)) is close to
that of the pure ZnS sample without characteristic peaks assigned
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Fig. 1. Proposed scheme for fabrication processes of ZnS/RGO.
Fig. 2. XRD patterns of ZnS/RGO nanocomposites.

to the graphite sample (Fig. 2(a)) or graphene oxide (Fig. 2(b)).
This indicates that the existence of RGO did not affect the growth
of ZnS, thus RGO only functioned as a platform where the ZnS
nanoparticles could nucleate and grow as well.

It has been reported that, if the regular stacks of GO or graphene
were destroyed, for example by exfoliation, their diffraction peaks
would becomeweak or even disappear [33]. It is worth noting that
the crystallinity of the sample is a key factor in the use of its pho-
tocatalytic properties, and higher crystallinity may produce bet-
ter photocatalytic activity. In addition, according to the half height
width β and the diffraction angle θ of the (111) crystal plane, the
average grain size of ZnS in the composites was estimated to be
about 5 nm using the Scherrer formula (d = 0.89λ/β cos θ).

The morphological characteristics of ZnS/RGO nanocomposites
are shown in Fig. 3. It can be seen that ZnS nanoparticles were
uniformly distributed on the surface or edge of the graphene
sheets, and two dimensional structures with surface wrinkles of
the graphene sheet could be clearly distinguished. The diameter
of the ZnS nanoparticles was about 5 nm, which is consistent
with the average grain size calculated by Scherrer formula. It is
noted that some tiny ZnS nanoparticles gathered together and
distributed randomly on the surface of the graphene sheets. It
is considered that graphene sheets played an important role in
promoting the nucleation and growth of the ZnS nanoparticles,
and the agglomeration of the ZnS particles could be effectively
prevented by using graphene sheets [34].

Based on the above results, the formation mechanism of
ZnS/RGO nanocomposites can be described as follows. Firstly, the
Zn2+ ions gather on the negatively charged GO surface. Secondly,
the hydrothermal process results in the reaction of adsorbed Zn2+

on GO with S2− ions to generate the initial ZnS nuclei. Thirdly, an
in situ charge transfer process occurs from the ZnS nuclei to the
GO when the reductions of GO take place. Due to the large specific
surface area and high concentration of RGO sheets in solution,
a large number of tiny primary nanoparticles tend to condense
and aggregate to form larger particles. So, after the fast nucleation
period, the mechanism of aggregation is mostly related to random
agglomeration [35].

The synthesis of ZnS/graphene nanocomposites with graphite
powders as raw material has been reported previously [36,37].
However, in these investigations ZnS nanoparticles showed a di-
ameter size of about 11–42 nm, and the agglomeration of nanopar-
ticles were observed; meanwhile, the ZnS particles appeared
Fig. 3. TEM images of ZnS/RGO nanocomposites.

mainly on the edges and wrinkles, but rarely on the smooth parts
of the graphene sheets, which would be correlated with the more
abundant oxygen-containing functional groups on the these sites
than the smooth parts [37]. Furthermore, it should be mentioned
that another possible reason of this phenomenon is the large size
of the graphene sheets which were made directly from graphite
powder [37].

Compared to results of Refs. [36,37], in the present study, the
ZnS nanoparticles showed a smaller size (∼5 nm) and were uni-
formly distributed on the surface of the graphene sheets by us-
ing GO aqueous solution due to its higher purity and smaller
size. Recently, Azimi et al. [27] investigated the effect of graphene
concentration on the photovoltaic and UV detector applications
of ZnS/RGO composites, which were synthesized with different
graphene concentrations (5, 10, and 15 wt%) using high purity GO
powders as a graphene source. Their result showed that by increas-
ing the RGO concentration, the average size of ZnS nanoparticles
decreased, ∼45 nm and ∼9 nm for the 5 wt% and 15 wt% concen-
tration, respectively, and the latter is similar to the result of the
present study. These results indicates that compared to the raw
material of graphite powders, the higher purity and smaller size of
GO in aqueous solution could benefit the smaller size and uniform
distribution of ZnS nanoparticles.

3.2. Photocatalytic properties of ZnS/RGO nanocomposites

Fig. 4(a) shows the photocatalytic properties of the ZnS/RGO
nanocomposites compared to other samples under UV irradiation
conditions. The pure GO sample substantially exhibited no
photocatalytic activity, but it showed partial degradation effect
because of its great specific surface area which absorbed part
of organic dye molecules. The normal ZnS sample had certain
photocatalytic degradation ability; however, for this sample, the
UV light induced photo-generated electron–hole pairs are easy
to recombine, which seriously limits its quantum efficiency and
reduces the efficiency of photocatalytic degradation. It is seen that
the photocatalytic degradation efficiency of the nanocomposites
was significantly improved compared with the pure ZnS and pure
graphite samples. Fig. 4(b) is the UV–vis absorption spectrum of



Y. Qin et al. / Nano-Structures & Nano-Objects 10 (2017) 176–181 179
Fig. 4. (a) Photocatalytic degradation curves of methyl orange in the presence of ZnS and ZnS/RGO nanocomposites under UV light irradiation, (b) UV–vis absorption spectra
of MO degraded by ZnS/RGO nanocomposites within different times.
the MO dyes degraded by the nanocomposites within 60 min, the
intensity of themaximum absorption peak (463 nm) of theMOdye
was referred to as a measure of the residual MO dye concentration
according to the Lambert-beer’s law.

It should be pointed out that the organic dye molecules ad-
sorbed on the surface of the nanocomposites and photocatalytic
degradation of organic dye molecules are the two inseparable
and mutually promoted processes (Fig. 4(a), adsorption region:
−30–0 min, photocatalytic region: 0–60 min). On the one hand,
a lot of contaminant molecules are adsorbed on the surface of
graphene due to its unique two-dimensional structure and great
specific surface area, which soon reach the adsorption equilibrium
in the photocatalytic reaction system. Then, the adsorption equilib-
rium of pollutant molecules adsorbed on the surface of graphene
is destroyed by the oxidation reaction which degrades the organic
pollutants. Immediately, the organic pollutantmolecules in the so-
lution will be continuously adsorbed on the surface of the com-
posites, reaching a newdynamic equilibrium, and eventually being
photocatalytic degraded due to ultraviolet radiation effect.

On the other hand, the photo-generated carriers can be effec-
tively separated by graphene modified treatment, because of the
photo-generated electrons can be effectively transferred to other
positions on the surface of graphene sheets by taking advantage
of its unique electron transport property; therefore, the quan-
tum yield is significantly improved. Photo-generated electrons and
holes further react to generate a variety of active substances, fol-
lowed by oxidative degradation of organic dye molecules which
adsorbed on the surface of the nanocomposites. As a result, based
on the synergistic effect of adsorption–photocatalytic degradation,
the nanocomposites showed a significantly enhanced photocat-
alytic activity.

Photocatalytic reactions on the ZnS/RGO nanocomposites sur-
face can be expressed by the Langmuir–Hinshelwood model [38].
The photocatalytic degradation of MO by the nanocomposites un-
der UV light obeyed pseudo-first order kinetics with respect to the
concentration of MO:

ln(C0/Ct) = Kc × t (1)

where Kc is the surface reaction rate constant, used as the basic
kinetic parameter for different photocatalysts. The surface reaction
rate constant values could be deduced from the linear fitting of
ln(C0/Ct) vs. t . The surface reaction rate constant for different
catalysts are presented in Fig. 5. These results showed that Kc was
enhanced by the introduction of graphene, and the surface reaction
rate constant of the ZnS/RGO nanocomposites was six times higher
than that of pure ZnS [6].

The photocatalytic degradation mechanism of organic dyes
by the semiconductor catalyst under UV light irradiation is
illustrated in Fig. 6. The mechanism is based on the excitation
of the semiconductor. Valence electrons of ZnS can be excited to
the conduction band owing to its sufficiently narrow band gap,
Fig. 5. Surface reaction rate constant of methyl orange photodegradation in the
presence of ZnS/RGO nanocomposites under UV light irradiation.

Fig. 6. Mechanism for the photodegradation of MO by ZnS/RGO nanocomposites
under UV light irradiation.

leaving behind a hole in the valance band by absorbing UV light.
When the photo-generated electron–hole pair is migrated on the
surface of the ZnS nanoparticles through the internal electric field
of the semiconductor, the photo-generated electrons react with
dissolved oxygen molecules and produce active oxygen radicals,
and the photo-generated hole can react with the hydroxide ion
derived from water to form hydroxyl radicals. These oxygen
peroxide radicals and hydroxyl radicals generated from the
nanocomposites can cause the oxidative decomposition of MO
to CO2, H2O, and other mineralization products, achieving the
degradation effect.

According to the literatures [39–41], the enhancement of the
photocatalytic degradation properties of the ZnS/RGO nanocom-
posites can be attributed to two aspects. Firstly, graphene has un-
expectedly excellent conductivity due to its two dimensional pla-
nar structure; therefore, the rapid transport of photo-generated
carriers could be achieved, and an effective charge separation is
subsequently accomplished. Secondly, graphene is capable of ad-
sorbing organic dye molecules on the surface of graphene sheets
by its great specific surface area with a large number of π–π con-
jugated double bonds. Thus, the oxygen peroxide radicals and hy-
droxyl radicals generated from the ZnS/RGO nanocomposites de-
grade the MO dye in the ultraviolet irradiation.
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Recently, for the application in the solar energy conversion,
Zhang et al. [42] reported the assembly of nanosized ZnS parti-
cles on the GO sheet by a two-step wet chemistry process (dur-
ing which the RGO, also called GR, were achieved). They reported
that graphene could transform the wide band gap ZnS to a vis-
ible light photocatalyst due to the new role of graphene as a
macromolecular photosensitizer. The ZnS/GR nanocomposites ex-
hibited visible light photoactivity toward aerobic selective oxida-
tion of alcohols and epoxidation of alkenes under ambient con-
ditions. They proposed a new photocatalytic mechanism for the
structure-photoactivity correlation analysis, in which the role of
GR acted as an organic dye-like macromolecular ‘‘photosensitizer’’
for ZnS instead of an electron reservoir. Considering the micro-
scopic charge carrier transfer pathway connected to the interface
between the GR and the semiconductor, this concept could pro-
vide a new thought on designing GR-based composite photocata-
lysts for targeting applications not only in the solar energy conver-
sion [42], but also in degrading organic pollutant as confirmed in
the present study. And the photocatalytic degradation behavior of
the ZnS/RGO nanocomposites on organic dyes under visible light
irradiation will be investigated in the future.

4. Conclusions

ZnS/RGO nanocomposites photocatalysts were successfully
synthesized by a single step solvothermal method in ethylene gly-
col medium. ZnS nanoparticles with a diameter of ∼5 nm were
deposited on the surface of graphene sheets. During the deposi-
tion process, graphene oxide was simultaneous reduced into RGO
with the solvent thermal reaction, and the presence of graphene
promoted the crystallization of ZnS nanoparticles. The enhance-
ments of photocatalytic performance of the ZnS/RGO nanocom-
posites can be attributed to the efficient charge separation and
enhanced adsorption capacity of the nanocomposites with the
introduction of graphene. Compared with pure ZnS sample, the
ZnS/RGO nanocomposites showed excellent photocatalytic prop-
erties. Photocatalytic reactions on the ZnS/RGO surface can be ex-
pressed by the Langmuir–Hinshelwood model, and their surface
reaction rate constant was six times higher than that of pure ZnS
sample.
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