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Abstract In this study, a facile and efficient strategy for
preparing zinc sulfide—graphene nanosheets (ZnS/GNs)
hybrid nanomaterials was assisted via a facile and efficient
solvothermal method. Field emission gun scanning electron
microscopy with energy-dispersive X-ray analysis, trans-
mission electron microscopy, Fourier transform infrared
spectrometer, X-ray photoelectron spectra were used. It
was observed that the GNs were partially covered by ZnS
homogeneous nanoballs. The electrochemical perfor-
mances of ZnS/GNs hybrid nanomaterials as electrodes
were measured and investigated by cyclic voltammetry and
galvanostatic charge/discharge techniques. Results indi-
cated that the introduction of GNs highly improved the
electrocatalytic activity, durability, and stability of ZnS/
GNs hybrid nanomaterials. Thus, the ZnS/GNs nanocom-
posites are expected to be an effective electrode materials.
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1 Introduction

Graphene, a flat monolayer of hexagonally arrayed sp*
bonded carbon atoms tightly packed into a two-dimen-
sional (2D) honeycomb lattice, has been the major focus of
recent research due to its outstanding mechanical, electri-
cal, thermal, and optical properties since its first discovery
in 2004 [1-5], leading to their potential applications in
many different areas such as nanoelectronics, sensors,
polymer composites, drug delivery, batteries, photo-
voltaics, transparent conductors, and field emission dis-
plays [6-15]. To further explore the applications of
graphene, one choice using metal nanoparticles (NPs) to
decorate graphene and fabricate graphene—metal nanocom-
posites is interesting and investigated in recent years [16—
18]. The prepared graphene—metal nanocomposites display
perfect properties for sensors and catalysts [19, 20]. Semi-
conductor NPs have been a subject of extensive interest
because of their extensive applications such as photo-
catalysis, optical sensitizers, novel biomolecular applica-
tions, quantum devices and so on [21-24]. Recently,
semiconductor NPs such as TiO,, ZnO and ZnS quantum
dots have also been utilized to decorate graphene nanosheets
(GNs) to prepare graphene-based nanomaterials with re-
markable optical and photovoltaic properties [25-30].
Among them, ZnS NPs is an important II-VI semiconductor
with bandage energy of 3.65 eV and has been studied ex-
tensively because of their wide applications in the fields of
light emitting devices, solar cells, sensors, lasers, and optical
recording materials for many years [31, 32]. Recently, there
have been some reports on the development of loading ZnS
NPs on GNs. For example, graphene—nanocrystalline metal
sulfide composites have been prepared using H,S gas as
sulfide source as well as reducing agent [29]. Xue et al.
produced graphene-ZnS quantum dots hybrid nanomaterials
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via hydrothermal synthesis, using Na,S as reducing agent as
well as sulfide source, and also by the addition of ammonia
solution to adjust the pH value [33]. Rajamathi et al. have
reported a method for synthesizing graphene—ZnS hybrid
nanomaterials starting from graphite oxide (GO) [29].
However, very few literatures report on the synthesis and
applications of this new nanohybrids with enhanced elec-
trochemical performances until now.

In this paper, we have reported the synthesis and ap-
plications of GNs coated with ZnS nanoballs via a
relatively facile solvothermal method. The experimental
results showed that GNs in ZnS/GNs hybrid nanomaterials
are exfoliated and decorated by ZnS nanoballs. Further-
more, the electrochemical activities of the as-prepared
ZnS/GNs hybrid nanomaterials were studied. Such inves-
tigation, to the best of our knowledge, has not yet been
reported and is expected to lead to break through devel-
opments to obtain a new class of graphene-based materials
and their use in a variety of areas.

2 Experimental sections

All of the chemical reagents were of analytic-grade and
used without further purification (purchased from Shanghai
Chemical Reagent Co., Ltd., Shanghai, China).

2.1 Synthesis ZnS/GNs hybrid nanomaterials

GO was prepared from natural graphite powder by using a
modified Hummers method [34, 35]. ZnS/GNs hybrid
nanomaterials were synthesized via a facile solvothermal
method. GO (20 mg) and Zn(NO3),-3H,0 (3 mmol) were
dispersed in ethylene glycol (EG) solution (40 mL) under
vigorous stirring to form a stable suspension A. Then
stoichiometric amount of CH4N,S (3 mmol) was added to
EG solution (20.0 mL) under vigorous stirring to form
solution B. A and B were mixed together, stirred for sev-
eral minutes and then transferred into a Teflon-lined
stainless steel autoclave (100 mL). After treated at 180 °C
for 24 h, the resultant was washed with acetone and ab-
solute ethanol alternatively, and then dried in a vacuum
oven at 60 °C to get the solid product for further use. Pure
ZnS was also synthesized via a parallel process without the
introduction of GO.

2.2 Electrochemical instrumentations

The electrocatalytic activity of ZnS/GNs hybrid nanoma-
terials was investigated by cyclic voltammetry using a
Model CHI 660D electrochemical workstation (Shanghai
CH Instrument Company, China). The electrochemical
properties of ZnS/GNs hybrid nanomaterials were
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investigated at a three electrode system, in which ZnS/GNs
hybrid nanomaterials were used as working electrode, Hg/
Hg,CL, electrode filled with 5 M KOH was used as ref-
erence electrode, a platinum foil was used as counter
electrode, and 5 M KOH solution was used as electrolyte.
The working electrode was fabricated by mixing the pre-
pared samples, acetylene black and polytetrafluore-
neethylene (PTFE) at a weight ratio of 80:15:5 with
addition of a little ethanol. Then the mixture was dried at
80 °C overnight under vacuum. The prepared mixture was
pressed onto nickel foam to make electrodes. Before the
test, the working electrodes were soaked in 5 M KOH for
12 h. All these tests were carried out at 25 °C.

2.3 Characterizations

The morphology characterization and microstructure of
ZnS/GNs hybrid nanomaterials analysis were carried out
using SEM measurement on a JEOL-6380LV and TEM
measurement on a JEOL-2100. The primal composition
analysis was performed by an energy dispersive spec-
trometer (EDS) attached to the JEOL-6380LV. The struc-
ture and phase purity were examined FT-IR analyses were
carried out on a Bruker Vector-22 spectrophotometer using
a potassium bromide pellet technique. XPS measurements
were performed using a Physical Electronics PHI-5702
spectrometer with Al Ko X-ray source (1486.6 eV).
Nitrogen adsorption measurements were performed at 77 K
using a Micromeritics NOVA4000C system utilizing Bar-
rett—-Emmett-Teller (BET) calculations for surface area.
The electrochemical activity of the samples was investi-
gated by CV using a Model CHI 660D electrochemical
workstation.

3 Results and discussions
3.1 Microstructure characterizations

The morphologies of pristine GO and the as-prepared ZnS/
GNs nanocomposites were characterized by FESEM and
TEM as shown in Fig. 1. Figure la clearly showed the
typically wrinkled, thin, sheet-like structure and a two di-
mensional sheet morphology, which had a thickness and
mean lateral size of pure GNs. For the ZnS/GNs
nanocomposites (Fig. 1b, c), it can be clearly seen that a
great number of ZnS nanoballs were attached onto GNs
with the particle diameter is about 100-200 nm (Fig. 1b,
c¢). This indicates that GNs may play an important role in
assisting ZnS nanoballs growth and dispersion on its sur-
face, and at the same time GNs helps to prevent the ag-
gregation of ZnS NPs. We also find that the as-formed ZnS
nanoballs disperse better in the matrix, which is helpful for
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Fig. 1 a TEM images of GNS
and b FESEM microphotograph
and ¢, d TEM images and

e HRTEM image and a SAED
pattern of the ZnS/GNs (inset)
and f EDX microanalysis of
ZnS/GNs hybrid nanomaterials
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us to improve the optical and photocatalytic properties of
the ZnS nanoballs, indicating the important roles of GNs
play in the matrix as a dispersant and two-dimensional
growth template for ZnS nanoballs in addition to a pre-
cursor of graphene. What is more, it is noticeable that GNs
are well decorated by dense and comparatively even ZnS
nanoballs, which are not found lying outside GNs. In ad-
dition, it is necessary to note that the ZnS nanoballs tend to
grow on the edges of GNs, which may be correlated with
the more abundant oxygen-containing functional groups of
GNs on the edges compared with those of other sites. The
morphologies of the as-prepared ZnS/GNs nanocomposites
dispersed NPs were observed by HRTEM (Fig. 1d). It was
apparent that ZnS NPs were spherical (Fig. 1d) and well
dispersed homogeneously. HRTEM image showed the ZnS
NPs to be well formed into single crystal with some par-
ticles possessing slightly ellipsoidal morphology and con-
tinuous lattice fringes were throughout the entire particles
(Fig. 1b). The HRTEM image confirmed that the size

A(r.}l]% nm

“®
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distribution of the as-synthesized ZnS nanoballs was nearly
monodisperse and the existence of lattice planes confirmed
good crystallinity. The detailed formation procedure and
mechanism of ZnS/GNs nanocomposites will be discussed
below. The results that ZnS nanoballs tend to anchor firmly
onto the surface of GNs, especially along the edges, even
after the samples have been dispersed in ethanol followed
by ultrasonication for several minutes, suggest that there is
strong interaction between GNs and ZnS nanoblls.

An HRTEM image of few-layer GNs coated with ZnS
nanoballs (Fig. le) clearly indicates the characteristic
graphitic lattice of graphene, of which the interplanar dis-
tance was measured to be 0.34 nm, corresponding to the
spacing of the (002) planes. Furthermore, it also clearly
reveal the well-defined lattice of ZnS NPs with an inter-
planar distance of 0.308 nm, corresponding to the spacing
of the (111) planes. The results from HRTEM directly
prove the reduction of the GO to graphene and the for-
mation of ZnS nanoballs composed of the smaller crystals.
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The selected area electron diffraction patterns (SAED) in
Fig. le (inset) clearly display some concentric rings arising
from the diffractions of the (111), (220) and (311) planes of
fcc ZnS NPs, which again proves the formation of ZnS
nanoballs coated on the surface of GNs.

The EDS spectrum of ZnS/GNs nanocomposites shown
in Fig. 1f indicates the presence of C, O, Zn and S. The C
signal should mainly originate from GNs, the oxygen peak
comes from the residual oxygen-containing functional
groups (such as epoxy), in addition to the oxygen and water
molecule absorbed on the sample. The Zn and S peak came
from the precursor materials Zn(NO3), and CH4N,S, re-
spectively, which suggests that ZnS NPs are present in the
ZnS/GNs hybrid nanomaterials.

FT-IR has been used to detect the degree of reduction of
GNs. The FT-IR spectra of GO and GNs coated with ZnS
nanoballs in the range 4000-800 cm ™' are shown in Fig. 2.
The characteristic FT-IR features of GO indicate the
presence of the oxygen-containing functional groups on the
surface of GO. The characteristic bands at 1065, 1225,
1404, 1623 and 1724 cm ™! correspond to the C-O-C
stretching vibrations, the C—OH stretching peak, the O-H
deformation of the C—OH groups, the C=C stretching mode
and the C=0 stretching vibrations of the -COOH group,
respectively. The wide band at 3147 cm ™' should originate
from the absorption of water or O—H groups. For ZnS/GNs
nanocomposites, however, the functional groups of C—-OH
and —COOH have weakened or vanished, the result sug-
gests that GO was reduced to graphene in the presence of
reducing agents ethylene glycol which is in accordance
with the results of the XPS spectra. In addition, for the GO
and ZnS/GNs nanocomposites exhibit absorption bands at
2352 and 2073 cm™!, which correspond to the used test
instrument.

GNs-ZnS
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Fig. 2 FT-IR spectra of GO, and ZnS/GNs hybrid nanomaterials
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XPS was utilized to study the chemical state of the ZnS/
GNs nanocomposites. The deconvoluted Cls XPS spectra
of the ZnS/GNs nanocomposites are shown in Fig. 3. The
XPS peak of Cls was decomposed into four Gaussian
peaks ranging from 282.0 to 292.0 eV, which centered at
the binding energies of 289.3, 287.5, 286.3, and 284.8 eV
were assigned to the C=0, C-O-C, C-OH and C=C, re-
spectively. It can be clearly seen that most carbons were in
the form of sp® bonds, and the intensity of oxygenated
functional groups (HO-C=0, C-O-C, and C-OH) on car-
bon sheets in ZnS/GNs nanocomposites was obviously
decreased compared with that of GO. This implies that GO
has been reduced to graphene.

Due to the high surface area of GNs (calculated value:
2630 m* g7'), a higher surface area of ZnS/GNs
nanocomposites is expected. The effect of graphene on the
BET surface area and pore structure of the prepared sam-
ples was investigated using adsorption—desorption mea-
surements. It should be noted that the specific surface area
(m? g7") is expressed per gram of the samples, which
contain some amount of carbon (graphene) with a low
density. A greater specific surface area of catalysts can
supply more surface active sites and make charge carriers
transport easier, leading to an enhancement of the elec-
trochemical performance [36]. Thus, graphene may play a
role in enhancing the electrochemical activity. Figure 4
shows the nitrogen adsorption—desorption isotherms and
the corresponding curves of the pore size distribution for
samples. According to the Brunauer—Deming—Deming—
Teller (BDDT) classification, the BET surface area (SBET)
of samples were 187.598 m* g~ ' and the isotherms of ZnS/
GNs nanocomposites suggests the presence of mesopores
and associates with slit-like pores formed by the

Raw
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Fig. 3 XPS spectra of Cls from GO, and ZnS/GNs hybrid
nanomaterials
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aggregations of the plate-like particles. In other words, it
appears that the prepared ZnS/GNs nanocomposites are
composed of sheet-like graphene decorated with ZnS
nanoballs. The results are further confirmed by the corre-
sponding pore size distribution. As shown in Fig. 4b, the
ZnS/GNs nanocomposites has macropores with a typical
pore diameter of around 80 nm and a peak pore diameter of
around 180 nm, which suggesting that GNs in the
nanocomposites enhance the specific surface areas of ZnS
nanoballs, and a amount of graphene may dramatically
improve the electrochemical activity.

Pore diameter(nm)

3.2 Electrochemical analysis

The possibility and potential of using the as-prepared ZnS/
GNs nanocomposites as electrode materials was explored,
and the electrochemical behaviors were investigated by CV
and galvanostatic charge/discharge measurements. Fig-
ure 5a shows the representative CV curves of the ZnS NPs
and ZnS/GNs nanocomposites electrodes within the po-
tential window of 0.1-0.4 V (vs. Hg/HgO) in 5 M KOH
aqueous solution at various scan rates 10 mV s~ '. Obvi-
ously, it can be clearly seen that the CV curves exhibit two

Fig. 5 Cyclic voltammograms (a) (b)
of a ZnS/GNs hybrid
nanomaterials, and b ZnS/GNs nSGN
hybrid nanomaterials over 500 n s
consecutive cycles in 5 M KOH - <
at a scan rate of 10 mV s~ £ ZnS £
Charge/discharge curves ¢ and E S
d the change of oxidation peak é '5'
currents in the CVs of ZnS/GNs o
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intense redox peaks, the current densities in the hydrogen
adsorption (oxidation peak) and desorption (reduction
peak) of hydrogen. Another oxidation peak and reduction
peak at about 0.3 and 0.2 V, ascribed to hydrogen ion re-
duction, can also be observed respectively. Obviously, the
ZnS/GNs nanocomposites possess a greater redox peaks at
the same scan rate. The electrode redox area is an impor-
tant factor to measure the effectiveness of electrochemical
reactions [37]. And the area surrounded by the CV curve of
ZnS/GNs nanocomposites is larger than that of ZnS NPs,
which indicates that the specific capacitance of ZnS/GNs
nanocomposites is clear enhanced. This improvement is
attributed to the introduction of GNs. Based on the CVs in
Fig. 5a, the location of redox peaks is in accordance with
the plateaus of the discharging/charging curves. Figure 5b
shows cyclic voltammograms over 500 consecutive scan-
ning laps for the ZnS/GNs nanocomposites electrodes. As
can be seen from Fig. 5b, the areas of the cyclic voltam-
mograms decrease with the increasing number of cycles.
This was caused by reduction of electrochemical activity
sites on the surface of the modified electrode. However,
after 500 cycles, the catalytic activity of the modified
electrodes reached a stable state. In addition, the electrode
redox areas for the ZnS/GNs nanocomposites indicating
that the introduction of GNs not only promoted their
electrocatalytic activity, but also enhanced their stability.
These phenomena are attributed to the unique abilities of
pretreated GNs, which provided larger superficial activity
area and lowered the degradation of active surface area.
The insulative GNs in precursor converted to high con-
ductive graphene under heat treatment, resulting in the
improvement of conductivity in ZnS/GNs anode hybrid
nanomaterials. Furthermore, the charge/discharge curves of
the ZnS/GNs electrodes are shown in Fig. 5c, of which
each charge/discharge cycle approximately has a potential
time response behavior, demonstrating that the charge/
discharge process of the ZnS/GNs hybrid nanomaterials
electrodes is reversible. The stability of the ZnS/GNs hy-
brid nanomaterials was further assessed by measurements
(I-curve) at 0.4 V for 150 s, as shown in Fig. 5d. This
phenomenon was caused by the absorption of reactive in-
termediates. In general, this demonstrates that the ZnS/GNs
hybrid nanomaterials will be one of highly promising
candidates as electrode materials for high-performance
energy storage applications.

4 Conclusions
In summary, ZnS/GNs hybrid nanomaterials had been
successfully synthesized by a low-temperature solvother-

mal method. ZnS NPs disperse on the GNs with good
dispersibility, and have a unified sizes with diameter of
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100-200 nm. The prepared ZnS/GNs hybrid nanomaterials
modified electrodes exhibit enhanced electrochemical ac-
tivity and stability can be used as potential applications.
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