
S

S

J
a

b

c

d

a

A
R
R
2
A
A

K
S
L
C
C

1

d
a
r
s
v
s
2
e
k
f
l

m
l
l
f
g
w
o

a
M

0
d

Journal of Power Sources 196 (2011) 7030–7034

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

ulfur-graphene composite for rechargeable lithium batteries

ia-Zhao Wanga,b,∗, Lin Lua, Mohammad Choucair c, John A. Stridec,d, Xun Xua, Hua-Kun Liua,b

Institute for Superconducting and Electronic Materials, University of Wollongong, NSW 2522, Australia
ARC Centre of Excellence for Electromaterials Science, University of Wollongong, NSW 2522, Australia
School of Chemistry, University of New South Wales, Sydney 2052, Australia
Bragg Institute, Australian Nuclear Science and Technology Organisation, PMB 1, Australia

r t i c l e i n f o

rticle history:
eceived 12 August 2010
eceived in revised form
8 September 2010
ccepted 29 September 2010

a b s t r a c t

Sulfur-graphene (S-GNS) composites have been synthesized by heating a mixture of graphene nanosheets
and elemental sulfur. According to field emission electron microscopy, scanning electron microscopy with
energy dispersive X-ray mapping, Raman spectroscopy, and thermogravimetric analysis, sulfur particles
were uniformly coated onto the surface of the graphene nanosheets. The electrochemical results show
that the sulfur-graphene nanosheet composite significantly improved the electrical conductivity, the
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capacity, and the cycle stability in a lithium cell compared with the bare sulfur electrode.
© 2010 Elsevier B.V. All rights reserved.
apacity

. Introduction

Over the past decade, substantial efforts have been devoted to
eveloping energy storage systems that can be coupled to renew-
ble sources, including wind, wave, and solar energy, as well as
egenerative braking from vehicular transport, as a fundamental
olution to our serious emission and pollution problems. Among the
arious types of rechargeable batteries, the lithium/sulfur battery
ystem is a very attractive candidate, because at 1672 mA h g−1 and
600 W h kg−1, respectively, elemental sulfur has almost the high-
st theoretical capacity and highest theoretical power density of all
nown cathodes. In addition to the high capacity, utilization of sul-
ur as a cathode material has the advantages of natural abundance,
ow cost, and environmental friendliness.

However, the development of lithium sulfur-based batteries has
et several challenges, such as (i) sulfur is highly electrically insu-

ating [1], which leads to poor electrochemical accessibility and
ow utilization of the sulfur in the electrode; (ii) polysulfide, which
orms during the first discharge step of a sulfur/metal battery, is

enerally soluble in conventional organic solvent based electrolyte,
hich causes the rapid irreversible loss of sulfur active materials

ver repeated cycles. To successfully operate the lithium-sulfur bat-
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ls, University of Wollongong, AIIM Facility, Innovation Campus, Squires Way, Fairy
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tery, the sulfur cathode material must be well combined with a
conductive additive and a strong adsorbent agent [2–7]. Various
carbon materials have been intensively investigated as additives
for Li/S batteries, such as mesoporous carbon [4], active carbon [8],
and carbon nanotube [9]. However, these sulfur carbon composites
still suffer extensive capacity fading.

In recent years, graphene, a one-atom-thick planar sheet of
sp2-bonded carbon atoms densely packed in a honeycomb crys-
tal lattice, has attracted appreciable attention for use as an energy
storage material, because of its superior electrical conductivity,
high surface area of over 2600 m2 g−1, chemical tolerance, and
broad electrochemical window [10]. It has been reported that
graphene can be used as a carbon matrix to improve conductivity
of electrode materials for lithium-ion batteries [10–16]. Herein, we
synthesized sulfur-coated graphene composites and investigated
graphene nanosheets as a carbon matrix to improve the perfor-
mance of sulfur cathodes for rechargeable lithium batteries for
the first time. Because of its good electrical conductivity [10,13],
graphene in the composites acted as an electronic conductor.

2. Experimental

2.1. Materials synthesis
Highly porous graphene nanosheets (GNS) were synthesized via
the solvothermal method, as reported previously [10], and then
the GNS was mixed with elemental sulfur S in the weight ratio of
1:1.5, with the mixture designated S-GNS. The mixture was held at

dx.doi.org/10.1016/j.jpowsour.2010.09.106
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jiazhao@uow.edu.au
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00 ◦C for 6 h to allow the melted elemental sulfur to infiltrate into
he layer of graphene. Then, the temperature was increased to and
eld at 300 ◦C for 3 h, so that the vaporized sulfur was coated onto
he graphene.

.2. Materials characterization

The products were characterized using X-ray diffraction (XRD,
BC MMA) with Cu K� radiation. The morphology and energy dis-
ersive spectroscopy (EDS) mapping of the samples were obtained
ith a field-emission scanning electron microscopy (FESEM; JEOL

500, 15 kV) and a JEOL JSM 6460A scanning electron microscope
SEM), respectively. Raman spectroscopy was conducted to further
onfirm that the as-prepared powders of S-GNS had been success-
ully produced, using a JOBIN YVON HR800 Confocal Raman system
ith 632.8 nm diode laser excitation on a 300 lines mm−1 grat-

ng at room temperature. Thermogravimetric analysis (TGA) was
erformed via a SETARAM Thermogravimetric Analyzer (France)

n air to determine the changes in sample weight with increasing
emperature and to estimate the amount of sulfur in the sample.

.3. Electrochemical measurements

The S-GNS composite cathode slurry was made by
ixing 80 wt.% composite with 10 wt.% carbon black and

0 wt.% polyvinylidene fluoride (PVDF) binder in N-methyl-2-
yrrolidinone (NMP) solvent. Sulfur cathode slurry containing
0 wt.% sulfur powder, 40 wt.% carbon black, and 10 wt.% PVDF
inder was also prepared in the same way as described previ-
usly to compare with the S-GNS composite. The slurries were
pread onto aluminum foil substrates. The coated electrodes
ere dried in a vacuum oven at 100 ◦C for 24 h and then pressed.

ubsequently, the electrodes were cut to a 1 cm × 1 cm size.
omemade Teflon cells were assembled in an Ar-filled glove box.
conventional organic solvent electrolyte of 1 mol L−1 lithium

istrifluoromethanesulfonamide (LiTFSI) in poly(ethylene glycol)
imethyl ether 500 (PEGDME 500) was used. The cells were
alvanostatically discharged and charged in the range of 1.5–3.0 V
t a current density of 50 mA g−1.

. Results and discussion

.1. Physical properties of substrates

Fig. 1(a) presents XRD patterns for the elemental sulfur and
ulfur-graphene composite. The sulfur exists in a crystalline state.
here are no clear characteristic peaks of sulfur for the sulfur-
raphene composite. This indicates that embedded sulfur exists
n fine particles and a highly dispersed state, with the crystalline
ulfur most likely converted to amorphous sulfur by the heat treat-
ent [17]. When the mixture of sulfur and graphene was thermally

reated at 200 ◦C, sulfur would be expected to melt and coat the
raphene nanosheets. At the higher temperature of 300 ◦C, sul-
ur existing on the external surface of the graphene nanosheets
as sublimed. At the same time, sulfur gas could also diffuse into

he pores of graphene. Fig. 1(b) presents the Raman spectrum
f S-GNS composite powder. The Raman spectrum of the sulfur-
raphene composite displays three peaks under 500 cm−1, which
re due to the sulfur particles [18], and another two peaks at around
355 cm−1 and 1597 cm−1, which are identified as the D band and
he G band of graphene nanosheets [12]. This indicates that the
ulfur-graphene composite was successfully synthesized using the

hysical vapor deposition method.

To investigate the morphology of the products, field emission
canning electron microscope (FESEM) images and scanning elec-
ron microscope (SEM) images were collected for GNS and S-GNS
Fig. 1. (a) X-ray diffraction patterns for bare S and S-GNS composite and (b) Raman
spectrum of S-GNS composite.

composite, and bare S, respectively. Fig. 2(a) shows that the bare S
powder consists of microsized particles. Visualization of the pris-
tine GNS by FESEM (Fig. 2(b)) shows well-packed layers of flakes
composed of curved nanosheets with highly developed porous
structure. After heat treatment of the mixture of S and GNS, the
microsized S particles were melted and covered the graphene
nanosheets (Fig. 2(c)). To verify that the sulfur was uniformly coated
on the graphene, EDS mapping analysis was carried on the S-GNS
composite (see Fig. 3). The bright spots correspond to the presence
of the elements S and C, respectively, and indicate that S and C are
distributed uniformly throughout the whole area.

For quantifying the amount of graphene in the S-GNS compos-
ites, TGA was carried out in air. The samples were heated from
100 ◦C to 600 ◦C at a rate of 5 ◦C min−1. Fig. 4 shows the TGA curves
of the S-GNS samples, along with those of pure graphene and bare
S powder. As can be seen from Fig. 4, the bare sulfur powder was
burned completely at around 325 ◦C, and pure graphene started to
be oxidised at 350 ◦C. Therefore, for the sample of S-GNS composite,
the sulfur was burned off at the first stage, followed by the oxida-
tion of the graphene powder in the second stage for temperatures
above 350 ◦C. For the S-GNS composite, the weight loss in the first

stage was about 22 wt.%, which represents the amount of sulfur.

Cyclic voltammogram (CV) of S-GNS composite electrode is
shown in Fig. 5(a). Two reduction peaks were observed, which were
due to the multiple reaction mechanisms of sulfur with lithium.
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ig. 2. (a) SEM image of bare S, (b) FE-SEM images of GNS and (c) S-GNS composite.

t is proposed that the first step is the transformation of sulfur to
ithium polysulfide at higher potential (Eq. (1)), and the second step
s the change of lithium polysulfide to lithium sulfide (Li2S) at lower
otential (Eq. (2)) [19,20].

Li + nS → Li2Sn (n > 4) (1)

(n − 1)Li + Li2Sn → nLi2S (2)

Since graphene in the composite is electrochemically inert in the
otential region used, the (CV) redox peaks are only attributable to
he oxidation and reduction of elemental sulfur, so therefore, no
dditional peaks were found for the S-GSN composite in compari-

on with pure S electrode [4].

According to the CV performance, it appears that all the redox
rocesses took place in the range between 1.5 V and 3.0 V (versus
i/Li+). Therefore, the potential range of 1.5–3.0 V (versus Li/Li+)
Fig. 3. SEM image obtained from S-GNS with corresponding EDS mapping for S and
C.

was selected for the continuous charge–discharge cycling process.
Fig. 5(b) presents typical charge–discharge curves of S-GNS elec-
trode in a rechargeable lithium cell. The charge–discharge curve
shows two typical plateaus, which could be assigned to the two-
step reaction of sulfur with lithium during the discharge process,
as demonstrated in the CV measurement.

Fig. 6 shows discharge capacity versus cycle number for cells
made with the S and S-GNS electrodes. The S-GNS electrode
contains 17.6 wt.% sulfur. It was found that the initial discharge
capacities of S and S-GNS composite are 1100 and 1611 mA h g−1,

respectively, at a current density of 50 mA g−1. The initial capac-
ity of the S-GNS electrode is higher than that of the pure sulfur
electrode. Furthermore, the cycling stability of the sulfur graphene
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Fig. 6. Discharge capacities versus cycle number for the S-GNS composite and pure
S electrodes.
ig. 4. Thermogravimetric analysis (TGA) curves of bare S, S-GNS composite and

ure GNS.

omposite is also improved. The improvement in the capacity and

ycling stability of the cell with the S-GNS composite electrode
ay be because the graphene in the composite can improve the

onductivity of the electrode.

ig. 5. (a) Cyclic voltammogram of S-GNS composite electrode and (b)
harge–discharge curves of S-GNS composite.
Fig. 7. Impedance plots for electrodes of bare S and S-GNS composite.

In order to verify that the graphene is responsible for the good
performance of the cell with the S-GNS electrode, electrochemi-
cal impedance spectroscopy (EIS) measurements were performed
on the pure S and S-GNS electrodes after 1 cycle (Fig. 7). At high
frequencies, the impedance response exhibits a semicircular loop.
The diameter of this semicircle gives the charge-transfer resistance,
which is a measure of the charge transfer kinetics. The results show
that the charge-transfer resistance of the cell with S-GNS electrode
is lower than for the cell made from pure S electrode. This indi-
cates that the novel composite of sulfur with graphene can improve
the electrochemical kinetics of the sulfur in rechargeable lithium
batteries [18].

4. Conclusion

Novel sulfur–graphene (S-GNS) composites were synthesized
by heating a mixture of elemental sulfur and synthesized graphene
nanosheets. The S-GNS composite shows a significantly improved

capacity and cycle life compared to the bare S electrode. The mate-
rials utilization of sulfur is 96.35%.
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