
 

 
 * E-mail: s.zhang@griffith.edu.au, hou@pku.edu.cn; Tel.: +61-7-55528155; Fax: +61-755047588 
  Received ((will be filled in by the editorial staff)); accepted ((will be filled in by the editorial staff)); published online XXXX, 2015. 
   Dedicated to … on the Occasion of … ((optional)) 
  1 

Graphene-based sulfur composites for energy storage and conver-
sion in Li–S batteries 

Xingxing Gu,a,b Shanqing Zhang,*,b and Yanglong Hou*,a 
a Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, 
China. E-mail: hou@pku.edu.cn 
b Centre for Clean Environment and Energy, Environmental Futures Insititute, Griffith School of Environment, Gold 
Coast Campus, Griffith University QLD 4222, Australia. Fax: 61-755047588; Tel: 61-7-55528155; E-mail: 
s.zhang@griffith.edu.au 
 

There are growing research interests in developing high-performance energy storage systems to meet the demands 
for large-scale and sustainable energy storage. The lithium-sulfur (Li–S) batteries have drawn numerous attentions 
due to their exceptionally high energy density compared with other batteries. However, achieving the high capaci-
ties with long-term cycle stability and retaining an essentially high sulfur loading remains a tremendous challenge 
for the designs of Li–S batteries. Graphene is regarded as a very suitable and promising addition to the composi-
tions for Li–S batteries due to its unique two dimensional (2D) structure, high conductivity and superior mechanical 
flexibility. Besides, the functional groups of graphene surface can be tuned flexibly to immobilize the S/Li2Sx on the 
graphene surface during the cycling process. In this review, the development of graphene-sulfur composites and 
their applications in Li–S batteries are discussed. The attempts are also devoted to the synthesis approaches of vari-
ous graphene-based sulfur composites, the graphene-sulfur interaction and the impacts on the electrochemical per-
formances as well as the major issues of Li–S batteries. 
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Introduction 
In the next few decades, the energy demand will in-

crease by at least 35% from the present usage with the 
consumption of the fossil fuels slated to grow, not de-
cline[1]. This will not only put increasing pressure on 
the world's reserves of non-renewable energy sources 
but also greatly affect the climate change. Therefore, 
the rechargeable batteries with superior performance 
are desired to tackle the imminent energy and envi-
ronmental issues[2]. A few state-of-the art technologies, 
such as the Li-ion batteries, dominate the portable 
electronics market, but they are not satisfactory for the 
applications in the areas like the electric vehicles and 
grid-level energy storage due to their high cost and low 
theoretical gravimetric capacity (∼300 mA·h/g)[1, 2]. 
The demands for the advanced batteries with high en-
ergy density, long cycle life and low cost have driven 
the urgent search for the new systems with superior 
performance over the current technologies.  

Since the 1960s, the researchers have studied sulfur 
as a cathode[3]. In 2009 Nazar et al. reported a Li–S 
battery with improved cycling performance by encap-
sulating the element sulfur into the mesoporous carbon 
CMK-3[4]. Ever since, the Li–S batteries have gained 

increasing attentions as the promising candidates for 
the next-generation energy storage applications. As 
shown in Fig. 1a, the conventional Li–S cells are com-
posed of a Li anode, an organic ion-conducting liquid 
electrolyte, and a S-based cathode[5]. An anode based 
on high capacity Si and Sn has also been reported by 
other researchers[6]. When a load is attached to the bat-
tery, the Li ions from the anode spontaneously transfer 
to the S cathode. The electrochemical reactions that 
occur between the cathode and the anode are shown in 
following equations: 

S8 + 2𝐿𝐿+ + 2𝑒− → 𝐿𝐿2𝑆8  (1) 
3𝐿𝐿2S8 + 2𝐿𝐿+ + 2𝑒− → 4𝐿𝐿2𝑆6  (2) 
2𝐿𝐿2S6 + 2𝐿𝐿+ + 2𝑒− → 3𝐿𝐿2𝑆4  (3) 
𝐿𝐿2S4 + 2𝐿𝐿+ + 2𝑒− → 2𝐿𝐿2𝑆2  (4) 
𝐿𝐿2S2 + 2𝐿𝐿+ + 2𝑒− → 2𝐿𝐿2𝑆  (5) 

The first three steps correspond to the high plateau 
around 2.35 V in the voltage profile (Fig. 1 (b))[5], 
while the last two steps are indicated by the longer 
plateau at around 2.1 V. That implies the first three 
steps have fast or moderate kinetics, while the last two 
steps for converting Li2S4 to Li2S2 even to Li2S are 
difficult and impeded by the slow solid-state diffusion. 
According to these chemical reactions, the Li–S bat-
teries have an overwhelming advantage in energy den-
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sity with a theoretical value of approximately 2600 
W·h/kg[7-9], about five times greater than that of the 
commercial LIBs (for instance, 387 W·h/kg for the 
LiCoO2/C battery)[1, 10, 11]. More importantly, the prac-
tical energy density of the packaged Li–S batteries can 
reach as high as 400 to 600 W·h/kg, far higher than 
present commercial LIBs, which could satisfy a travel-
ing distance of 500 km for the electric vehicles[10]. In 
addition, it is well known that the elemental sulfur is 
abundant, nontoxic and low-cost[10, 12, 13]. Thus the Li–
S batteries have been an attractive and promising can-
didate among the emerging battery technologies. 

Fig. 1 (a) Schematic of a typical Li–S battery, illustrating the 
movement of Li ions from the anode to the cathode during dis-
charge. (b) Sulfur electrochemistry in an ideal charge–discharge 
process in the Li–S batteries[5]. Reproduced with permission 
from ref. 5. Copyright © 2014, Wiley-VCH. 

However, the commercialization of Li–S batteries is 
hindered by the low utilization and the rapid capacity 
decay of the pure sulfur. The loss of the capacity of the 
pure sulfur is attributed to the four main factors: 1) the 
inherently poor electrical conductivity of sulfur (5 × 
10–30 S·cm–1 at 25 ℃)[14, 15]; 2) significant structural 
and volumetric changes during the charge/discharge 
process[14-16]; 3) polysulfides dissolving in the organic 
electrolyte easily and shuttling to the anode and then 
reacting with lithium during the charging process[14, 15]; 
4) deposition of insulating Li2S on reaction interface 
during the discharge process[14, 15]. In order to over-
come these obstacles and improve the electrochemical 
performances of the Li–S batteries, the researchers 
have developed various strategies such as developing 
the electrolytes[17, 18], modifying or protecting the an-
odes[19, 20], encapsulating the sulfur into the conductive 
carbon materials[4, 14, 21-23], coating the conductive 
polymers[24, 25], utilizing the metal oxides as the poly-
sulfides adsorbents[26-28] and so on. 

The graphene, a 2D sheet composed of sp2-bonded 
single-layer carbon atoms with the honeycomb lattice 
structure[29-32], has attracted great interests in physics, 
chemistry, and material science[29]. Owing to its high 
surface area, flexibility, chemical stability, superior 
electric and thermal conductivity[30, 33], the graphene 
has been used as the ideal building blocks for gra-
phene-based electrode materials with desirable func-
tionality[31, 32, 34-40]. The large surface area, high me-
chanical strength and exceptionally high electrical 

conductivity of the graphene matrix are beneficial to 
the Li–S batteries not only in increasing the overall 
electronic conductivity of the electrode to mitigate the 
sluggish kinetics[33], but also to buffer the large volume 
change between the delithiated S and the lithiated Li2S 
phases[9].  

Herein, the synthesis and fabrication of the gra-
phene-sulfur composites, the graphene-sulfur interac-
tion and the impacts on the electrochemical perfor-
mances of the Li–S batteries are briefly introduced. 
The main efforts will be placed on the latest advances 
in the applications of the graphene and graphene-based 
materials as the sulfur hosts for the Li–S batteries. 

Graphene-based composites in the Li–S 
batteries 
Graphene oxide-S composite cathodes 

The graphene oxide (GO) has been shown to be a 
good candidate to anchor the active materials in the 
lithium batteries[41]. The high dispersivity of GO in 
water and other solvents makes it possible to synthe-
size the hybridized materials in solution with the de-
sired morphologies and sizes[41]. Therefore, GO has 
widely been used to coat the sulfur in various solution 
systems[22, 42-46]. 

In 2011, Zhang’s group first deposited nano-S onto 
the GO sheets through chemical reaction in a mi-
cro-emulsion system[22]. The as-synthesized samples 
were heated in 155 °C to facilitate the melting of the 
bulk S on the external surface of the GO. The melted S 
then diffused into the pores of the GO sheet due to the 
strong adsorption effects derived from both the high 
surface area and the functional groups. This composite 
was subsequently employed as the cathode in the Li–S 
batteries, which demonstrated a reversible capacity of 
954 mA h/g after more than 50 cycles at 0.1 C (1 
C=1675 mA/g). The authors believe the unique struc-
ture of the graphene oxide–sulfur (GO–S) nanocompo-
site can improve the overall electrochemical perfor-
mance. Because not only the GO can accommodate the 
significant volume change of the electrode and estab-
lish more electrical contact between the current and S, 
but also the functional groups of GO can have strong 
adsorbing ability to anchor the S atoms and effectively 
prevent the subsequently formed Li polysulfides from 
dissolving in the electrolyte during cycling[22]. In addi-
tion, Zhang and collaborators investigated the chemical 
bonding and the electronic structure of a GO–S nano-
composite using X-ray Photoelectron Spectroscopy 
(XPS), Near-edge X-ray Absorption Fine Structure 
(NEXAFS), and X-ray Emission Spectroscopy 
(XES)[41]. The existences of both the C–S and O–S 
bonds are confirmed by the XPS and NEXAFS tests, 
indicating that the interaction between GO and S can 
preserve the fundamental electronic properties of GO 
and stabilize the S through directly bonding with the 
GO sheet. Later, the authors modified the GO–S com-
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posites with the cetyltrimethyl ammonium bromide 
(CTAB) [46]. As shown in Fig. 2a, the CTAB–GO–S 
composite cathode can be discharged at rates as high as 
6 C and charged at rates as high as 3 C while still 
maintaining high specific capacity (∼800 mA·h/g of 
sulfur at 6 C), with a long cycle life exceeding 1500 
cycles and an extremely low decay rate (0.039% per 
cycle). Thereafter, the researchers have developed a 
variety of methods, for instance, 
self-assemble/electrostatic self-assemble[43, 45], ultra-
sonic with low-temperature heat treatment[47], ionic 
strength adjusting[42, 44], etc., to synthesize the GO–S 
composites and apply them as the cathodes for the Li–
S batteries.  

Fig. 2 (a) Schematic of the GO–S nanocomposite structure. The 
presence of CTAB on the GO–S surface was confirmed by Fou-
rier transform infrared spectroscopy (FTIR) and shown to be 
critical for achieving improved cycling performance by mini-
mizing the loss of sulfur. (b) Long-term cycling test results of 
the Li/S cell with CTAB-modified GO–S composite cathodes[46]. 
Reproduced with permission from ref. 46. Copyright © 2013, 
American Chemical Society. 

Graphene -S composite cathodes  

The graphene is unique in terms of two-dimensional 
morphology, high specific surface area of over 2,600 
m2/g, superior electrical conductivity and excellent 
structural stability[48]. Upon incorporated, the immobi-
lizing nanostructured sulfur on the graphene sheets 
could offer potential advantages for the Li-S batteries. 
It is well known that the conductivity of the graphene 
is much higher than that of the GO, and the higher 
conductivity brings higher utilization of the active ma-
terials during the charge/discharge process[14, 15, 33]. 
Therefore, the cathodes containing the sulfur–reduced 
graphene oxide (S–RGO) composites or the sulfur–
graphene (S–G) composites have become the favorite 

subjects in research. Many strategies have been devel-
oped to reduce the GO to RGO or synthesize the gra-
phene directly.  

In 2010, Wang et al. first mixed the highly porous 
graphene nanosheets with the bulk sulfur to form the 
composites (S–GNS) as the cathode[49]. In this process 
the graphene nanosheets are reduced from GO by the 
hydrothermal method. However, the sulfur content in 
the electrode is only 17.6%. In 2012, Dong’s group 
reported reducing the GO to RGO by the hydrothermal 
method with addition of the Na2S as the reducing agent, 
resulting in a sulfur content of 75.2%[50]. 

In 2013, a groundbreaking advance in RGO material 
preparation was reported by Zhang’s group[51]. They 
synthesized the RGO hydrogel by hydrothermal reduc-
tion of the GO solution (1 mg/mL) at 150 oC for 10 h, 
and then used the KOH to activate this RGO hydrogel 
at 800 °C under N2 atmosphere to get the porous gra-
phene sheets as shown in the Fig. 3a. This porous gra-
phene sheets can load the sulfur content as high as 67%, 
which can make the electrode contain 53.6% sulfur, 
approximately three times higher than that reported 
previously. In particular, this porous graphene–sulfur 
(AGNs/S) composite cathode showed better cycling 
performances with a reversible capacity of 685 mA·h/g 
at 1 C after 100 cycles as shown in Fig. 3c. Clearly, 
this process has demonstrated significant improvement 
and provided a new direction in utilizing the S–G 
composite cathode. From then on, translating the 2D 
graphene sheets into the well-defined 3D RGO hydro-
gels has become popular since it can provide large sur-
face area, high mechanical strength, and fast mass and 
electron transportation through the combination of the 
porous structure and the intrinsic advantages of the 
graphene[29]. For example, Zhang and his co-workers 
prepared the 3D RGO by hydrothermal method at 
120 °C through adding very small amount of CoCl2, 
resulting in the 3D RGO material with the sulfur as 
high as 73 wt%[52]. In 2014, this lab also successfully 
used a one-pot hydrothermal method to synthesize a 
sulfur anchored graphene composite (NanoS@G), in 
which the sulfur nanocrystals with size of ~5 nm dis-
persed on the graphene sheets homogeneously[53]. Sim-
ultaneously, they compared the electrochemical per-
formances of this NanoS@G composite with those of 
another graphene-S composite which was produced 
though reducing the graphene oxide by thermal an-
nealing at 450 °C. The NanoS@G composite delivered 
an initial capacity of 1400 mA·h/g with the sulfur uti-
lization of 83.7% at a current density of 335 mA/g, 
while the other graphene-S composite only delivered 
an initial capacity around 1050 mA·h/g. 

In addition, the direct uses of the 3D S–G compo-
sites as the cathodes without adding the binders for the 
Li–S batteries have been reported by Chen’s group[54] 
and Wu’s group[55], respectively, which show the supe-
rior cycling performances. In general, the 3D RGO is 
dried by the freeze-drying method in order to get the 
high surface areas and open porous structure, but easily 
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leading to a low packing density and poor utilization 
efficiency of the pores. Therefore, Zhang’s group syn-
thesized the dense S–RGO with nanosize sulfur at-
tached onto the densely packed and conductive RGO 
nanosheets, through the low temperature interfacial 
synthesis of sulfur in the 3D RGO hydrogels and sub-
sequently a controllable soft approach as shown in Fig. 
1e[56]. They investigate the electrochemical perfor-
mances of the dense S–RGO and normal S–RGO, re-
spectively, and found that the dense S–RGO cathode 
showed far higher volumetric energy density of 450 
mA·h/cm3 compared to 39 mA·h/cm3 of the normal 
S-RGO after 100 cycles. 

Fig. 3 (a) Illustration of the preparation route to AGNs through 
self-assembly of GO, ion diffusion and chemical activation 
strategy, (b) proposed scheme for the constrained electrochemi-
cal reaction process of the AGNs10/S composites. (c) Cycling 
stability of AGNs10/S composite electrode at 0.5 C and 1 C[51]. 
Reproduced with permission from ref. 51. Copyright © 2013, 
Royal Society of Chemistry. (d)The formation process of S-G 
and dense S-G[56]. Reproduced with permission from ref. 56. 
Copyright © 2015, Elsevier.  

Similar to the hydrothermal reducing method, high 
temperature reduction is another popular strategy for 
reducing the GO. In 2013, Wei’s group prepared the 
hierarchical porous graphene (HPG) by a vacuum as-
sisted thermal expansion of GO at 1000 °C[57]. The 
as-prepared HPG-1000 was mixed with ultrafine sulfur 
and further treated at 155 °C for 3.0 hours. The elec-
trochemical performances of the as-obtained gra-
phene/sulfur nanocomposite (PGS-1000) were then 
investigated from –40 °C to 60 °C. This nanocomposite 
electrode exhibited high discharging capacitance of 
1068 and 543 mA⋅h/g at a current density of 0.5 C and 
10 C at 25 °C, respectively. A discharging capacity of 
386 mA⋅h/g can be presented at ultra-low temperature 
of –40 °C, which far exceeded the operating range of 
conventional lithium-ion batteries. Shortly in the same 
year, Huang’s group developed a new procedure to 

synthesis the S–G composite, in which the graphite 
was treated to become the chemically modified graph-
ite (CMG), and then heated at 800 °C in air for 60 s to 
form the edge-opened graphite (EG), followed by sim-
ple ball milling for 6 h to obtain the S–G composite as 
shown in Fig. 4a[58]. The unique structure containing 73 
wt% sulfur exhibited the excellent capacity of 615 
mA⋅h/g at the 1 C rate after 100 cycles as shown in Fig. 
4b. In addition, other researchers have attempted to 
generate the RGO materials in different fashions. For 
instance, through annealing the GO under the inert at-
mosphere, such as the N2

[59], Ar2
[60-62], H2/Ar mixture[63, 

64]. 
Fig. 4 (a) Schematic illustration of the evolving process from 

graphite to graphene. (b) Cycling performance and correspond-
ing Coulombic efficiency for charge–discharge at a rate of 1 
C[58]. Reproduced with permission from ref. 58. Copyright © 
2013, Royal Society of Chemistry. 

In addition to thermal reduction, various kinds of 
reducing agents have been applied to reduce the S–GO 
composites[65-72]. Among the reductants, the hydrazine 
is the most commonly used agent. In 2012, Wang’s 
group first reported the superior electrochemical per-
formance of the S–G nanocomposite as the cathode 
material in the Li–S battery[66]. In this case, the GO 
was reduced by the hydrazine and then the elemental 
sulfur was impregnated into the graphene nanosheet 
frameworks. The as-prepared S–G nanocomposite 
demonstrated the discharge capacities of 1201 mA⋅h/g 
at a 1 C rate and 950 mA⋅h/g at a 2 C rate, with excel-
lent cyclability up to 100 cycles. Recently, Zhang’s 
group reported a graphene-wrapped sulfur nanosphere 
composite (S-nanosphere@G) with the sulfur content 
up to 91 wt% as the high energy density cathode for 
the Li–S battery[70]. The sulfur nanospheres with diam-
eter of 400–500 nm were synthesized through a solu-
tion-based approach in the presence of polyvinylpyr-
rolidone (PVP). When the sulfur nanoshperes were 
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wrapped by the GO, the hydrazine was added to reduce 
the GO to obtain the S-nanosphere@G composites. As 
a result, the S-nanosphere@G nanocomposite with 91 
wt% sulfur shows a reversible initial capacity of 970 
mA h/g and an average columbic efficiency > 96% 
over 100 cycles at a rate of 0.2 C. In 2011, Nazar’s 
group mixed the graphene oxide and the soluble poly-
sulfides (Na2S~2.4), and carried out a so-called one pot 
reaction to oxidize the polysulfides and reduce the GO 
in situ under the acid condition[73]. The as-prepared 
S-G composites contained the sulfur fractions as high 
as 87 wt%, yielding a coulombic efficiency of 93% 
over 50 cycles with good capacity when applied as the 
cathode for the Li–S battery. In 2012, Sun’s group also 
synthesized the sulfur-reduced graphene oxide compo-
site (SGC) materials through the simultaneous oxida-
tion of sulfide and reduction of GO[65]. What is distin-
guished in this strategy is that they used the Na2SO3 as 
the sulfur source and the Na2S as the reducing agent. 
The preparation process and the reaction mechanism 
are illustrated in Fig. 5a. Following this method, the 
sulfur content in the SGC can be adjusted in the range 
from 20.9 to 72.5 wt.%, and the SGC-63.6%S compo-
site can deliver a reversible capacity as high as 804 
mA·h/g after 80 cycles at a current density of 312 
mA/g (ca. 0.186 C, shown in Fig. 5c). 

Fig. 5 (a) Schematic representation of the synthesis processes 
for sulfur-reduced graphene oxide composites. (b) Scanning 
electron microscopy (SEM) image of sulfur-coated graphene 
composites. (c) Cycling performance of sulfur-coated graphene 
composites at a current rate of 312 mA/g[65]. Reproduced with 
permission of ref. 65. Copyright © 2012, Springer. 

In 2014, a core-shell structure with homogenous 
graphene coating layer on the surface of sulfur was 
fabricated successfully by Zhao, et al[69]., in which hy-
drogen iodide (HI) was used as the reduced agent for 
reducing the GO. This novel core-shell structured 
(S@RGO) with up to 85 wt% S maintained a stable 
discharge capacity of about 980 mA⋅h/g at 0.05 C and 
570 mA⋅h/g at 1C after 200 cycles charge/discharge. 

Later, Sun et al. reported a novel electrostatic 
self-assembly approach to prepare the RGO/S compo-
sites as the cathode material for the Li–S battery, in 
which the HI was used as the efficient reducing 
agent[71]. Moreover, Yang’s group has successfully 
used the H2S gas as a novel reducing agents to reduce 
the GO to RGO[68, 72]. Using H2S as a reducing agent 
can realize the reduction of GO and obtain a gra-
phene/sulfur hybrid (HRGO/S) with high sulfur content 
(~40%) and a uniform distribution, which is hard to 
achieve in other methods. The HRGO/S displayed a 
discharge capacity of 950 mA⋅h/g[68]. With the in-
creasing current density, the discharge capacity de-
creased gradually and a capacity of 683 mA⋅h/g can be 
retained at 2.0 A/g. Even at 5.0 A/g, a capacity of 490 
mA⋅h/g can still be obtained. 

Despite that the current research efforts have been 
focused on reducing GO to the RGO and then combin-
ing the RGO with the sulfur to obtain the cathode ma-
terial, alternative methods, i.e., chemical vapour depo-
sition (CVD)[74-76], electrochemical exfoliation[77], etc., 
also were reported to synthesize the graphene and then 
apply it as the sulfur host in the Li–S batteries. Based 
on a mesoporous metal oxide (MgAl LDH) template, 
Wei’s group used the CVD method to synthesize an 
intrinsically unstacked double-layer templated gra-
phene (DTG, shown in Fig. 6a), which was used for the 
high-power Li–S batteries with excellent high-rate 
performance[75]. As shown in Fig. 6b, when the current 
rate was increased to 5 C and 10 C, an improved cycle 
stability of 832 mA⋅h/g and 628 mA⋅h/g after 200 cy-
cles was achieved, respectively.  

Fig. 6 (a) Scheme for the synthesis of unstacked DTG. (b) Long 
cycle performance of the DTG/S cathode at 1.0, 5.0 and 10.0 
C[75]. Reproduced with permission of ref. 75. Copyright © 2014, 
Nature Publishing Group. 

Although both Kumar’s group[74] and Chen’s 
group[76] applied the CVD method and the Ni foam as 
the template to synthesize the 3D graphene, the two 
groups employed two radically different approaches to 
prepare the free-standing electrodes. The former group 
infiltrated the sulfur solution into the graphene foam by 
drop-casting with the sulfur content around 2.0 mg/cm2, 
while the latter group infiltrated the well-mixed sulfur 
slurry into a graphene/poly(dimethylsiloxane) (PDMS) 
foam, in which the sulfur loading can be as high as 
10.1 mg/cm2, giving a discharge capacity of 13.4 
mA⋅h/cm2. 
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In addition to the S–RGO materials, the functioned 
graphene and heteroatom-doped graphene have been 
widely applied in the Li–S batteries. It have been re-
ported that the functionization of the graphene or het-
eroatom-doped graphene can render tunable electronic 
properties and even tunable chemical reactivities[33, 78, 

79]. In 2011, Liu’s group used the Nafion solution to 
modify the functionalized graphene sheets-sulfur 
nanocomposite (FGSS)[80]. After the FGSS was coated 
with a thin layer of the cation-exchange Nafion film, 
the migration of dissolved polysulfide anions from the 
nanocomposite was effectively reduced, leading to a 
good cycling stability of 75% capacity retention over 
100 cycles. Other examples regarding the functioniza-
tion of graphene as the cathodes for the Li-S batteries 
included the hydroxylated graphene–sulfur and phenyl 
sulfonated graphene–sulfur nanocomposites which ex-
hibited better cyclability compared to the 
non-functionized graphene–sulfur  composites[79, 81]. 

In the case of the heteroatom-doped graphene, 
Zhang’s group first reported the nitrogen-doped gra-
phene (NGS) applied as the cathode materials for the 
Li–S batteries in 2014[82]. Compared with the gra-
phene/sulfur (GS/S) composite, the NGS-1/S compo-
site with high loading (80 wt%) of sulfur delivered a 
remarkably higher reversible capacity (1356.8 mA⋅h/g 
at 0.1 C) and long cycle stability (578.5 mA⋅h/g re-
maining at 1 C up to 500 cycles). It also demonstrated 
that the pyridinic-N enriched NGS-1/S exhibited a bet-
ter electrochemical performance than pyrrolic-N en-
riched NGS-2/S. Also in 2014, Huang’s group synthe-
sized a porous three-dimensional nitrogen-doped gra-
phene-sulfur composite (3D-NGS) by means of a facile 
one-pot solution method[83]. The cathode material 
demonstrated excellent rate capability and cyclability 
which were attributed the authors to the flexible porous 
3D structure and N-doping in graphene. 

Another impressive example is the work of Zhang’s 
group in 2014[84]. As shown in Fig. 7a, a cathode con-
sisting of the N-doped graphene wrapped S (S@NG) 
and PVDF binder without the carbon black additives 
was prepared. The S@NG cathode, with a high active 
S content of 60 wt%), can be cycled with an excellent 
coulombic efficiency of above 97% after 2000 cycles 
as shown in Fig. 7d. Based on the X-ray photoelectron 
spectroscopy (XPS) analysis and ab initio calculation 
results (shown in Fig. 7b-c), the authors attributed the 

excellent performance to the well-restored C−C lattice 
and the unique lithium polysulfide binding capability 
of the N functional groups in the NG sheets. Moreover, 
the first principle calculations were performed to illus-
trate the adsorption behavior between the sulfur/lithium 
(poly) sulfides and the pristine/nitrogen-doped gra-

phene nanoribbons with different edge structures[78]. 
Compared with the pristine graphene nanoribbon, the 
nitrogen-doped graphene nanoribbon exhibited the 
strong couple interactions for anchoring sul-
fur-containing species, and achieving high stability and 
reversibility.   
Fig. 7 (a) Proposed synthesis route for creating S@NG nano-
composite and N functional groups for trapping Li2Sx. (b) 
High-resolution N 1s XPS spectrum of the NG sheets. (c) The 
ab initio calculated structures of Li2S4 adsorption on the primi-
tive graphene, pyrrole-like graphene, and pyridine-like graphene, 
respectively. (d) Long-term cycling performance test of the 
S@NG electrode at 2 C discharge/charge rate. Inset is its corre-
sponding coulombic efficiency at 2 C[84]. Reproduced with per-
mission from ref. 84. Copyright © 2014, American Chemical 
Society. 

In summary, the hybridization of sulfur with con-
ductive GO or graphene matrix could effectively inhib-
it the shuttle effect and accommodate the large volume 
changes during battery cycling, therefore, could im-
prove the capacity retention. As presented in Table 1, it 
can be observed that the S−G composites as the cath-
odes usually demonstrate better cycling performances 
and higher rate capability compared to the S−GO 
composites. This can be attributed to the improved 
conductivity of the graphene. 

Table 1 Electrochemical performances of various S–GO and S-G composites 

 

Sulfur con-
tent in the 
electrode 

(wt%) 

Initial dis-
charge ca-

pacity 
(mA⋅h/g) 

Reversible 
discharge ca-

pacity 
(mA⋅h/g) 

Cycle 
number 

Charge/discharge rate 
(C, 1 C=1675 mA/g) 

Reference 
number 

S–GO nanocomposite ~46.2 1000 954 50th 0.1 22 

Sulfur@GO core-shell 
composites 

49.14 ~350 688.5 100th 0.1 43 
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sulfur/GO core-shell 

particles 
~40 ~900 800 1000th 0.6 42 

S/GO composite 50.4 1053 591 100th 0.1 47 

CTAB-modified S-GO 

nanocomposite 
46.9 ~880 ~365 1500th 1 46 

GO-wrapped bowl-like 
sulfur composite 

76 674 507 200th 0.12 44 

GO/S composites 60.4 827 494.7 200th 0.1 45 

S-GNS composites 17.6 1611 700 40th 0.03 49 

sulfur-graphene 

hybrid 
60.16 1053 662 100th 0.6 50 

AGNs/S nanocomposites 53.6 927 685 100th 1 51 

graphene-sulfur  hybrid 63 ~700 541 100th 0.45 54 

porous graphene sponges 80 513 375.3 300th 0.1 55 

NanoS@G 37.5 1400 720 100th 0.2 53 

dense S-G 48.72 ~920 770 300th 0.5 56 

S@3D-graphene 54.75 1260 ~700 100th 0.1 52 

graphene-sulfur composite 65.7 ~860 615 100th 1 58 

HPG-S - ~820 450 100th 1 57 

AG/S 45.5 1309.9 717.1 200th 0.75 62 

mesoporous gra-
phene-sulfur nanocompo-

site 
55 1393 689 50th 0.1 61 

S/RGO composite ~42 1290.1 624.8 200th 0.1 59 

S-GnPs ~56 1265.3 966.1 500th 2 60 

RGO/S composite 41.6 1150 880 220th 0.06 64 

nano-sulfur/graphene 
(S-RGO) paper 

63 741 592 168th 0.90 63 

Sulfur/graphene nano-
composite 

35.6 1201 662 100th 1 66 

Sulfur-reduced graphene 
oxide composite 

50.88 ~900 440 500th 0.75 65 

graphene-sulfur composite 
(GSC) 

78.3 705 550 50th 0.2 73 

graphene-encapsulated 
sulphur (GES) composites 

66.64 514.0 523.1 500th 3 67 

S-nanosphere@G 77.35 970 430 100th 0.2 70 

S@RGO 68 ~1113.6 980 200th 0.05 69 

HRGO/S hybrid ~40 ~820 600 100th 0.2 68 

HDGS 72 ~650 350 100th 0.8 72 
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RGO/S 

composite 
56 865.1 720 50th 0.24 71 

S-impregnated 

graphene composite 
59.2 ~1220 ~880 50th 0.1 11 

sulfur-rGO composite 60 1385 ~872.6 100th 0.1 7 

sulfur/graphene nanosheet 
(S/GNS) composite 

60 809 413 50th 0.2 16 

DTG/S nanocomposites 57.6 734 380 1000th 10 75 

sulphur-FLG 

foam 
63 1008 ~380 200th 1.91 74 

S-PDMS/Graphene Foam 70 ~980 448 1000th 0.9 76 

graphene/S composite 64 ~1125 ~788 250th 0.06 77 

FGSS nanocomposite 56 ~580 505 100th 1 80[80] 

GNSOH-S 

nanocomposite 
~48 815 647 100th 2 81 

3D-NGS composite 61.32 ~1200 671 200th 0.9 83 

NGS/S composites ~64 ~1000 578.5 500th 1 82 

S@NG composite 60 ~800 ~400 2000th 2 84 

PhSO3-RG/S composites 63 1023 717 50th 0.2 79 

Graphene-S-carbon composite cathodes  
Even though the GO/graphene as the sulfur host can 

significantly enhance the conductivity, alleviate the 
polysulfides shuttling, accommodate the sulfur volume 
expansion, and thus improve the cycling performances 
of the Li–S batteries, the outcomes are still not very sat-
isfactory for the potential applications in practice. Nev-
ertheless, due to its aforementioned unique features as 
well as mechanical strength and flexibility, the graphene 
is regarded as an ideal coating for the carbon/sulfur 
composites (C/S)[85]. To date, a few researchers have 
developed a possible solution by encapsulating the ele-
mental S in a graphene-based multifunctional carbon 
matrix to produce the C/S composites, such as 
RGO-exfoliated graphene sheets[86], graphene/CNT[87-95], 
graphene/carbon nanofiber[96, 97], graphene/porous car-
bon[85, 98-107], and so on, which have demonstrated elec-
trochemical advantages over the non-GO/graphene 
coated materials.  

In 2012, Shi’s group selected the ultrathin thermally 
exfoliated graphene sheets (TG) to prepare the TG-S 
stack-up nanocomposite, and then coated the TG–S 
nanocomposite with RGO through a liquid process pro-
posed in Fig. 8a[86]. In comparison with the pure TG–S 
nanocomposite, the RGO coated TG–S nanocomposite 
(RGO–TG–S) possessed a better capability of restrain-
ing the diffusion of the polysulfides, and it also retained 
a larger capacity of 928 mA⋅h/g after 100 cycles at a 

rate of 0.2 A/g as shown in Fig. 8c. 

Fig. 8 (a) Scheme of the RGO–TG–S nanocomposite for im-
proving cathode performance. (b) SEM image of RGO–TG–S 
nanocomposite. (c) Cycle life of the TG–S and RGO–TG–S 
nanocomposites at a rate of 0.2 A/g[86]. Reproduced with permis-
sion from ref. 86. Copyright © 2012, Royal Society of Chemistry. 

The carbon nanotube (CNT) is an another attractive 
choice of carbon matrix due to its excellent electrical 
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and mechanical properties[87]. Direct growth of the gra-
phene/single-walled carbon nanotube (G/SWCNT) hy-
brids was successfully achieved by Wei’s group through 
the one-step CVD of methane on the FeMgAl layered 
double oxide (LDO) flakes at a temperature above 
950 °C[88]. The robust connection between the SWCNTs 
and the graphene facilitated the construction of a high 
electrical conductive pathway. The internal spaces be-
tween the two stacked graphene layers and among 
SWCNTs also offered room for the sulfur storage. The 
as-obtained G/SWCNT–S cathode exhibited excellent 
performance in the Li–S batteries with a capacity as 
high as 650 mA⋅h/g and a Coulombic efficiency of 
about 92% after 100 cycles even at a high current rate of 
5 C. Subsequently, Wei’s group developed a series of 
3D graphene/CNT composites, i.e. nitrogen-doped 
aligned carbon nanotube/graphene sandwiches[91], gra-
phene/CNT@porous carbon[90], carbon nano-
tube/graphene nanosphere scaffolds[94], etc., to encapsu-
late the sulfur and achieved impressive electrochemical 
performances as the cathodes for the Li–S cells. In 2013, 
Amine’s group successfully developed a multi-walled 
carbon nanotube/sulfur (MWCNT@S) composite with 
the core−shell structure embedded into the interlay gal-
leries of the graphene sheets (GS) through a facile 
two-step assembly process as shown in Fig. 9 (a)[87]. 
This composite was evaluated as a cathode material for 
the Li–S batteries, exhibiting a high initial capacity of 
1396 mAh/g at a current density of 0.2 C, corresponding 
to 83% usage of the sulfur active material. As shown in 
Fig. 9 (c), when the GSMWCNT@S composite elec-
trode was cycled at the discharge current densities of 0.5, 
1, and 2 C, it resulted in the average discharge capaci-
ties of approximately 856, 743, and 502 mAh/g, respec-
tively, after 10 cycles. In addition, the sulfur–
CNT/graphene (S–CNT/G) nanocomposites with supe-
rior electrochemical performances can be assembled by 
the simplified ultrasonication-assisted method and the 
hydrothermal co-assembling route[89, 92, 93]. 

 
Fig. 9 (a) Schematic illustration of the fabrication and architec-
ture of 3D hierarchically structured GS-MWCNT@S composite. 
(b) Cycling performance and (c) rate capabilities of MWCNT@S, 
GS@S, and GS-MWCNT@S composite cathodes[87]. Reproduced 
with permission from ref. 87. Copyright © 2013, American 
Chemical Society. 

The carbon nanofiber, as another kind of 1D material, 

has also been assembled with the graphene and sulfur. 
Liu et al. reported a graphene-sulfur-carbon nanofibers 
(S–G–CNFs) multilayer and coaxial nanocomposite for 
the cathode of the Li−S batteries with increased capacity 
and significantly improved long-cycle stability[96]. The 
S–G–CNFs-based cathode with an initial capacity of 
745 mA h/g was able to maintain ∼273 mA h/g even 
after 1500 charge/discharge cycles at a high rate of 1 C, 
indicating an extremely low decay rate (0.043% per cy-
cle after 1500 cycles). In contrast, the capacity of an 
electrode assembled without graphene wrapping de-
cayed dramatically at a rate 10 times higher (∼0.40% 
per cycle after 200 cycles). 

It has been proved that the porous carbon can not on-
ly effectively trap the polysulfides, but also offer the 
necessary buffering space for the volume change of the 
sulfur and the efficient diffusion channel for the lithium 
ions during the charge/discharge process, wherein the 
porous carbon acts as “micro-reactors” for the electro-
chemical reaction[85, 98]. Therefore, many studies focus 
on assembling the graphene-sulfur-porous carbon 
nanocomposites[85, 98-108]. As shown in Fig. 10 (c), a 
graphene coating mesoporous carbon/sulfur 
(RGO@CMK-3/S) composite was first synthesized by 
Yang et al. in 2013[98]. The hybrid configuration incor-
porated the merits of the CMK-3 matrix and the RGO 
skin. The RGO@CMK-3/S composite with sulfur of 
53.14 wt.% exhibited a reversible discharge capacity of 
about 734 mA h/g after 100 cycles at 0.5 C. Even the 
rate was increased to 2 C, a reversible capacity of 182 
mAh/g could still be achieved. Since then, many groups 
reported the syntheses and uses of the gra-
phene/GO-micro/mesoporous carbon hybrid nanocom-
posites, demonstrating the potentials of this type of ma-
terial for the Li–S batteries[85, 99-102, 105, 106].      

In 2014, a composite with well-confined elemental 
sulfur implanted into a stacked block of carbon nano-
spheres and graphene sheets through a simple solution 
reaction was first reported by Wang’s group[103]. As 
claimed by the authors, the carbon components provided 
dual functions in this configuration and contributed to 
the improved electrochemical properties. On one hand, 
the graphene directly shielded the sulfur from move-
ment of the polysulfides. On the other hand, the carbon 
nanospheres transported the sulfur into the carbon net-
work. The material achieved a high loading of sulfur 
(64.2 wt %) and showed a stable electrochemical per-
formance with a maximum discharge capacity of 1394 
mAh/g at a current rate of 0.1 C besides the excellent 
rate capability at 1 C and 2 C. Recently, Manthiram’s 
group has also reported a dual-confined flexible sulfur 
cathodes encapsulated in nitrogen-doped double-shelled 
hollow carbon spheres and wrapped with graphene for 
Li–S batteries[107]. This free-standing nanostructured 
sulfur cathode provides a well-built 3D carbon conduc-
tive network free of the binders, delivering a high initial 
discharge capacity of 1360 mA h/g at a current rate of 
0.2 C and an excellent rate capability of 600 mA h/g at 2 
C rate. 



 

 
10  

Fig. 10 (a) Cycling performances of RGO@CMK-3/S composite 
at 0.5 C and 1 C. (b) Rate capability of RGO@CMK-3/S compo-
site. (c) Scheme of RGO@CMK-3/S composite for improving the 
cathode performance[98]. Reproduced with permission from ref. 
98. Copyright © 2012, Elsevier.  

Overall, the inner carbon layer of the gra-
phene-S-carbon composites mainly helps trap the poly-
sulfides and minimize the dissolution of polysulfides, 
while the outer graphene/GO skin provides the compo-
site with a high electrical/ionic conductive network as 
well as additional trap for the polysulfides. The unique 
structures of these composites lead to improved elec-
trochemical performances and provide the potential uti-
lizations of the sulfur electrodes for the Li-S batteries. 

Graphene-S-polymer composite cathodes 

In addition to interfacing the sulfur with the graphene 
sheets, it is possible to obtain sulfur particles well coat-
ed and confined by the graphene sheets and meanwhile 
integrate the polymeric “cushions” (e.g., 
poly(ethyleneglycol) (PEG)) in the hybrid structure[109]. 
The doped polymer layer can minimize the dissolution 
and diffusion of the polysulfides by chemical bonding 
as well as facilitate the volume expansion of the sulfur 
electrode during the charge and discharge process[109]. 
In 2011, Cui et al. reported a S–G composite by wrap-
ping the PEG (Triton X-100 in this case) coated 
sub-micrometer sulfur particles with mildly oxidized 
graphene oxide sheets which were decorated by the 
carbon black nanoparticles as shown in Fig. 11a[109]. The 
as-prepared graphene sulfur composite showed a high 
and stable specific capacity up to ∼600 mAh/g over 
more than 100 cycles. In 2013, Wang et al. also reported 
the sulfur composites which were embedded in a 3-D 
conducting composite network of RGO and PEG to 
form a continuous sulfur film coating on RGO[110]. In 
addition, other conducting polymers such as polyacry-
lonitrile (PAN)[111-114], polypyrrole (PPy)[115-117], polyan-
iline (PANI)[48, 118, 119], and 
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS)[120], are commonly used to combine with 
the graphene-sulfur composites because they can dis-
play different impacts on the electrochemical perfor-
mances of the sulfur cathodes, in large part owing to 

their unique particle habits and good electrochemical 
stability. In 2012, Wang’s group first synthesized the 
polyacrylonitrile/graphene (PAN/GNS) composites via 
an in situ polymerization method (as shown in Fig. 11b), 
and used it as a precursor to prepare a cathode material 
for the high-rate rechargeable Li–S batteries[111]. Their 
results showed that the pyrolyzed PAN-S/GNS nano-
composite (pPAN-S/GNS), with a GNS content of ca. 4 
wt.%, exhibited a reversible capacity of ca. 1500 mA 
h/gsulfur or 700 mAh/gcomposite in the first cycle, corre-
sponding to a sulfur utilization of ca. 90%. Later, 
Wang’s group also synthesized a dual-mode sul-
fur-based cathode material (pPAN–S/mGO–S) by em-
bedding the sulfur in both the pyrolyzed PAN nanopar-
ticles (pPAN) and the mildly reduced graphene oxide 
nanosheets (mGO), leading to 81.7 wt% of sulfur in 
mGO-S[112]. The material delivered a high initial dis-
charge capacity of above 1000 mA h/gcomposite. Calcu-
lated based the sulfur content, the initial discharge ca-
pacity was ca. 1200 mA h/gsulfur, implying ca. 70% uti-
lization of sulfur. 

The S-PPy/graphene multi-composites were firstly 
applied as the cathode by Gao’s group in 2013[115]. The 
PPy/graphene composites were synthesized by deposit-
ing the PPY on the surface of the multilayer graphene 
sheets through in situ chemical oxidative polymerization, 
followed by adding sulfur to form the sul-
fur-polypyrrole/graphene multicomposites with different 
sulfur contents. The authors claimed that the 
S-PPy/graphene multi-composites with 50 wt% sulfur 
presents the optimized electrochemical performance in 
terms of the utilization of active sulfur, discharge capac-
ity and cycle stability, as compared to the sul-
fur/graphene composite with the same sulfur loading. 
Soon afterwards, Chen and his co-workers synthesized 
the nano-sulfur/polypyrrole/graphene nanosheet 
(nano-S/PPy/GNS) ternary composite with a du-
al-layered structure, which delivered a high initial ca-
pacity of 1415.7 mAh/g, remaining a reversible capacity 
of 641.5 mAh/g after 40 cycles at 0.1 C rate[116]. Re-
cently, Qiu’s group reported a Sandwich-type, 
two-dimensional hybrid nanosheets fabricated by the 
infiltration of the nanosized sulfur into the gra-
phene-back-boned mesoporous carbon with a PPy 
nanocoating[117]. The as-prepared GCS@PPy demon-
strated a high reversible capacity for as long as 400 cy-
cles with an ultra-slow decay rate of 0.05% per cycle at 
the high rate of 1–3 C. In 2014, Zhang’s group used the 
conductive polymer PANI modified CTAB–GO–S 
nanocomposites as the cathode which improved the rate 
performance and extended the cycling stability over 500 
discharge/charge cycles[48]. As shown in Fig. 11 (c), the 
preparation of PANI-modified CTAB–GO–S nanocom-
posites involved two steps: (i) synthesis of 
CTAB-decorated GO–S nanocomposites through the 
following reaction, 2Na2S + Na2S2O3 + 6HCOOH = 4S 
+ 6HCOONa + 3H2O; (ii) synthesis of PANI-modified 
CTAB–GO–S via oxidative polymerization of aniline in 
acidic aqueous solution. 

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Polystyrene_sulfonate
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PEDOT-PSS, the charged macromolecular salt with 
superior high conductivity, has also been used to coat 
the graphene-sulfur composite. Recently, Wang et al. 
reported a PEDOT-PSS coated sulfur@activated porous 
graphene composite (PEDOT/S@aPG) as the cathode 
material[120]. As shown in Fig. 11 (d), the PE-
DOT/S@aPG composite was prepared by the impregna-
tion of sulfur with the porous graphene (aPG) and then 
encapsulation with PEDOT-PSS. The as-prepared PE-
DOT/S@aPG composite cathode with a sulfur content 
of about 60.1% showed a higher specific discharge ca-
pacity (1198 mA h/ g at 0.1 C) in the first cycle and 
good cycling stability, retaining a reversible capacity of 
845 mA h/g after 200 cycles. 
It’s worthy of mentioning that there are also other pol-
ymer-graphene-sulfur composites, such as polydopa-
mine (PD)-coated RGO/S composite[121], polyimide 
(PI)-3D-RGO/S composite[122], gra-
phene/cellulose-sulphur (GCS) composite[123] and 
S-poly(dimethylsiloxane)/graphene foam[76], that have 
been employed as the cathodes for the Li–S batteries. In 
general, the polymers coated composite cathodes have 
demonstrated better electrochemical performances 
compared to the uncoated graphene-sulfur composites. 

 
Fig. 11 (a) Schematic of the synthesis steps for a gra-
phene-PEG-sulfur composite, with a proposed schematic struc-
ture of the composite[109]. Reproduced with permission from ref. 
108. Copyright © 2011, American Chemical Society. (b) Sche-
matic diagram of the in situ polymerization and synthesis of the 
pPAN-S/GNS composite[111]. Reproduced with permission from 
ref. 110. Copyright © 2012, Royal Society of Chemistry. (c) 
Schematic diagram showing the preparation of polyani-
line-modified CTAB–GO–S nanocomposites[48]. Reproduced with 
permission from ref. 48. Copyright © 2014, Springer. (d) Sche-
matic diagram of the formation of the PEDOT/S@aPG compo-
site[120]. Reproduced with permission from ref. 119. Copyright © 
2014, Royal Society of Chemistry.  

Graphene-S-metal oxide composite cathodes 

The literatures have demonstrated that a variety of 
metals/metal oxides[27], porous silica[124], and metal or-
ganic frameworks[125] were effective absorbing agents 
for trapping the soluble polysulfides, thereby reducing 
the shuttle effect of the soluble polysulfides. However, 

these inorganic/organic components are usually elec-
trochemically inert and poorly conductive, contributing 
negligible capacities[126-128]. In the recent years, the re-
searchers have paid increasing attentions to intergrate 
the electrochemically inert components with the con-
ductive graphene to obtain the high performance cath-
odes for the Li–S batteries.  

The atomic layer deposition (ALD) method is one of 
the most popular strategies to coat the metal oxide on 
the S–G composites. Shi’s group have used this strategy 
to coat an ultrathin Al2O3 film on the graphene-sulfur 
composite and applied it as the cathode for the Li-S 
batteries[126]. The ALD- Al2O3 coated material exhibited 
a high specific capacity of 646 mA h/g after 100 
charge/discharge cycles at 0.5 C, about twice that of the 
non-coated S-G composite. In another study, the re-
searchers also found that ALD-ZnO coating was more 
effective than ALD-MgO coating in terms of perfor-
mance improvement[127]. The ZnO coated S-G electrode 
with 55 wt% sulfur loading delivered a maximum dis-
charge capacity of 998 mA h/g at a current density of 
0.2 C. A high reversible capacity of 846 mA h/g was 
also retained after 100 charging/discharging cycles. As 
to the MgO coated S-G electrode, the initial discharge 
capacity was 923 mA h/g, and a reversible capacity of 
767 mA h/g was achieved after 100 cycles. 

Recently, the utilizations of the oxides of the transi-
tion metals in the sulfur-graphene have attracted the 
increasing interests in the scientific community. In 2014, 
Zhang’s group first combined the mesoporous met-
al-organic frameworks (meso-MOF) materials and RGO 
to synthesize the hierarchical architecture of me-
so-MOF@RGO hybrid nanocomposites[128]. Due to its 
rich pore structure and good electronic conductivity, the 
as-prepared meso-MIL-101(Cr)@RGO/S cathode 
showed discharge capacity as high as 650 mA h/g and 
capacity retention rate of 66.6% at the 50th cycle at the 
current density of 335 mA/g. In 2015, the Mo particles 
coated with a layer of MoO3 were introduced into the 
sulfur-graphene cathode of Li–S battery by Wang et 
al.[129], and a mesoporous ZrO2-coated RGO composite 
was used as the scaffold to house sulfur by Guan et 
al.[130], respectively. Both composites demonstrated long 
cycling stability when used as the cathodes for the Li-S 
batteries. In 2014, Chen’s group reported a gra-
phene/MIL-101(Cr) composite (GNS-MIL-101(Cr)) as 
the host for sulfur immobilization in the Li–S 
batteries[131]. The GNS-MIL-101(Cr)/S composite was 
synthesized via a two-step approach as shown in Fig. 12 
(a). The initial discharge capacity of the MIL-101(Cr)/S 
composite was 715 mAh/g at 0.1 C. When the current 
was increased to 0.8 C, its capacity was decreased to 
512 mA h/g, but decreased only by 19.9% over 300 cy-
cles as shown in Fig. 12 (b). In comparison, the initial 
discharge capacity of GNS-MIL-101(Cr)/S composite 
was increased to 1200 mAh/g, and it maintained a re-
versible capacity of 395.9 mAh/g with 21% decrease 
over 300 cycles at a high rate of 2.4 C. 
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Fig. 12 (a) Schematic illustration of the GNS-MIL-101(Cr)/S 
composite preparation. Sulfur was infiltrated into the MIL-101(Cr) 
using meltingdiffusion method. Graphene was wrapped on the 
surface of the MIL-101(Cr)/S by the strongeletrostatic attraction. 
(b) Cycling performance and corresponding coulombic efficiency 
(percentage number in parentheses) of the GNS-MIL-101(Cr)/S 
and MIL-101(Cr)/S composites under different current 
densities[131]. Reproduced with permission from ref. 130. Copy-
right © 2014, Royal Society of Chemistry. 

In addition, the graphene-silicate-coated sulfur com-
posites have been reported as the cathodes for the Li–S 
batteries[132, 133]. The excellent electrochemical perfor-
mances of these materials were attributed to the capabil-
ity of SiO2 in stabilizing the soluble polysulfides[133].  

Graphene-Li2S composite cathodes 
Since the Li2S cathode has a high theoretical specific 

capacity of 1166 mAh/g and can be combined with lith-
ium-free high capacity anode (e.g., Si and Sn)[134, 135], it 
is considered as an alternative cathode material for the 
Li–S batteries. However, similar to the sulfur cathode, 
Li2S cathode is also limited by low electronic conduc-
tivity (~10-13 S/cm) and polysulfides shuttle phenome-
non[134, 136]. Furthermore, the potential barrier during the 
first charge process leads to a utilized capacity 
penalty[134, 137]. Therefore, assembling Li2S with the 
conductive matrix, such as porous carbon[138] and con-
ductive polymer[139], can improve the utilization of the 
active materials and accommodate the large volume 
changes[134]. In this aspect, the graphene/GO is a good 
choice for coating the Li2S to facilitate a 
high-performance Li–S battery. 

The ab initio simulations have shown that the oxy-
genated functional groups can bind strongly with the 
Li2S and Li2Sn species through the Li–O interactions[140]. 
In 2014, Cui’s group designed an mildly-oxidized gra-
phene oxide (GO) as an encapsulation material for the 
Li2S cathodes[136]. It is claimed that the wrapping of GO 
onto the surface of Li2S through the Li–O interactions 

helps to minimize the dissolution of the intermediate 
Li2Sn species into the electrolyte during cycling. 

 
Fig. 13 (a) The synthesis process of Li2S-RGO composite in 
which Li2S nanoparticles are contained in pocket-like structure 
formed from reduced graphene oxide sheets. (b) Cycling perfor-
mance of Li2S-RGO nanocomposites at C/10[137]. Reproduced 
with permission from ref. 136. Copyright © 2014, Elsevier. (c) 
Schematic illustration of the material preparation processes of the 
nano-Li2S/RGO paper and structure changes during cycling of 
nano Li2S/RGO paper. (d) Rate performance of the 
nano-Li2S/rGO paper electrode with a current rate ranging from 
0.05 to 7 C[141]. Reproduced with permission from ref. 140. Cop-
yright © 2015, American Chemical Society. 
In 2014, a lithium sulfide-reduced graphene oxide 
nanocomposite (Li2S-RGO) was synthesized and evalu-
ated as the cathode material for the assembly of the Li–
S batteries by Kung’s group[137]. The composite, with a 
unique 3D pocket structure, was made by a combination 
of solution chemistry and thermal treatment as shown in 
Fig. 13 (a). The Li2S-RGO nanocomposite with 66 wt% 
Li2S delivered a high initial capacity of 982 mAh/g and 
a reversible capacity of 315 mAh/g as shown in Fig. 13 
(b). If the Li2S particle is coarse sized, there may be an 
energy/voltage barrier in the initial charge process, and 
the rate capability and the cyclability might be poor[141]. 
Therefore, particle size reduction and improvement in 
dispersing Li2S are commonly used to reduce the poten-
tial barrier[134]. Ultrasmall Li2S nanoparticles embedded 
in the graphene nanosheets for the high-energy Li–S 
batteries has been reported by Chen’s group in 2014[134]. 
The Li2S nanoparticles of 8.5 nm were homogeneously 
dispersed in the graphene nanosheets (TG-Li2S) through 
the chemical reduction of the pre-sublimed sulfur by 
lithium triethylborohydride (LiEt3BH). The in-situ 
TG-Li2S nanocomposite exhibited an initial capacity of 
1119 mAh/gLi2S (or 1609 mAh/gsulfur) with a negligible 
charged potential barrier in the first cycle. Recently, 
Huang and his co-workers reported a flexible slurryless 
nano-Li2S/reduced graphene oxide cathode paper 
(nano-Li2S/RGO paper) which was prepared by simple 
drop-coating as shown in Fig. 13 (c)[141]. The 
free-standing Li2S/rGO paper was used as a binder-free 
cathode, demonstrating an excellent rate capability up to 
7 C as shown in Fig. 13 (d).  
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Graphene as the interlayer for the Li–S 
batteries 

The researchers have paid increasing attentions to use 
the carbon materials as the suitable blocking layers for 
the polysulfides in recent years. In 2012, Manthiram’s 
group first reported a microporous carbon paper as a 
bifunctional interlayer for the Li–S batteries[142]. Lately, 
Wei’s group has make an conclusion on interlayer sys-
tem for high-stable lithium-sulfur batteries: Progress 
and Prospects[143]. The significant improvements in the 
active material utilization and capacity retention were 
well demonstrated due to the insertion of a bifucntional 
interlayer between the sulfur cathode and separator yet 
without complex synthesis steps or surface modifica-
tions. As an important allotrope of carbon, graphene has 
be heavily studied as the interlayer for the Li–S batteries 
due to its characteristic 2D structure, exceptional 
strength, good flexibility, excellent conductivity batter-
ies[31, 77, 142-150]. 

In 2013, Wang’s group inserted a RGO based film 
between a sulfur cathode and the separator as a shuttle 
inhibitor to the sulfur and polysulfides[144]. The electro-
chemical evaluations indicated that the sandwich-like 
configuration enhanced the cycling performance of the 
Li–S battery. In 2014, Cheng’s group used one graphene 
membrane as a current collector (GCC) which was 
coated with as the active pure sulfur, and the other gra-
phene membrane as the separator (G-separator) (denot-
ed as GCC/S+G-separator as shown in Figure14 (a), IV) 
which was coated on a commercial polymer[145]. The 
flexible and conductive graphene layers on both sides of 
the sulfur electrode provided excellent electric conduc-
tivity. The sandwich structure was believed to effec-
tively accommodate the large volumetric expansion of 
sulfur during lithiation. The battery with a 
GCC/S+G-separator delivered the capacities as high as 
1000 and 750 mA h/g at 1.5 and 6 A/g, respectively, 
which are roughly 2 and 50 times higher, respectively, 
than those of the battery with a Al foil/S+ separator 
tested under the same conditions as shown in Fig. 14 (b). 
In addition to the graphene membrane, the functional-
ized graphene and the heteroatom-doped graphene 
membrane have been used as the blocking layers for the 
Li–S batteries[33, 146, 147]. For example, our group em-
ployed the porous N-doped graphene (P-N-G), P-doped 
graphene (P-P-G), and N and P-dual doped graphene 
(P-NP-G) membranes as the blocking layers for the Li–
S batteries as shown in Fig. 14 (d)[33]. Interestingly, the 
batteries with the dual doped blocking layer exhibited 
better cycling performances and rate capability than the 
ones with only the N- or P- doped graphene. That was 
because the dual doped blocking layer was more con-
ductive than the N or P single doped blocking layer, and 
the P atoms and –P–O groups in the P-NP-G layer also 
offered stronger adsorption to the polysulfides than the 
N species which were verified by the calculation using 
the density function theory (DFT). 
Fig. 14 (a) Schematic of electrode configurations of: I) an Al foil, 

sulfur cathode, and commercial separator (Al foil/S+separator), II) 

a GCC, sulfur cathode, and commercial separator 
(GCC/S+separator), III) an Al foil, sulfur cathode, and 
G-separator (Al foil/S+G-separator), and, IV) a GCC, sulfur 
cathode, and G-separator. (b) Rate performance of the Li–S bat-
teries with different configurations at different current densities. 
(c) Cycling stability of the Li–S batteries with different configu-
rations at 0.75 A/g for 100 cycles after the high-current-density 
test[145]. Reproduced with permission from ref. 145. Copyright © 
2013, Wiley-VCH. (d) A p-NP-G membrane incorporated in a Li–
S battery and adsorptive mechanism of polysulfides at the 
p-NP-G membrane[33]. Reproduced with permission from ref. 33. 
Copyright © 2015, Royal Society of Chemistry. 

Although not commonly in use, other graphene-based 
interlayers, such as the graphene-cellulose 
composite[148], graphene-polypropylene composites[149], 
graphene-TiO2 composites[150, 151], have also been em-
ployed for the Li–S batteries to improve the electro-
chemical performances. 

Recently, Wei’s group employed an ultrathin gra-
phene oxide (GO) membrane as the blocking layer for 
the highly stable and anti-self-discharge Li–S 
batteries[152]. They proposed that the oxygen electroneg-
ative atoms modified GO into a polar plane, and the 
carboxyl groups acted as the ion-hopping sites of the 
positively charged species (Li+) and rejected the trans-
portation of the negatively charged species (Sx

2-) due to 
the electrostatic interactions, thus formed an effective 
permselective separator system to reduce the mobility of 
the polysulfides across the GO membrane in the Li–S 
system. Other advantages of this configuration included 
the reduction in the cyclic capacity decay rate (from 
0.49 to 0.23%/cycle) as well as the add-on an-
ti-self-discharge capability. Just a few month ago, Zhi 
and his co-workers also reported using the GO and oxi-
dized carbon nanotubes (o-CNT) composites as the in-
terlayer for the Li–S batteries[153]. In this configuration, 
the functional groups on the GO offered the binding 
forces and the o-CNT formed the interconnected na-
noscale channels. It achieved the significantly enhanced 
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specific discharge capacities of up to 750 mAh/g at 1 C 
even after 100 cycles for the fabricated Li–S batteries, 
about twice more than those of the batteries without the 
GO and o-CNT coatings.   

In general, the Li–S batteries with the GO/graphene 
interlayers are readily to achieve the high gravimetric 

energy density by using the pure sulfur as the electrode. 
Because the polysulfides shuttling are effectively miti-
gated or almost eliminated, these cells also exhibited 
long cycle life and high rate capabilities. The reported 
electrochemical performances of the Li–S batteries are 
summarized in Table 2. 

Table 2 Electrochemical performance of the Li–S cells based on different graphene interlayers 

Graphene type 

Sulfur con-
tent in the 
electrode 

(wt%) 

Initial capac-
ity (mAh/g) 

Reversible capac-
ity (mAh/g) 

Cycle number 
Charge/discharge 

rate (C, 1 
C=1675 mA/g) 

Reference 
number 

p-NP-G 70 1158.3 638.0 500th 1 33 

Graphene 70 1265 680 300th   0.9 145 

rGO-F 45 ～900 ～700 350th   0.05 146 

Graphene-Polypropylene 70 ～820 522 500th   1.8 149 

N doped graphene - ～570 ～550 100th 1 147 

2rGO-CB 80 1260 894 100th 0.12 143 

TiO2/Graphene 51.2 ～700 ～500 1000th 3 150 

TiO2 nanowire-graphene - 1270 1053 200th 0.2 151 

Graphene oxide - 1040 ～750 100th 0.1 152 

GO/o-CNT 60 1024 750 100th 1 153 

Conclusions and Outlook 
Tremendous innovations have been achieved in the 

preparation and utilization of graphene-sulfur compo-
sites in recent years. A variety of hybrid graphene-sulfur 
materials have been demonstrated exceptional electro-
chemical properties in large part due to the outstanding 
chemical, electronic, thermal and mechanical properties 
of graphene, which have played the key roles in im-
proving the cyclability and rate capability of the Li–S 
batteries. 

In the Li–S systems, the nanostructured graphene 
helps ease the inherent poor kinetics, the large volume 
expansion of sulfur, and the dissolution of the polysul-
fides in the electrolyte, leading to the significant en-
hancements in the cyclability and rate capability. In the 
graphene-S/Li2S composite system, the graphene or GO 
not only hosts the sulfur to alleviate the volume expan-
sion during the charge/discharge process, but also effec-
tively traps the soluble polysulfides through electrostatic 
interactions. The polysulfide shuttle effects are also 
greatly minimized due to the strong interactions be-
tween the Li polysulfides and the oxygen-containing 

functional groups in the graphene or GO materials. It is 
also believed that the functionized graphene and het-
eroatom-doped graphene can further improve the cy-
cling performances of the Li-S batteries thanks to their 
tunable electronic properties and chemical reactivities. 
In the case of the graphene-based ternary system, such 
as the graphene-S-carbon composites, gra-
phene-S-polymer composites, etc., the graphene usually 
provides a high electrical/ionic conductive network as 
well as restrain the polysulfides. When graphene-based 
composite is applied as the interlayer in Li–S batteries, 
it also facilitates the batteries to reach the high energy 
densities because the pure sulfur is used as the cathode 
without more complicated process.  

However, the studies in this field are still facing sev-
eral challenges that limit the development of 
next-generation graphene-S based materials. Firstly, the 
agglomeration of sulfur and inadequate graphene-S in-
terfacial sites lead to the poor performance at high cur-
rent densities[5]; Secondly, since the relatively low den-
sity of sulfur and graphene can adversely affect the 
volumetric energy density, the tap density, which is es-
sential to achieve the high volumetric energy density, 
must be controlled[9]; Thirdly, even though several stud-
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ies have investigated the electrochemical reactions 
through ex situ and in situ analyses[154, 155], the redox 
reaction process of each step corresponding the change 
of the phase and morphology of the electrode are stilled 
need to further investigated. The sulfur cathodes require 
more complex characterizations than other conventional 
battery materials, thus more detailed and intensive stud-
ies are needed for further development of the Li-S bat-
teries[9]; Last but not least, a more reliable electrolyte is 
desired to control the dissolution of the polysulfides and 
to be lithium-compatible. In addition, a lithium metal 
anode in the liquid electrolytes causes the lithium den-
drite buildup during cycling, therefore, the safer anode 
materials are required to address the safety concerns[156]. 

Nevertheless, difficulties and hopes coexist. The fu-
ture breakthroughs in the science and technology will 
offer better designs and broad applications of the gra-
phene-S based materials for the Li–S batteries, and pro-
vide potential solutions to produce the large-scale clean 
and renewable energy materials for the industries such 
as electric vehicles (EVs), hybrid electric vehicles 
(HEVs), and so on. 
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