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Mesoporous graphene paper immobilised sulfur as a
flexible electrode for lithium–sulfur batteries†

Xiaodan Huang, Bing Sun, Kefei Li, Shuangqiang Chen and Guoxiu Wang*

Free-standing flexible mesoporous graphene–sulfur nanocomposite electrodes have been prepared by a

sulfur vapor treatment approach. Amorphous sulfur homogeneously was distributed in the mesoporous

architectures of porous graphene paper, in which sulfur was immobilized. The as-prepared mesoporous

graphene–sulfur papers can be directly applied as electrodes in lithium–sulfur batteries without using a

binder, conductive additives or an extra current collector. The conductive flexible porous graphene

networks can effectively facilitate electron transfer and electrolyte diffusion. The free-standing sulfur–

graphene nanocomposite electrodes achieved a high discharge capacity of 1393 mA h g�1 with an

enhanced cycling stability and good rate performance.
Introduction

Due to severe energy and environmental issues, the develop-
ment of high performance energy storage and conversion
systems has become highly desirable.1–7 Among the current
candidates, the rechargeable lithium battery is widely recog-
nized as one of the best choices.1,2,4 Lithium-ion batteries are
dominant power sources for portable electronic devices.2,4

However, the performance of lithium-ion batteries remains
insufficient for high-power applications, such as electrical
vehicles and stationary electricity storage, owing to the relatively
low capacity of the cathode materials.2,3,5,7 Recently, a
rechargeable lithium–sulfur battery has attracted great atten-
tion, because elemental sulfur (S) has an ultrahigh theoretical
capacity of 1675 mA g�1 with a specic energy density of 2600 W
h kg�1.2,3,5,7 Sulfur also has many other advantages, including
low cost, natural abundance and non-toxicity.8 However, the
practical application of the Li–S battery has not yet been real-
ised. The main obstacles include the low electrical conductivity
of sulfur (5 � 10�30 S cm�1), the dissolution of soluble poly-
suldes in the electrolyte, and the large volume change (80%)
during lithiation–delithiation cycles, which can cause a low
sulfur utilization efficiency and limited cycling stability.7,8

Extensive efforts have been carried out to address the current
challenges in Li–S batteries. Carbon materials, such as carbon
nanotubes/nanobers,9,10 porous carbon,3,11–19 hollow carbon
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spheres,15,16 and graphene5,20–23 have been widely used to
immobilise S, in order to enhance the electrical conductivity
and prevent the dissolution of polysuldes. Among all of these
carbon materials, graphene has attracted special interest, due
to its high electrical conductivity, strong mechanical property
and good chemical stability.

The assembly of graphene sheets into three-dimensional
(3D) porous structures can combine the excellent properties of
graphene and the advantages of 3D porous architectures.24–29

When applied in lithium-ion batteries and supercapacitors,
porous graphene materials can serve as a highly-conductive
exible matrix to accommodate active materials (metal, metal
oxides and polymers) and achieve signicantly improved elec-
trochemical performances.24,28,30–32 For example, 3D macro-
porous-MnO2 composites showed a much higher specic
capacitance and a better rate retention than pristine graphene–
MnO2 composites in supercapacitor applications.30 Thermal
expansion-generated hierarchical porous graphene33 and
chemically activated nanoporous graphene34 have been
employed as S connement scaffolds to improve the electro-
chemical performances.

Since the rst discovery, mesoporous carbon materials have
attracted substantial interest because of their interesting
properties such as ordered mesopores, high surface area, large
pore volume and good conductivity.35–37 The morphology
control of mesoporous carbon is an important factor for prac-
tical applications. Considering the texture of batteries, the free-
standing exible lm or paper morphology could be ideal for
electrode applications, without the need to use binders and
additives. In this paper, mesoporous graphene paper (MGP) is
employed to immobilize elemental sulfur as free-standing
electrodes for high performance Li–S batteries.
This journal is ª The Royal Society of Chemistry 2013
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Experimental section
Preparation of graphene oxide

Graphite oxide was synthesized from graphite purchased from
Sigma-Aldrich using a modied Hummers method. In a typical
reaction, graphite (0.5 g), NaNO3 (0.5 g), and H2SO4 (23 ml) were
stirred in an ice bath. Then, KMnO4 (3 g) was slowly added. Aer
stirring for 30 min, the mixture was transferred to a 35 �C oil
bath and stirring continued for about 1 h. Then, H2O (40 ml)
was added, and the mixture was stirred for another 30 min
while the temperature was raised to 90 �C. Finally, H2O (100 ml)
was added, followed by the slow addition of 3 ml of H2O2 (30%).
The nal suspension was then ltered and washed with water to
obtain graphite oxide. The as-synthesized graphite oxide was
dispersed in distilled water, and sonicated for 2 h to form a
homogeneous graphene oxide/H2O suspension (1.0 mg ml�1).

Preparation of MGP

Hollow siliceous spheres (HSSs) were prepared by a previously
reported method.29 Typically, Pluronic F108 (1.0 g) and
1,3,5-trimethylbenzene (TMB) (1.0 g) were mixed in a HCl
solution (2.0 M, 30 ml) and kept stirring for 6 h at 25 �C. Tet-
raethylorthosilicate (TEOS) (1.0 g) was added dropwise into the
suspension under vigorous stirring. The whole system was
allowed to react for 6 h. Dimethoxydimethylsilane (DMDMS)
(0.5 g) was added to the suspension and the reaction was
continued for another 48 h. The resulting mixture was dialyzed
in distilled water for 48 h. The dialyzed suspension was diluted
to 60 ml by distilled water to obtain a HSSs/H2O solution. The
graphene oxide suspension (600 ml, 1.0 mg ml�1) was mixed in
the HSSs/H2O solution and the whole system was le to stir for
12 h at room temperature. Carbon nanobers (20 mg, Sigma-
Aldrich 719811) were dispersed in H2O (400 ml) by the assis-
tance of sodium dodecyl sulfate (SDS) (1.0 g). Then, the
GO–template composite suspension (50 ml) was mixed with the
carbon nanober solution (20 ml) for 10 seconds. The mixture
was ltered to obtain a mesoporous paper. The dried sample
was calcined at 350 �C for 5 h under an argon atmosphere. The
sample was then washed with a NaOH aqueous solution (4 M) at
90 �C three times to obtain the MGP.

Preparation of MGP-S

MGP (10 mg) and elemental S (2 g) were sealed in a steel vessel
(�20 ml) and heated at 300 �C for 12 h. Aer that, the sample
was transferred into an oven and heated at 155 �C for another
2 h. The whole procedure was repeated once more to obtain the
nal product, MGP-S.

Characterization

Transmission electronmicroscopy (TEM) analysis was conducted
using a JEM-2100 transmission electron microscope operated at
200 kV. A nitrogen sorption measurement was carried out at 77 K
with a Micromeritics 3Flex Surface Characterization Analyzer.
The Brunauer–Emmett–Teller (BET) method was used to calcu-
late the specic surface area. The pore size distribution was
derived from the adsorption branch of the isotherm, using the
This journal is ª The Royal Society of Chemistry 2013
Broekhoff–de-Boer (BdB) method with a spherical pore model.
The total pore volume was calculated from the adsorbed amount
at a maximum relative pressure P/P0. Scanning electron micros-
copy (SEM) observations were performed on a eld emission
scanning electron microscope (FESEM, Zeiss Supra 55VP). Wide-
angle X-ray diffraction (XRD) patterns were recorded on a
Bruker D4 X-ray Diffractometer with Ni-ltered Cu Ka radiation
(l ¼ 1.54056 Å) at a voltage of 40 kV and a current of 40 mA. The
compositions of the MGP-S were determined by thermal gravi-
metric analysis (TGA) using an SDT 2960 simultaneous DTA/TGA
analyser with a heating rate of 10 �C min�1 from room temper-
ature to 600 �C under a nitrogen atmosphere.
Electrochemical measurement

The electrochemical testing was carried out by a Neware battery
tester at room temperature. The MGP-S samples were cut into
�0.6 � 0.6 cm2 and directly used as binder-free working elec-
trodes. Lithium foil was used as the counter electrode. The
electrolyte was 1 M lithium bis(triuoromethanesulfonyl)imide
(LiTFSI) and 1 wt% lithium nitrate (LiNO3) in 1,3-dioxolane and
1,2-dimethoxyethane (volume ratio 1 : 1). CR2032-type coin cells
were fabricated in a glove box with an argon atmosphere.
The charge–discharge cycles of the cells were measured in a
voltage range of 1.0–3.0 V. The capacity was calculated based on
sulfur. Cyclic voltammetry measurements were conducted on an
electrochemistry workstation (CHI660D) at a scanning rate of
0.1 mV s�1 in a voltage window of 1–3.0 V vs. a Li/Li+ electrode.
Results and discussion

The vapor treatment approach to introduce S into a MGP porous
architecture is schematically demonstrated in Fig. 1. At 300 �C,
elemental S is evaporated and diffuses into the internal pores of
the MGP to achieve a homogeneous immobilization. Fig. 2
shows a digital photograph of themesoporous paper with a free-
standing and exible nature. As shown in Fig. 2b, the as-
prepared MGP paper is highly exible. To reveal the internal
nanostructure, TEM characterization of the MGP material was
carried out (Fig. 3a). A highly porous nanostructure can be
clearly observed, along with the carbon nanobers (Fig. S1a†)
which bridges the porous graphene sheet into an intact free-
standing lm. The pores shown in Fig. 3a display a relatively
uniform diameter below 50 nm, clearly falling in the meso-
porous range (2–50 nm). From Fig. 3a, the thin layer pore walls
can be identied, revealing that the porous architecture is
constructed by graphene nanosheets. Estimated from the cross-
section SEM image (Fig. S2†), the thickness of the MGP was
determined to be around 10 mm. The N2 adsorption–desorption
curves of the MGP sample (Fig. 4a) show a type IV isotherm with
a steep increase of nitrogen absorption at a high relative pres-
sure (P/P0¼ 0.80–0.99), indicating that the major pore volume is
contributed to by large size pores. Calculated by the BdB
spherical pore model, themajority of the pore sizes are narrowly
distributed at 31.6 nm (Fig. 4b), well matched with the TEM
observation result. Originated from the highly porous structure,
the MGP sample exhibits a high specic surface area of
J. Mater. Chem. A, 2013, 1, 13484–13489 | 13485
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Fig. 1 A schematic illustration for the preparation of mesoporous graphene
paper–sulfur electrodes and application as cathode in lithium–sulfur batteries.

Fig. 2 Digital photographs of the MGP paper, exhibiting an intact paper-like
morphology (a) and flexible property (b).
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524.8 m2 g�1 and a large pore volume of �1.25 cm3 g�1. Aer S
vapor treatment, the pores of the MGP were lled with sulfur.
Fig. 3b and S1b† show that the original empty pores have been
loaded with a similar contrast component, implying the
successful introduction of S. As revealed by the N2-sorption
analysis (Fig. 4), the total N2 adsorption amount and the mes-
oporous volume of the MGP-S sample decreases signicantly,
further conrming that S was entrapped in the pores of the
MGP material.

Fig. 5a shows the wide-angle XRD patterns of the bulk S and
MGP-S sample. The well-resolved diffraction peaks corre-
sponding to face-centered orthorhombic S crystalline (JCPDS
08-0247) totally disappear aer the impregnation of S into the
13486 | J. Mater. Chem. A, 2013, 1, 13484–13489
MGP. Only a broad peak located at�26� is identied in the XRD
pattern of the MGP-S, which can be ascribed to the graphene
sheet pore walls.38 The wide-angle XRD result demonstrates that
the vapor treatment approach can completely convert bulk S, to
amorphous form, into porous architectures. To quantify the
content of graphene and sulfur in the nanocomposites, TGA
was carried out in a nitrogen atmosphere, with a heating rate of
10 �Cmin�1 from room temperature to 600 �C. The TGA curve of
the MGP-S is presented in Fig. 5b along with the plots of the
MGP and bulk S. The pristine MGP exhibits a good thermal
stability, only showing a very slight weight loss (Fig. 5b, A). The
evaporation of pure S occurs at a narrow temperature range of
120–300 �C (Fig. 5b, C). The weight loss of the MGP-S sample
(Fig. 5b, B) starts at about 180 �C, a bit higher than that in the
pure S plot. Moreover, a continuous weight loss prole is
observed until 530 �C in the case of the MGP-S. The broadened
decomposition temperature range should be ascribed to the
graphene skeleton mesoporous structures.39,40 For the sulfur
encapsulated in the mesopores, the evaporation of molecules is
difficult, thus higher temperatures are required to volatilize the
sulfur (530 �C for the MGP-S).40 Calculated from the total weight
loss, the sulfur content in the MGP-S sample has been deter-
mined to be 55%. The S vapour treatment was conducted twice
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) TEM image of MGP. (b) TEM image of MGP-S.
Fig. 4 (a) N2-sorption isotherms of MGP and MGP-S. (b) The pore size distribu-
tion plots of MGP and MGP-S.
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to achieve the full utilization of the mesopores in the MGP,
which is reected by the N2-sorption results (Fig. 4). When the
MGP material was S vapour treated once, only 29% sulfur was
loaded (Fig. S3a†).

To demonstrate the homogeneous amorphous S distribution,
TEM selected area electron diffraction (SAED) and element
mapping were performed. Fig. S4† shows the analysis results. For
a cracked MGP-S sample, only a light SAED ring, corresponding
to the (002) planes of graphene sheets, can be detected, indi-
cating the amorphous nature of the S anchored in the meso-
porous graphene. In the carbon and sulfur element mapping
images, S signals spread throughout the entire TEM view of the
sample, conrming that the well-dispersed amorphous S has
been successfully introduced into the MGP mesoporous archi-
tectures through the vapor treatment approach. A large scale SEM
elemental analysis results of the bulk MGP-S (Fig. S5†) also
proved the uniform distribution of S in the MGP matrix.

Cyclic voltammetry (CV) tests were conducted to depict the
electrochemical behaviours of the MGP-S and bulk S electrodes
(Fig. S6†). The broad cathodic peak located at 1.7–2.3 V in the
rst CV cycle of the MGP-S electrode (Fig. S6a†) corresponds to
the reduction of amorphous S to lithium polysuldes and
lithium suldes. In the subsequent scanning cycles, the
cathodic peaks become more distinguished, indicating a deep
discharge process and a more effective utilization of the
This journal is ª The Royal Society of Chemistry 2013
elemental sulfur.25 The anodic peaks of the MGP-S sample can
be found at around 2.5 V, representing the conversion of
suldes to elemental sulfur. However, the bulk S electrode gives
a dramatically different CV curve (Fig. S6b†). The cathodic
peaks clearly shied to a lower potential range and the anodic
peaks moved to a higher potential area, indicating the severe
polarizations caused by the poor conductivity of pure S.

The electrochemical performance of the MGP-S wasmeasured
by directly applying the paper-like sample as an electrode in a Li–
S battery. Bulk S powders were also tested as a comparison.
Fig. 6a displays the charge–discharge proles of the MGP-S
sample and bulk sulfur electrodes in the rst cycle at 0.1 C (1 C¼
1675 mA g�1). A main discharge plateau can be easily distin-
guished in the voltage ranges of and 2.1–1.5 V, corresponding to
the conversion process of polysuldes to suldes. Compared to
the pure S sample, the discharge plateau of the MGP-S sustains
much longer, implying amore efficient utilization of S. The initial
discharge capacity of the MGP-S material can reach 1393 mA h
g�1, which is much higher than the 371 mA h g�1 of pure S.
Furthermore, the subsequent charge prole of the MGP-S
exhibits a good alleviation of the dissolution of S. The MGP-S
sample cathode achieved a charging capacity of 1288 mA h g�1

with a Coulombic efficiency of 92.5%. Therefore, a mesoporous
J. Mater. Chem. A, 2013, 1, 13484–13489 | 13487
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Fig. 5 (a) Wide-angle XRD patterns of pristine S (A) and the MGP-S (B). (b) TGA
curves of the MGP (A), MGP-S (B) and pristine S (C).

Fig. 6 Electrochemical performance of MGP-S electrodes. (a) The charge–
discharge curves of the MGP-S and pure S in the first cycles. (b) The cycling
performance of the MGP-S and pure S electrodes. The cells were cycled at 0.1 C.
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graphene architecture can conne S to prevent polysulde
dissolution, leading to a high Coulombic efficiency.

Fig. 6b shows the cycling performances of the MGP-S and
pure S electrodes. The MGP-S electrode delivered a high specic
discharge capacity of 1393 mA h g�1 at 0.1 C in the rst cycle.
Then, the capacity slightly decayed on cycling, but was main-
tained quite well over 50 cycles. A specic discharge capacity of
689 mA h g�1 was retained in the 50th cycle, along with a
continuous high Coulombic efficiency above 90% (Fig. S7†). As
a comparison, the cycling performance of the bulk sulfur
sample is also presented in Fig. 6b, displaying a very poor
cyclability. The enhanced cycling stability could be attributed to
the facile mesoporous architecture of the MGP-S electrode. The
continuously mesoporous exible graphene networks can
cushion the volume change of elemental S during cycling
(Fig. 1). Meanwhile, the conductive mesoporous graphene
frameworks also facilitate electron transfer and electrolyte
diffusion. The electrochemical performance of the sample
treated by S vapour once was also measured, which exhibited
similar properties to the MGP-S material (Fig. S2†). This further
conrmed the function of the mesoporous graphene frame-
work. However, the low S content of this sample (29%) is not
suitable for practical applications.

The rate performance measurement of the MGP-S cathode
was tested by step-wise current testing, which further
13488 | J. Mater. Chem. A, 2013, 1, 13484–13489
demonstrated the superior electrochemical performance of the
MGP-S nanocomposites (Fig. 7). At the high current densities of
1 C and 3 C, the MGP-S electrode presented steady reversible
capacities of 378 and 210 mA h g�1, respectively. When the
current density reversed back to 0.1 C, the electrode recovered
the high discharge capacity. This result conrmed that the
mesoporous graphene paper signicantly enhanced the
stability of the composite electrode, and therefore, improved
the electrochemical performance of the battery. Considering
the binder and additive free feature of the as-developed elec-
trode, sulfur anchored mesoporous graphene paper could be
directly applied as cathodes for lithium–sulfur batteries.
Conclusions

A vapor treatment approach to homogeneously introduce
amorphous S into mesoporous graphene papers has been
reported in this paper. The mesoporous graphene–sulfur
nanocomposites have an intact free-standing exible paper-like
morphology. When directly applied as electrodes in lithium–

sulfur batteries, the as-prepared material exhibits an enhanced
electrochemical performance, including a high specic
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 The high rate capacities of MGP-S cathode.
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discharge capacity of 1393 mA h g�1, an improved cycling
stability and a good rate performance.
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