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Lithium–sulfur (Li–S) batteries are considered to be a prom-
ising energy-storage solution for the rapidly growing demand
for energy, which utilize elemental sulfur as the active cathode
material to reversibly react with lithium.[1–3] Assuming sulfur
can maximally interact with two lithium atoms per sulfur
atom, the reversible electrochemical reaction, denoted as
S8 + 16Li$8Li2S, can deliver an exceptionally high capacity
of 1672 mAh g�1 at around 2.2 V versus Li/Li+.[4–6] Addition-
ally, the wide-spread availability, low price, and nontoxicity of
elemental sulfur make it attractive for large-scale practical
applications.

However, the poor electronic/ionic conductivity of ele-
mental sulfur severely limits the practical use of sulfur in an
electrode.[7] Another problem of Li–S batteries is the high
solubility of long-chain polysulfides (Li2Sn, 3�n� 6), which
are intermediates of the electrochemical reactions, in conven-
tional organic electrolytes.[3] The dissolved polysulfide ions
shuttle between the sulfur cathode and lithium anode, thus
causing precipitation of insoluble and insulating Li2S2/Li2S on
the surface of the electrodes.[8] This undesirable phenomenon
not only results in low Coulombic efficiency and loss of active
material, but also hampers the ionic accessibility of the
electrodes.[9] Consequently, low specific capacity and fast
capacity fading are commonly found in sulfur cathodes.[5,9]

Recently, significant advances have been achieved using
porous carbon materials as hosts for sulfur, to partly over-
come the above-mentioned drawbacks in Li–S batteries.[6, 10,11]

These carbon hosts are commonly believed to play dual roles
in the sulfur–carbon composites: the porous structure of the
carbon hosts effectively contains sulfur, the active material,
and suppresses the diffusion of polysulfides; meanwhile the
carbon framework greatly facilitates electron transport, thus
promoting the redox processes in the electrode.[6] As a result,

the effective use of sulfur and the cycling stability are
substantially improved.

Recent results suggest that the characteristics of the
carbon hosts, such as the dimension, morphology, porosity,
and texture, are critically important to the electrochemical
performance of sulfur–carbon composite electrodes.[11–19] For
example, by containing sulfur in porous hollow carbon
spheres the sulfur–carbon nanocomposite shows outstanding
cycling performance and rate capability.[11] Other carbon
materials with hollow structures, such as disordered carbon
nanotubes and hollow carbon nanofibers,[14, 17] have been
investigated as promising carbon hosts for sulfur. These
encouraging results suggest the benefits of hollow carbon
structures, which might have several advantages including
superior confinement ability, a large contact area with the
sulfur, and a short transport length for Li+ ions.

Herein, we report the rational design and synthesis of
a new sulfur–carbon nanocomposite by confining sulfur in
double-shelled hollow carbon spheres (DHCSs). Such hollow
carbon spheres with complex shell structures could maximize
the advantages of hollow nanostructures.[20–22] Specifically, the
flexible double shells could effectively encapsulate a relatively
high amount of sulfur, suppress the outward diffusion of
polysulfides, and withstand volume variation upon prolonged
cycling. When evaluated as a cathode material for Li–S
batteries, this nanocomposite shows significantly improved
electrochemical performance.

The double-shelled hollow carbon spheres are prepared
using SnO2 hollow spheres as the hard templates.[23–25] First,
SnO2 hollow spheres with sizes ranging from 300 to 500 nm
were synthesized using a facile one-pot template-free
approach we developed previously (see Supporting Informa-
tion, Figure S1A).[23, 25] The porous SnO2 hollow spheres are
then uniformly coated with a glucose-derived polysaccharide
on both the interior and exterior surfaces, as well as in the
pores within the SnO2 shell (Figure S1B).[24] An annealing
process in H2/N2 gas results in the carbonization of the
polysaccharide component and the reduction of SnO2 into
metallic Sn.[26] The Sn particles can be easily dissolved in
hydrochloric acid to generate double-shelled hollow carbon
spheres (DHCSs), which perfectly replicate the morphology
and size of the SnO2 hollow spheres (Figure S1 C). These
unique hollow spheres with two well-defined concentric shells
with a distance between them of ca. 50–100 nm could be
clearly seen from the transmission electron microscope
(TEM) image (Figure 1 A). Both the outer and inner shells
showed low contrast under the TEM observation, suggesting
that the shells are thin and probably a soft and flexible
texture. The contrast within the inter-shell cavity indicated
the presence of carbon “links” connecting the two shells.
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Thus, a highly porous framework was formed within the two
concentric shells, providing an excellent carbon matrix for
sulfur loading. The DHCS sample showed a very high
Brunauer–Emmett–Teller (BET) specific surface area of
748 m2 g�1 and a large total pore volume of 1.685 cm3 g�1 (a
nitrogen adsorption–desorption isotherm is given in Fig-
ure S2), again suggesting the excellent potential for sulfur
encapsulation.

Sulfur impregnation of the DHCSs was performed at
400 8C, to facilitate the infusion of sulfur into the carbon
structure and achieve better encapsulation of sulfur.[14] After
the high-temperature sulfur impregnation, the nanocompo-
site material, denoted as DHCS-S, was characterized in detail.
Both field-emission scanning electron microscope (FESEM)
and TEM images (Figure 1B,C) showed similar morphology
and structure compared to the pristine DHCS sample. In the
magnified TEM image (Figure 1D), the double-shelled
structure can still be easily recognized. No discernible sulfur
particles were found inside or outside the hollow spheres,
which suggested the uniform dispersion of sulfur onto the
carbon matrix. Elemental mapping clearly revealed the
presence and uniform distribution of sulfur over a large
area (Figure S3). The detailed spatial distribution of sulfur in
the DHCSs was further shown by elemental mapping on
a single DHCS-S sphere. As depicted in Figure 1E, both the
carbon and sulfur were mainly distributed in the region
between the two carbon shells, while the weaker signal in the

center suggests that the inner cavity remains hollow. More-
over, the similar distribution of these two elements indicated
the high affinity of sulfur for carbon, and the sulfur was well
confined in the porous carbon matrix formed by the double-
shelled structure.

The powder X-ray diffraction (XRD) patterns of the
DHCS and DHCS-S samples are shown in Figure 2A. The

main diffraction peaks of graphitic carbon could hardly be
recognized in the pattern of the DHCS sample, suggesting
a generally amorphous nature for the carbon material.
Meanwhile, the sulfur in the DHCS-S composite exists in
a crystallized form. However, the broadened diffraction peaks
with much reduced intensity compared with that of pure
elemental sulfur indicate the small size of the sulfur crystal-
lites (Table S1), which is in good agreement with the above
FESEM and TEM images. Thermogravimetric analysis
(TGA) of the DHCS-S composite in nitrogen flow showed
a weight loss of approximately 64% between 200 8C and
300 8C, which corresponds to the evaporation of sulfur in the
composite materials (Figure 2B). Hence the sulfur content in
the DHCS-S sample was determined to be approximately
64 wt %. Moreover, compared with pure elemental sulfur, the
sulfur component in the composite evaporates at a slightly
elevated temperature. This is likely due to the strong
interaction of carbon and sulfur, and the good encapsulation
capability of the DHCSs.[10]

To demonstrate the possible structural advantages of the
DHCSs, a carbon–sulfur nanocomposite using carbon black
(CB) was also prepared for comparison. Following conven-

Figure 1. A) TEM image of DHCSs. B) FESEM and C,D) TEM images
of the DHCS-S composite. E) TEM image and corresponding elemental
mapping of a single DHCS-S sphere.

Figure 2. A) XRD patterns of sulfur, DHCS, and DHCS-S. B) TGA
curves of sulfur and DHCS-S.
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tional sulfur impregnation,[6] the sulfur content in the CB–
sulfur composite (denoted as CB-S) was determined by TGA
to be approximately 70 wt % (Figure S4). The evaporation
temperature of sulfur in the CB-S composite, which was lower
even than that of pure sulfur, indicated the weak interaction
between carbon black and embedded sulfur. The typical cyclic
voltammograms (CV) of the DHCS-S and CB-S composites
are shown in Figure S5. Two pairs of current peaks are
identified in the CV curve of the CB-S composite. The first
pair of redox peaks at around 2.2 V and 2.8 V corresponds to
the conversion between elemental sulfur (S8) and soluble
polysulfides, while the less pronounced pair at around 1.7 V
and 2.4 V matches the conversion between polysulfide and
insoluble Li2S2/Li2S.[6,11] For the DHCS-S nanocomposite,
current peaks in the CV curve were found in similar potentials
compared to that of CB-S. However, the two pairs of current
peaks were of comparable intensity, which suggests that the
redox reactions, especially the conversion between polysul-
fide and Li2S2/Li2S, were more facilitated in the DHCS-S
composite during the CV scan.

The charge/discharge profiles within a cut-off voltage
window of 1.5–3 V, as shown in Figure 3A,B, were generally
in agreement with the CV results. Two plateaus at around 2.3
and 2.0 V were observed in the discharge process, which are
the typical characteristics of sulfur–carbon cathodes.[6, 11] The
CB-S composite showed a discharge capacity of 964 mAhg�1

(based on the mass of sulfur) in the first cycle, which droped
to 760 mAhg�1 in the second cycle and kept decreasing
afterwards (Figure 3A). For the DHCS-S composite, a slightly
higher discharge capacity of 1020 mAhg�1 was obtained
during the initial discharging. More importantly, the capacity
remained at 935 mAhg�1 in the second cycle and much better
capacity retention was demonstrated (Figure 3B). The good

overlap of the discharge plateaus during the cycling test also
suggested the good stability and reversibility of the electrode.
Figure 3C gives the cycling performance of the carbon–sulfur
composites. At a constant current density of 0.1 C
(167.5 mAg�1), the DHCS-S composite showed much better
cycling stability with a reversible capacity of 690 mAhg�1

after 100 cycles. In contrast, the discharge capacity of CB-S
steadily dropped to 243 mAh g�1 by the 100th cycle, which was
less than half of the value for DHCS-S. At a higher current
rate of 0.3 C, the capacity of CB-S quickly dropped to about
100 mAhg�1 within 50 cycles, whereas the DHCS-S still
delivered a discharge capacity of 410 mAh g�1 after 100 cycles
(Figure S6). The superior capacity retention of the nano-
structured DHCS-S composite can probably be attributed to
the novel hollow structure of the carbon spheres, in which the
highly porous network formed by the interconnected double
shells serves as an excellent carbon host to encapsulate sulfur
nanocrystallites. During the repeated charge/discharge of the
electrode, the outward migration of dissolved polysulfides
and the loss of active material were greatly suppressed by the
complex double-layered shells as evidenced by the relatively
high Coulombic efficiency (Figure S7). Meanwhile, the flex-
ible character of the carbon host and the hollow structure
could effectively mitigate the structural degradation caused
by the volume expansion upon full lithiation.[17] The rate
capability of the composite materials is shown in Figure 3D.
The discharge capacity gradually decreased as the current rate
increased from 0.1 C to 1 C. A satisfactory capacity of
350 mAhg�1 was obtained for DHCS-S at 1 C
(1675 mAg�1), and the material recovered most of the
capacity when the current rate was reduced back to 0.1 C.
The rate performance of the DHCS-S composite was much
better than that of the CB-S, likely because of the facile

electronic/ionic transport and
improved reaction kinetics in the
DHCSs.

In summary, we have successfully
synthesized a new carbon–sulfur nano-
composite by effectively confining
sulfur in double-shelled hollow
carbon spheres. These unique concen-
tric double shells are connected by
carbon “links” to form a highly porous
structure. Such complex hollow carbon
spheres gave rise to a high surface area
and pore volume to effectively encap-
sulate a substantial amount of sulfur,
and suppressed the diffusion of dis-
solved polysulfides at the same time. In
addition, the electronic/ionic transport
and the ability to accommodate
volume variation were also improved,
owing to the unique hollow structure
of the carbon host. As a result, when
evaluated as a cathode material for
lithium–sulfur batteries, the carbon–
sulfur nanocomposite gave superior
electrochemical performance with

Figure 3. Discharge/charge voltage profiles of A) CB-S and B) DHCS-S electrodes at a current
density of 0.1 C. C) Cycling performance of CB-S and DHCS-S at a current density of 0.1 C.
D) Rate capabilities of the CB-S and DHCS-S.
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high specific capacity, and excellent cycling stability and rate
capability.
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