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Ultra-long-term cycling stability of an integrated
carbon–sulfur membrane with dual shuttle-
inhibiting layers of graphene ‘‘nets’’ and a porous
carbon skin†

Mingkai Liu,‡a Qinghua Meng,‡a Zhiyuan Yang,a Xinsheng Zhao*b and
Tianxi Liu *ac

An integrated carbon–sulfur (CSG/PC) membrane with dual

shuttle-inhibiting layers was prepared by inserting graphene ‘‘nets’’

and a porous carbon (PC) skin, and the membrane achieved an

extraordinary cycling stability up to 1000 cycles with an average

Coulombic efficiency of B100%.

Lithium–sulfur (Li–S) batteries, based on the multielectron-
transfer reactions occurring between sulphur and lithium,
i.e., S8 + 16Li+ + 16e� - 8Li2S, with an ultra-high theoretical
energy density of 2600 W h kg�1 and an extremely high
theoretical capacity of 1672 mA h g�1 have been considered as
one of the most promising energy-storage systems.1 Meanwhile,
the energy density achieved by Li–S batteries is 3 to 5 times
higher than that achieved by the state-of-the-art lithium ion
batteries; also, Li–S batteries have unique characteristics such
as low cost, lightweightedness and nontoxicity.2 However, the
practical use of Li–S batteries has been limited as a result of low
utilization and poor cycling life of active sulfur cathode.3 These
disadvantages are mainly due to the dissolution and shuttling
effect of polysulfide intermediates (Li2Sn, 4 r n r 8) in the
organic electrolyte.4 However, the electronic insulation of sulfur
and its insoluble discharge products (Li2S/Li2S2) can further
cause sluggish reaction kinetics for the sulfur cathodes.5

Many approaches have been carried out to overcome these
drawbacks, and they mainly focus on two basic strategies:
(i) inside and (ii) outside aspects.6 On the one hand, a number
of methods have been utilized to confine active sulfur elements

inside the cathode. Numerous porous materials, especially
carbon matrices with mesoporous structures, have been developed
to act as physical barriers to prevent Li2Sn from being dissolved
into an organic electrolyte.1b,4a,7 In addition, mesoporous matrices
can efficiently enhance sulfur loading levels. On the other hand,
an effective interlayer, mainly consisting of carbon nanotubes,
carbon nanofibers and conductive polymers, can be inserted
between the separator and sulfur cathode to mitigate the shuttling
effect of Li2Sn.8 Improved electrochemical performances have been
achieved for Li–S batteries according to these two strategies.7,9

However, the diffusion and shuttling of Li2Sn cannot be
completely prevented by utilizing mesoporous materials alone.10

Meanwhile, the hindering effect of interlayers with micropores
is also limited. Free-standing interlayers with large thickness
may also hinder the efficient transport of ions and electrons.
Therefore, development of high-performance carbon–sulfur
cathodes with hierarchical architectures that simultaneously
enhance the electrical conductivity of carbon–sulfur cathodes
and inhibit the shuttling of Li2Sn still remains a great challenge.

In this study, an integrated carbon–sulfur membrane con-
sisting of carbon–sulfur (CS) nanoparticles with dual ‘‘shuttle-
inhibiting’’ layers of graphene ‘‘nets’’ (CSG) and a closely attached
porous carbon (PC) skin, referred to as CSG/PC membrane, has
been developed. Porous carbon nanoparticles (Fig. S1, ESI†) with
an ultra-high specific surface area up to 1380 m2 g�1 (Fig. S2,
ESI†) are used as a template for enhancing the loading of active
sulfur. The inserted graphene sheets can effectively improve the
electrical conductivity of the obtained CSG/PC membrane while
acting as ‘‘trapping nets’’ to restrict the ‘‘shuttling’’ of polysulfide
intermediates. Also, a porous carbon (PC) skin, consisting of
graphene sheets and carbon nanoparticles with a specific surface
area of 663 m2 g�1 (Fig. S3, ESI†), is closely attached to the bottom
of the CSG film. This PC skin with a thickness of B2 mm can
effectively inhibit the ‘‘shuttling’’ of polysulfide intermediates
while providing sufficient channels for the rapid transport of
electrons and lithium ions (Li+) simultaneously. As a result, this
CSG/PC membrane shows greatly improved electrochemical per-
formances including a high specific capacity of 1221 mA h g�1,
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good rate capability and ultra-long-term cycling stability (1000 cycles
with a capacity retention of 88.9%) with a high Coulombic efficiency
of B100%. This multi-layer CSG/PC membrane with dual capacity
protection architectures can provide new strategies for developing
high-performance electrode materials in energy storage fields.

Fig. 1a schematically shows that the inserted CS nanoparticles
can attract a large amount of Li+ via interfacial reactions.
Graphene sheets used for uniform dispersion of CS nanoparticles
can greatly improve the electrical conductivity of the prepared
CSG film while acting as ‘‘trapping nets’’ to physically restrict the
shuttling effect of polysulfides. Herein, a PC skin consisting of
graphene sheets and porous carbon nanoparticles is closely
attached to the bottom of CSG film. The attached PC skin can
provide sufficient transport channels for electrons and Li+ while
playing an important role as the second defensive layer for
restricting the ‘‘shuttling’’ of polysulfide intermediates (Fig. 1b).

The SEM image of the CSG/PC film with a thickness of
B100 mm is provided in Fig. 2a. High-resolution SEM images of

the cross-section of this CSG/PC film (Fig. 2b and c) confirm
that CS nanoparticles can be uniformly dispersed using
graphene sheets without any aggregations. SEM images of
the CSG film at low and high magnifications are also provided
(Fig. S4, ESI†). The layered structures and high CS content in
the CSG/PC membrane can also be confirmed in this study. The
EDS mappings of the selected area in the cross-section (Fig. 2d)
apparently confirm the presence of carbon (C) and sulfur (S)
elements (Fig. 2e and f, respectively), indicating that active S is
uniformly distributed throughout the membrane of the CSG/PC
film. The hardly detected O element mapping (Fig. 2g) can be
due to the efficient chemical reduction effect of hydrazine
vapour. Furthermore, energy spectrum of the selected area is
shown in Fig. 2h. Apparent characteristic peaks of S are obtained,
and a high S content of 90.1 wt% is successfully achieved.
Meanwhile, the good flexibility of this CSG/PC membrane
ensures that it can be directly used as a binder-free cathode
(Fig. S5, ESI†).

Fig. 3a exhibits the XRD patterns of pure S, the CSG/PC film
and the pure carbon–graphene (CG) hybrid. The XRD pattern of
the CG hybrid exhibits a broad peak at around 251, indicating
the efficient reduction of GO due to the complete removal of
oxygen-containing groups by hydrazine vapour. The CSG/PC
film shows similar XRD diffraction peaks to those of pure S
materials as a result of the effective loading of active sulfur by
the carbon nanoparticles. The TGA curves of pure S, the CSG/PC
film and the CG hybrid (Fig. 3b) indicate that the weight
percentage of active sulfur in the CSG/PC film is as high as
90.1%. The XPS survey spectra of the CSG/PC film (Fig. 3c)
proves the existence of S 2s and S 2p peaks, indicating the
successful incorporation of active sulfur into the prepared CSG
film. The XPS spectra of S 2p at around 165 eV can be divided
into two individual peaks, S 2p1/2 and S 2p3/2. Herein, the S 2p1/2

and S 2p3/2 peaks at 165.5 eV and 164.1 eV (Fig. 3d), respec-
tively, with an intensity ratio of about 1 : 2 can be ascribed to the
characteristic solid sulfur in the CSG/PC membrane.4b,11 Also,
the nearly diminished peaks corresponding to C–O and CQO
groups in the C 1s spectra (Fig. 3e) indicate that the conjugated

Fig. 1 Schematic representation of (a) rapid attraction of Li+ by carbon–
sulfur (CS) nanoparticles and (b) ‘‘shuttling’’ inhibitory effect of Li2Sn caused
by the closely attached porous carbon (PC) skin.

Fig. 2 (a–c) SEM images of the CSG film at different magnifications;
(d) SEM image of the selected area of the CSG film and the corresponding
mapping images of (e) C, (f) S and (g) O elements; and (h) energy spectra of
the CSG film along with the weight percentages of C, O and S elements.

Fig. 3 (a) XRD patterns and (b) TGA curves of pure S, the CSG film and the
pure CG hybrid; XPS analysis of the CSG film for the (c) survey spectrum,
(d) S 2p spectrum and (e) C 1s spectrum; and (f) a stable circuit with the
CSG film replacing the copper wire.
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structures of graphene sheets have been recovered. The obtained
CSG/PC film with an electrical conductivity of 79 S cm�1 can be
used as a substitute for copper wire in a closed circuit (Fig. 3f).

Fig. 4a exhibits the SEM image of the cross-section of the
CSG/PC membrane. An ultra-thin PC skin with a thickness of
B2 mm can be clearly observed at the bottom of the CSG film.
The SEM image at high magnification (Fig. 4b) indicates that
the PC skin is closely attached to the bottom of the CSG film.
EDS mappings are used to detect the distribution of active S in
the CSG and PC interface, as shown in Fig. 4c–e. It can be seen
that C is distributed throughout the selected area of the CSG/PC
membrane, whereas S can only be detected in the CSG region.
These features of the CSG/PC membrane confirm that a PC skin
with a porous structure acting as the second ‘‘shuttling’’ inhibition
layer has been constructed at the bottom of the CSG film.

Electrochemical measurements have been carried out to verify
the positive effect of the PC skin on the CSG film. Fig. 5a exhibits
the cyclic voltammograms (CVs) of the CSG/PC membrane cathode
at a scan rate of 0.1 mV s�1 for the initial three cycles. The two
cathodic peaks at about 2.32 and 2.03 V (vs. Li/Li+) can be due to the
transformation of S8 molecules to long-chain soluble lithium
polysulfides (Li2Sn, 4 r n r 8), followed by the formation of
short-chain insoluble discharge products (Li2S2 / Li2S).12 Also, the
subsequent anodic peaks at 2.30 and 2.42 V (vs. Li/Li+) can be
assigned to the oxidation of Li2S2/Li2S to Li2S8.13 The CV curve at
the 3rd cycle almost completely overlaps the one at the 2nd cycle,
implying that the CSG/PC membrane has good electrochemical
stability in highly reversible redox reactions. Fig. 5b shows the
galvanostatic discharge/charge voltage profiles of the CSG/PC mem-
brane cathode for the first three cycles at 0.1C (1C = 1672 mA g�1).
Two potential plateaus at about 2.33 and 2.04 V (vs. Li/Li+) can be
clearly observed during the discharge process, which are consistent
with those observed for the typical two-step reactions of S8 mole-
cules to form Li2S2/Li2S, as demonstrated in the CV curves. Herein,
a Li–S battery with the CSG/PC membrane cathode exhibits a
reversible specific capacity of 1221 mA h g�1, which is comparable
with the result (1205 mA h g�1) of the CSG film cathode.

Rate capabilities of CSG/PC membranes and CSG film cathodes
at different current rates are presented in Fig. 5c. The Li–S battery
with CSG/PC membrane cathode delivers larger discharge capa-
cities of 1218, 1003, 882, 775, 690 and 588 mA h g�1 at 0.1, 0.2, 0.5,
1, 2 and 5C, respectively, indicating that this CSG/PC membrane
can effectively utilize active sulfur even at high current densities up
to 5C. However, the discharge capacities of the CSG films sharply
decrease with an increase in the current density. A specific capacity
of 215 mA h g�1 for the CSG film cathode is obtained at 5C, which
is much lower than the result (590 mA h g�1) for the CSG/PC
membrane cathode. Meanwhile, the discharge capacity of the
CSG/PC membrane cathode can be recovered to 1045 mA h g�1

when the current density is decreased to 0.1C, and an average
Coulombic efficiency of B100% is also observed, which indicates
that the structure of the CSG/PC membrane is very stable even
after it is subjected to high current densities.14

Moreover, electrochemical impedance spectroscopy (EIS)
was conducted to ascertain the interfacial behavior of CSG/PC
membranes and CSG film cathodes. After being cycled for 10 times
at 1C, EIS tests of Li–S batteries based on CSG/PC and CSG
cathodes were carried out using a combined system of Solartron
and Princeton (Fig. 5d). The intersection of the X-axis and the
semicircle of the CSG/PC membrane, which can be ascribed to the
Ohmic resistance (Re) between the electrode and the electrolyte,15

was as low as 3.9 O. The diameter of its semicircle (47.7 O), which
is associated with the charge transfer resistance (Rct),

2a,16 was
much lower than that of the CSG cathode (85.5 O). These greatly
improved interfacial reaction kinetics can be attributed to the

Fig. 4 SEM images of (a) the CSG/PC membrane and (b and c) the PC skin
at low and high magnifications. (d and e) Corresponding EDS mappings of
C and S elements.

Fig. 5 Electrochemical performances of Li–S batteries based on CSG
films and CSG/PC membrane cathodes. (a) CV curves at 0.1 mV s�1 and
(b) discharge/charge curves at 0.1C of Li–S batteries with CSG/PC membrane
cathodes. (c) Rate capabilities and (d) Nyquist plots of Li–S batteries based on
CSG films and CSG/PC membrane cathodes. (e) Long-term cycling perfor-
mances of CSG/PC membrane cathodes at 0.5 and 5C along with their
Coulombic efficiencies.
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diminished shuttling effect of polysulfide intermediates and the
enhanced reutilization of dissolved polysulfide intermediates.3c,17

According to the equivalent circuit (inset in Fig. 5d), impedance
parameters were calculated based on the two Nyquist plots of
CSG/PC membranes and CSG films, and these parameters are
listed in Table S1 (ESI†). Herein, the effectively reduced inter-
facial impedances of CSG/PC membranes could be ascribed to
the efficient assistance of the PC skin attached to the bottom of
CSG films.

Long-term cycling performances of the CSG/PC membrane
cathodes have been tested at current densities of 0.5 and 5C
(Fig. 5e). The capacity of the CSG/PC membrane cathode is
stabilized around 800 mA h g�1 after 1000 cycles (0.5C), corre-
sponding to a capacity retention of 88.9% and a much small
capacity fading of only 0.011% per cycle. Furthermore, this
CSG/PC membrane cathode also exhibits excellent cycling
stability even at a high current density of 5C with a high
specific capacity of 505 mA h g�1 maintained after 1000 cycles.
Meanwhile, the average Coulombic efficiency of the CSG/PC
membrane cathode is surprisingly close to 100% during the
whole cycling process. Comparatively, the CSG film exhibits a
serious capacity fading during the long-term cycling process
with a capacity of 255 mA h g�1 maintained after 1000 cycles, which
is much lower than its initial specific capacity of 755 mA h g�1 at
0.5C (Fig. S6, ESI†). Compared to the poor cycle life of the CSG film,
the outstanding cycling performance of the CSG/PC membrane
can be ascribed to the effective dual protections from the
inserted graphene ‘‘nets’’ and the attached PC skin. The hardly
increased impedance parameters of the CSG/PC membrane
obtained for the 1000th cycle compared with the results obtained
for the 10th cycle further confirm its good cycling stability
(Fig. S7 and Table S2, ESI†).

In summary, an integrated CSG/PC membrane with a high
sulfur content of 90.1% has been developed with an ultra-thin
PC skin attached to the bottom of the CSG film. Porous carbon
nanoparticles acting as deposition matrices ensure a high
sulfur loading of 90.1%, which further results in huge porous
structures inside the obtained CSG/PC membrane. The inserted
graphene sheets play an important role in enhancing the electrical
conductivity and accelerating the rapid transport of electrons.
The ‘‘shuttling effect’’ of the polysulfide intermediates is
doubly restricted by the inserted graphene ‘‘nets’’ and the closely
attached PC skin. As a result, Li–S batteries with CSG/PC
membrane cathodes exhibit excellent electrochemical perfor-
mances including a high specific capacity of 1221 mA h g�1 and
an excellent rate capability. Especially, the dual protections from
the graphene ‘‘nets’’ and the PC skin endow CSG/PC membranes
with an extraordinary cycling stability up to 1000 cycles and
Coulombic efficiencies close to 100%. Moreover, the dual protec-
tion approach presented herein can offer a facile and efficient
strategy for fabricating high-performance sulfur cathodes for Li–S
batteries with ultra-long life.
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