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ABSTRACT Because of advantages such as excellent electronic conductivity,

high theoretical speciﬁc surface area, and good mechanical ﬂexibility, graphene is
receiving increasing attention as an additive to improve the conductivity of sulfur
cathodes in lithiumsulfur (LiS) batteries. However, graphene is not an
eﬀective substrate material to conﬁne the polysulﬁdes in cathodes and stable
the cycling. Here, we designed and synthesized a graphene-based layered porous
carbon material for the impregnation of sulfur as cathode for LiS battery. In this
composite, a thin layer of porous carbon uniformly covers both surfaces of the graphene and sulfur is highly dispersed in its pores. The high speciﬁc surface
area and pore volume of the porous carbon layers not only can achieve a high sulfur loading in highly dispersed amorphous state, but also can act as
polysulﬁde reservoirs to alleviate the shuttle eﬀect. When used as the cathode material in LiS batteries, with the help of the thin porous carbon layers,
the as-prepared materials demonstrate a better electrochemical performance and cycle stability compared with those of graphene/sulfur composites.
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E

nergy storage systems, with low cost,
high energy density, and long cycle
life, are crucial for the extensive deployment of portable electronic devices,
electric vehicles, and for renewable energy
applications.13 Among the various types of
rechargeable batteries, lithiumsulfur
(LiS) batteries have attracted great interest due to their high theoretical speciﬁc
energy of 2600 Wh kg1, which is based
on the assumption of the complete reaction
of Li with S to form Li2S.1,4 However, commercial applications of LiS batteries have
not been very successful, despite signiﬁcant
progress having been made.516 Two major
challenges still remain for LiS batteries: (1)
The poor electronic conductivity of sulfur
and the discharge products (Li2S/Li2S2)
leads to the low utilization of sulfur cathodes and limits the rate capability of LiS
batteries; (2) the polysulﬁdes formed during
discharge/charge cycles are highly soluble
and can diﬀuse outside the cathode where
they are then reduced to solid precipitates
in the form of Li2S or Li2S2 on the anode
YANG ET AL.

(Shuttle eﬀect),17 leading to the loss of
active cathodic material and poor cycling
performance.
To improve the electrical conductivity of
the sulfur cathodes and to conﬁne the polysulﬁdes in the cathodes, various sulfur-based
composites have been fabricated such as
carbonsulfur composites,5,6,14,1820 polymersulfur composites,8,2123 carbon-polymersulfur composites24,25 and metal oxide-sulfur
composites.13 Among the available matrix
materials, graphene, a single-atom-thick
two-dimensional layer of carbon atoms with
high theoretical surface area, superior
electrical conductivity, and mechanical ﬂexibility, has opened new possibilities and
has been successfully used in LiS batteries.16,2632 The high speciﬁc surface area
(SSA) can achieve a high sulfur loading; the
superior electronic conductivity can facilitate electron transport not only across the
sulfur, but also in cathodes without the
addition of any conducting ﬁller. However,
graphene is not an eﬀective matrix material to conﬁne the polysulﬁdes in cathodes
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Figure 1. (a) The schematic architecture of the graphene/sulfur composite. Graphene acts both as a substrate to disperse the
sulfur and an electronic conductive channel. However, polysulﬁdes can readily diﬀuse outside the cathode. (b) The schematic
architecture of the layered graphene/porous carbonsulfur composite, proposed in this work. An extra thin layer of porous
carbon uniformly covers both surfaces of the graphene, and sulfur is highly dispersed in its pores. The porous carbon acts as a
polysulﬁde reservoir to alleviate the shuttle eﬀect.

during the discharge/charge processes. Polysulﬁdes
can still readily diﬀuse outside the cathodes and
initiate the “shuttle” problem, which signiﬁcantly undermines the cycling performance (Figure 1a). To
alleviate the “shuttle” problem, graphene oxide with
oxygen functional groups has been used as an alternative to graphene to improve the cycling stability.16,29
Furthermore, some polymers have also been used to
wrap the graphene/sulfur composites and construct a
three-dimensional network to prevent the diﬀusion of
polysulﬁdes.33,34 However, the functionalization and
addition of polymers usually will lower electron transport in the cathodes and excess conducting ﬁller must
be added to increase the conductivity, which further
reduces the sulfur loading in the cathodes. Therefore, it
remains challenging to design a new structure for
graphene/sulfur composites, not merely to ensure a
high sulfur loading and excellent electronic conductivity, but also to conﬁne the polysulﬁdes in the cathodes.
Herein, we present the rational design and synthesis
of a graphene-based layered structure (Figure 1b) for
the impregnation of sulfur as cathode for LiS battery.
A thin layer of porous carbon uniformly covers both
surfaces of the graphene, and sulfur is highly dispersed
in its pores. In this architecture, graphene acts as the
electronic conductive channel and porous carbon acts
as a polysulﬁde reservoir to alleviate the shuttle eﬀect.
Furthermore, the high SSA and pore volume of the
porous carbon layers can simultaneously achieve a
high sulfur loading and high sulfur utilization. When
used as the cathode material in LiS batteries, the asprepared materials demonstrate a better electrochemical performance and cycle stability compared with
those of graphene/sulfur composites.
RESULTS AND DISCUSSION
The layered graphene-based porous carbon (L-GPC)
material was experimentally realized through hydrothermal and chemical activation processes as shown
schematically in Figure 2a (Experimental Section). Phenolic resin (PR) was chosen as the precursor of porous
carbon, because it has been widely used for preparation
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of activated carbon by chemical activation. More importantly, because of the ππ interaction of phenol
and graphene oxide (GO), the PR will only polymerized
on the surfaces of GO in the hydrothermal polymerization process, and not elsewhere. Scanning electron
microscopy (SEM) images of the morphology of GO/PR
composites are shown in Figure 2b and Figure S1.
A thin layer of PR is uniformly covered on both surfaces
of the GO without bulk PR observed, and the layered
GO/PR composites are interconnected and overlap to
form a 3D porous foam structure. The 3D GO/PR was
then chemically activated by KOH to obtain the ﬁnal
L-GPC material.35 In this process, the PR was activated
to form porous carbon and GO was reduced to graphene. The SEM image of the structure of L-GPC in
Figure 2c clearly shows a layered, crumpled graphenelike structure. Transmission electron microscopy (TEM)
images reveal the L-GPC material in details. As shown
in Figure 2d,e, a thin layer of porous carbon uniformly
covers both surfaces of the graphene sheet. The
microstructure of the porous carbon covering the
graphene sheets, was further studied at higher magniﬁcations (Figure 2f) and reveals abundant pores surrounded by highly curved nanographene fragments.
The short, linear features could be identiﬁed as individual nanographene fragments viewed edge-on.36
Furthermore, the porosity of L-GPC was characterized
by nitrogen (77.4 K) adsorption/desorption experiments and the isotherm is shown in Figure 2g. L-GPC
has both a very high nitrogen BET SSA of up to 2500 m2
g1 and a very large pore volume of 1.937 cm3 g1,
which can ensure a high sulfur loading without reducing the electronic conductivity of sulfur. Pore size
distribution analysis was performed using the nitrogen
adsorption data by applying a nonlocal density functional theory (NL-DFT) kernel for the micromesopore size
distribution, assuming a slit pore geometry for micro and
mesopores. The analysis reveals the presence of micromesopores in the 110 nm size range, which can act as
polysulﬁde reservoirs to alleviate the shuttle eﬀect.
Layered graphene/porous carbonsulfur (L-GPCS)
composite was prepared using liquid-phase inﬁltration
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Figure 2. (a) A schematic showing the preparation of L-GPC material. (b) SEM image of the structure of the 3D GO/PR
intermediate product. Structural characterization of L-GPC material: (c) SEM, (df) TEM. (g) Pore characterization of the L-GPC
material.

and melt diﬀusion processes (Experimental Section). In
L-GPCS composite, the sulfur homogeneously dispersed in the pores of porous carbon without bulk
sulfur was observed from the TEM image (Figure 3a),
scanning transmission electron microscopy (STEM)
image (Figure 3b), and the corresponding elemental
mapping of sulfur (Figure 3c). The existence of sulfur in
L-GPCS composite was further conﬁrmed by X-ray
photoelectron spectroscopy (XPS) analysis, shown in
Figure S2. The content of sulfur in L-GPCS composite
was determined through thermogravimetric analysis
(TGA) in nitrogen. As shown in Figure 3c, the TGA
analyses indicate that the sulfur loading in the L-GPCS
is 68 wt % (denoted as L-GPCS-68%). In addition,
the sulfur in L-GPCS is more thermally stable than in
the pure state, indicating the strong adsorption of the
pores of the L-GPC matrix, which could alleviate the
diﬀusion of polysulﬁdes.20 X-ray diﬀraction (XRD) patterns of the pure sulfur powder, L-GPCS-68%, and
L-GPC are presented in Figure 3e. Usually, sulfur exists
in a crystalline state with an orthorhombic structure at
room temperature. After impregnation into the L-GPC
matrix, the diﬀraction peaks disappeared, demonstrating that the sulfur existed in a highly dispersed amorphous state,37 which could result in the high utilization
of sulfur in electrochemical reactions. Furthermore, the
L-GPC matrix shows a very weak and extremely broad
(002) peak in the 15°30° range caused by the
YANG ET AL.

amorphous porous carbon covering the graphene
sheets.35 Raman spectroscopy was used to further
investigate the structural features of pure sulfur
powder, L-GPCS-68%, and L-GPC (Figure 3f). The
Raman spectra of L-GPC exhibits two broad and overlapping peaks with intensity maxima at ∼1350 cm1
(D band) and at ∼1585 cm1 (G band), which can be
assigned to defects and sp2 carbon networks in the
L-GPC matrix, respectively.38 Meanwhile, the sulfur
powder exhibits characteristic peaks in the range
100500 cm1, which are related to vibration of
the SS bond in S8 species.7 However, the sulfurimpregnated L-GPCS-68% did not show noticeable
characteristic sulfur peaks, indicating S8 molecules
loading in L-GPC matrix without long-range ordering,
similar to single molecule dispersion, which is consistent with the conclusion from XRD spectra.
The electrochemical performance of the L-GPCS-68%
material as the cathode of a LiS battery was evaluated
with CR2032 coin cell. The cathode was fabricated
without any addition of conducting ﬁller, and contains
90 wt % L-GPCS-68% material and 10 wt % PVDF
as binder, accounting for ∼62 wt % of sulfur in
the cathode, with a typical sulfur mass loading of
0.650.75 mg cm2. The electrolyte used was 1.0 M
lithium bis-triﬂuoromethanesulfonylimide (LiTFSI) in
a mixed solvent of 1,3-dioxolane and 1,2-dimethoxyethane (1:1, v/v), with LiNO3 (2 wt %) as an additive to
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Figure 3. (a) TEM image of L-GPCS. (b) STEM image of L-GPCS in dark ﬁeld. (c) Elemental mapping of the region shown in the
red square 1 of (b) for sulfur reveals a homogeneous sulfur loading in the layered porous carbon. (d) Thermogravimetric
curves of pure sulfur powder and the prepared L-GPCS material in N2 with a heating rate of 10 K min1, indicating a sulfur
content of 68 wt % in L-GPCS material. (e) XRD patterns of the pure sulfur powder, L-GPCS-68% and L-GPC. (f) Raman spectra
of pure sulfur powder, L-GPCS-68%, and L-GPC. The XRD patterns and Raman spectra demonstrate that the sulfur existed in a
highly dispersed amorphous state.

help passivate the surface of the lithium anode and
reduce the shuttle eﬀect.39
Cyclic voltammetry (CV) was used to reveal the
electrochemical reaction mechanism of the L-GPCS68% cathode measured between 1.5 and 3 V at a
sweep rate of 0.1 mV s1 for the ﬁrst, second, and third
cycles, as shown in Figure 4a. Two cathodic peaks are
observed due to the multiple reduction of sulfur in
the presence of Li ions. For the ﬁrst cycle, the peak at
∼2.25 V is related to the open ring reduction of
the cyclic S8 to long chain lithium polysulﬁdes (Li2Sx,
4 < x < 8). The peak in the region of ∼2 V is associated
with further reduction of these polysulﬁdes to Li2S2
and Li2S. These two changes correspond to the two
discharge plateaus in the discharge curve. An anodic
peak at ∼2.45 V can be attributed to the oxidation of
Li2S and Li2S2 to Li2S8 and a complete reverse reaction
to sulfur does not take place.40 From the second
cycle, both the CV peak positions and areas remain
almost unchanged, suggesting relatively good capacity retention.
The rate capability of the L-GPCS-68% cathode is
measured at diﬀerent current rates of 0.25, 0.5, 1, 2 C in
the potential range of 2.61.7 V and at a current rate of
5 C in the potential range of 2.61.4 V versus Liþ/Li at
room temperature (where 1 C = 1673 mA g1).
Figure 4b shows the typical dischargecharge voltage
proﬁles of the batteries, showing the highest discharge
capacities achieved at diﬀerent current rates. The
YANG ET AL.

discharge proﬁles for all the current densities were
characterized by the two-plateau behavior of a typical
sulfur cathode, corresponding to the formation of
long-chain polysulﬁdes at 2.3 V and short-chain Li2S2
and Li2S at 2.1 V.41 No obvious plateau in the charge
proﬁles represent the backward reaction from Li2S2/
Li2S to polysulﬁdes, but no complete reverse reaction
to sulfur, which is in agreement with CV measurement,
shown in Figure 4a.14 Moreover, the plateaus are very
ﬂat with a relatively low polarization at low current
rates, which suggests a kinetically eﬃcient reaction
process with a small barrier.15 In addition, the polarization at high current rates is high, which may be due to
the small addition amount of electrolyte and the
dissolved polysulﬁdes increasing the viscosity of the
electrolyte (Experiment Section).42 The rate capability
behavior at diﬀerent rates is shown in Figure 4c. At
0.25 C, a capacity of 1000 mAh g1 at the ﬁrst discharge
process can be obtained, whereas at higher discharge
rates of 0.5, 1, 2, and 5 C, the electrode delivered
capacities of 853, 750, 696, and 583 mAh g1, respectively, demonstrating an excellent rate performance.
The high rate performance of the L-GPCS-68% cathode is attributed to the highly dispersed amorphous
state sulfur with high electrochemical activity, high
electronic conductivity of L-GPC matrix to facilitate
electron transport in cathode, and the thin layer of
mesoporous carbon with short Liþ diﬀusion distances
and rapid ion transport. Moreover, the L-GPCS-68%
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Figure 4. Electrochemical characterization of L-GPCS-68% material as the cathode of LiS battery. (a) Cyclic voltammetry (CV)
measured between 1.5 and 3 V at a sweep rate of 0.1 mV s1 for the ﬁrst, second, and third cycles. (b) Discharge/charge
voltage proﬁles at various rates from 0.25 to 5 C (1 C = 1675 mA g1). (c) Discharge/charge capacity cycled at various rates
from 0.25 to 5 C. (d) Capacity retention of L-GPCS-68% material cycled at 0.5 C, in comparison with GS-63% material. Speciﬁc
capacity values were all calculated based on the mass of sulfur.

cathode recovered most of the original capacity when
the cycling current was restored to 0.5 C, implying the
high reversibility of the L-GPCS-68% electrode even
after high rate cycling.
To demonstrate the possible structural advantages
of the L-GPCS-68%, a graphene/sulfur (GS) composite
was also prepared for comparison (Experimental
Section). In the GS composite, sulfur uniformly covered
on the surfaces of graphene and no bulk sulfur was
observed from SEM images, as shown in Figure S3. TGA
determined that the sulfur loading in the GS material is
∼63 wt % (denote as GS-63%, Figure S4), and the TG
curve of GS-63% is similar to that of the pure state
sulfur, demonstrating the weak interaction between
sulfur and graphene matrix. The XRD pattern of the
GS-63% material exhibits some sharp and strong peaks
throughout the entire diﬀraction range, indicating that
the sulfur exists in a well-deﬁned crystal structure
(Figure S5).
The cycling performance of the GS-63% and the
L-GPCS-68% cathodes are presented in Figure 4d. The
GS-63% cathode exhibits an initial discharge capacity
of 576.2 mAh g1 with a low sulfur mass loading of
0.18 mg cm2, and 276 mAh g1 with a high sulfur
mass loading of 0.78 mg cm2, at a current density
of 0.5 C (Figure S6), whereas the L-GPCS-68% cathode shows a very high initial discharge capacity of
885.5 mAh g1 with a high sulfur mass loading of
YANG ET AL.

0.74 mg cm2 at the same current density. The GS-63%
composite exhibits inferior capacity compared to the
L-GPCS-68% composite, indicating the poor utilization
of the active sulfur material in GS-63%, due to the poor
dispersion and poor electrochemical contact of sulfur.
Furthermore, the L-GPCS-68% composite exhibited
more stable cycling performance compared with
GS-63% composite. After 100 cycles at a current density of 0.5 C, L-GPCS-68% cathode has high capacity
retention of ∼70%, while GS-63% cathode only has a
capacity retention of 40%, representing better cycle
stability of L-GPCS-68% composite. The excellent cycle
stability of the L-GPCS-68% cathode can be attributed
to the pores in the thin layer of porous carbon, which
can act as polysulﬁde reservoirs and prevent polysulﬁdes from diﬀusing out of the cathode, and diminish
the shuttle eﬀect and signiﬁcantly improve the cycling
stability.
To further understanding of the electrochemical
performance of GS-63% and L-GPCS-68% composites,
electrochemical impedance spectroscopy (EIS) was
employed to characterize the fresh batteries. Nyquist
plots are shown in Figure 5a; two depressed semicircles
are present at high and medium frequency ranges.
The depressed semicircle in the high-frequency (HF)
region could reﬂect the charge transfer process at the
carbon matrix interface, which dominates the reduction reaction during upper voltage plateau, whereas
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Figure 5. (a) Nyquist plots of GS-63% and L-GPCS-68% cathodes in the frequency range of 100 mHz to 100 kHz. (b) The
normalized discharge curves of GS-63% and L-GPCS-68% cathodes at a current density of 0.5 C.

the depressed semicircle in the middle-frequency (MF)
range could be attributed to the formation of insoluble
polysulﬁde species, which dominates the lower voltage
plateau.23,43,44 In addition, the intercepts in the highfrequency regions are attributed to the electronic
resistance of the cathodes and ionic resistance of
the liquid electrolyte, the inclined lines in the lowfrequency regions are attributed to the Liþ transport in
cathodes. As shown in Figure 5a, the GS-63% cathode
reveals smaller HF semicircle, indicating the faster
reaction kinetics of long-chain polysulﬁdes during
upper voltage plateau, which is due to the larger
addition amount of electrolyte and smaller polysulﬁdes concentration (sulfur/electrolyte mass ratio of
GS-63% battery is 1/30, while sulfur/electrolyte mass ratio
of L-GPCS-68% battery is 1/10, Figure S7).42 In contrast,
the L-GPCS-68% cathode shows much smaller MF
semicircle, indicating the lower polarization and more
uniformly deposition of insoluble polysulﬁde species
during lower voltage plateau, which is due to the sulfur
in L-GPCS-68% composite with more highly dispersed and more excellent electrochemical contact.
These conclusion are consistent with the normalized

discharge curves of GS-63% and L-GPCS-68% cathodes, shown in Figure 5b.

EXPERIMENTAL SECTION

based on the pore volume of L-GPC to allow for expansion of the
pore content upon full lithiation of sulfur to Li2S.
Synthesis of Graphene/Sulfur (GS) Composite Material. GO (200 mg)
was homogeneously dispersed in 60 mL of H2O by ultrasonication. Na2S 3 9H2O (800 mg) was dissolved in 50 mL of distilled
water to form a Na2S solution, then elemental S (400 mg) was
suspended in the Na2S solution and stirred for 2 h at 60 °C. After
dissolution of the sulfur, a sodium polysulfide (Na2Sx) solution
was obtained. Then, the Na2Sx solution was added to the aboveprepared GO dispersions in the presence of 5 wt % surfactant
cetyltrimethylammonium bromide (CTAB), and the GO/Na2Sx
blended solution was sonicated for another 2 h and then
titrated into 2 mol L1 HCOOH solution until the pH value was
less than 5 and stirred for another 2 h. The dispersed suspension
was transferred to a sealed 100 mL Teflon-lined autoclave,
heated to 180 °C, and held there for 12 h. The resulting solid
product was washed with H2O and finally dried in vacuum at
60 °C for 24 h.
Characterization. The morphologies were analyzed by scanning electron microscopy (SEM) and transmission electron

Synthesis of the Layered Graphene/Porous CarbonSulfur (L-GPCS)
Composite Material. L-GPC. A total of 0.3 g of GO was homogeneously dispersed in 70 mL of H2O by ultrasonication, then
2.0 g of phenol and 2.9 g of formaldehyde (35 wt %) were added
to the GO solution. After stirring for 30 min, the homogeneous
dispersion was transferred to a sealed 100 mL Teflon-lined
autoclave, heated to 180 °C, and maintained at that temperature
for 12 h. The resulting hydrochar was then washed with distilled
water and finally dried in vacuum at 120 °C for 24 h. It was then
mixed with 4 weight of KOH, and heated at 5 °C min1 to 900 °C
for 1 h under Ar. The KOH activated product was thoroughly
washed with 0.1 M HCl and distilled water until the pH value
reached 7 and finally dried in vacuum at 120 °C for 24 h.
L-GPCS. The L-GPC was added to an appropriate amount of
sulfur/CS2 solution (10 wt % sulfur) and the mixture was stirred
at room temperature. Subsequently, the CS2 was allowed to
completely evaporate while stirring. The obtained powder was
heated at 160 °C for 12 h in a sealed vessel filled with argon gas
to obtain the L-GPCS. The sulfur mass fraction was calculated
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CONCLUSION
We have designed and prepared a layered porous
carbonsulfur composite consisting of a graphene
layer with thin layers of porous carbon uniformly
covering both surfaces. Sulfur is dispersed in this
porous carbon. When evaluated as the cathode material of a LiS battery, the battery displays outstanding electrochemical performance and cycle stability
compared with those of a GS composite, which can be
attributed to (1) graphene in the composite acts as
electronic conductive channel to ensure rapid charge
transfer in the composite and the cathode; (2) the
porous carbon, covering the graphene with a high
surface area and high pore volume, causes the high
sulfur content to exist in a highly dispersed amorphous
state to improve the conductivity and electrochemical
activity; (3) the pores of the porous carbon act as
polysulﬁde reservoirs and conﬁne the polysulﬁdes
in the cathode, which can signiﬁcantly improve the
cycling stability.
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