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Graphene/sulfur@graphene composite structure as a cathode material is synthesized with a facile method. Graphene can provide a
more efficient conductive network for sulfur and improve the coulombic efficiency of the battery. On the other hand, it may also
show the anchoring effect on sulfur, which reduces the loss of sulfur and improves the cycling performance of the battery. Due
to the unique structure, the initial discharge capacity of a battery assembled with this structure could reach 1036mAh g−1 at 0.1
C, and its reversible capacity of 619mAh g−1 was retained after 200 cycles with a low fading rate of 0.2% per cycle. The battery
could hold a discharge capacity of 501mAh g−1 after 200 cycles at 0.5 C. Thus, the electrochemical performance improved
because of the reduction of sulfur loss through polysulfide accumulation at the cathode.

1. Introduction

High-energy-density rechargeable batteries are essential for
various applications, such as portable electronic devices and
grid-scale renewable energy storage, especially electric vehi-
cles [1]. In various candidate electrochemical energy storage
systems, lithium-sulfur (Li-S) batteries have various advan-
tages, such as high theoretical specific capacity (1675mAhg−1),
low operating voltage (2.2V), abundant S storage, low cost,
and environment-friendly property, thereby showing poten-
tial for commercial applications [2–4].

However, various problems, such as low conductivity of S
and lithium sulfide, hinder the commercialization of Li-S
batteries, the utilization of active substances, and the rate
performance of batteries. Lithium polysulfide (Li2Sn), an
intermediate product generated during charge and discharge,
can be dissolved in electrolytes and shuttled between positive
and negative electrodes, thereby inducing the rapid fading of
capacity. The volume of S expands up to 80% during dis-
charge, causing the positive electrode to be powdered and
the batteries to fail [1, 3–7].

To alleviate these problems and improve the electro-
chemical performance of Li-S batteries, researchers exten-
sively investigated the cathodes, anodes, electrolytes, and
separators of Li-S batteries. The conductivity of electrodes
can be effectively enhanced by uniformly loading S on a con-
ductive carrier [8–11], and the volume expansion of S can be
effectively alleviated by designing suitable pore structures or
using flexible carriers [12–14]. In restraining the shuttle effect
of lithium polysulfide, studies can be divided into two catego-
ries. One category involves physical limiting effect, that is,
by designing a carrier material with a large specific surface
area and a rich pore structure to adsorb lithium polysulfide
[15, 16]. The other category is chemisorption, which limits
the dissolution and diffusion of lithium polysulfide between
polar carrier materials and lithium polysulfide [17]. Short-
chain S molecules and compounds forming S bonds have
been used to avoid the shuttle effect [18, 19]. In studies on
cathode materials, especially structural designs, many inter-
esting structures, such as coaxial carbon nanotube structure
[20–23], dual-core shell structure [24–26], and plane hierar-
chical structure [11, 27–29], have been proposed, and the
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electrochemical performance of Li-S batteries has been effec-
tively improved.

The preparation of plane hierarchical structures is rela-
tively simple, and the electrochemical performance of batte-
ries with these structures as cathodes is enhanced. These
structures exhibit many excellent properties. First, they can
prevent active materials from escaping from cathodes, reduce
the loss of active materials, and improve cycle stability [27].
Second, these structures can provide the conductivity and
coulombic efficiency of the battery by creating an effective
conductive network [30]. Third, these structures can alleviate
volume change because more spaces are available for active
substances [12, 13]. Therefore, the electrochemical perfor-
mance of Li-S batteries can be improved by designing a hier-
archical cathode mixture.

Graphene (G), a 2D monolayer carbon structure, is the
thinnest material in the world. Its electron mobility is higher
than 15,000 cm2/(V·s) at room temperature and higher than
those of carbon nanotubes and silicon crystals. Its resistivity
(10−6Ω·cm) is lower than those of copper and silver, and its
strength is 100 times higher than that of steel [31, 32]. It
can effectively improve the conductivity of S-based elec-
trodes, limit the diffusion of soluble polysulfide, and alleviate
the volume expansion of electrodes.

In this study, graphene/sulfur@graphene (G/S-G) com-
posite structure materials were prepared by using G and S. A
simple preparation method was proposed to fabricate cathode
materials. Hierarchical cathodes displayed good cyclability
and alleviated volume expansion. They were investigated by
analyzing their activation process and excellent polysulfide
retention attributed to the hierarchical electrode structure.

2. Experimental Section

2.1. Preparation of G/S Active Material. S and G (Nanjing
Xian Feng Nanometer Co. Ltd., China) were placed in an
agate mortar with a mass ratio of 7 : 3, ground for 1h, and
transferred to a polytetrafluoroethylene reaction vessel. Then,
we keep the vessel static and open it in an argon-filled glove
box for 45min to exclude the air to avoid the oxidation of
the S during the reaction. The reaction vessel was heated at
155°C for 12h. At this temperature, the melted S could eas-
ily penetrate the reticular structure of G. Finally, the G/S
composite was obtained after the specimen was cooled to
room temperature.

2.2. Preparation of Composite Structure. The working elec-
trodes were prepared from the G/S composite, Super P, and
the PVDF binder in NMP with a mass ratio of 8 : 1 : 1. The
cathode mixture paste was dropped onto an aluminum foil.
Three active materials were prepared: (a) a S monolayer,
(b) a G/S monolayer, and (c) a G/S monolayer coated with
G (graphene/sulfur@graphene (G/S-G) composite mate-
rials). These mixtures were dried in an oven at 60°C for
12 h. The cathode was punched into a disk with a diameter
of 14mm for assembling.

2.3. Cell Assembly. CR-2025-type button cells were used to
test the electrochemical performance of the S cathode. They

were assembled in an argon-filled glove box by using the
three cathode mixtures. Li was used as a counter electrode,
and 1M Li TFSI/DME+DOL (1 : 1, V/V) containing 1wt%
LiNO3 was used as an electrolyte. The battery is assembled
from top to bottom according to Li anodes, electrolytes,
separators (polypropylene, Celgard, 2400), and cathodes
(G/S-G, G/S, and S). Pouch cells were sealed with a soft alu-
minum packaging film. The assembled coin and pouch cells
were allowed to rest for 12 h at 25°C before electrochemical
measurements were carried out.

2.4. Material Characterization. A field emission scanning
electronmicroscope (SEM, Hitachi S-4800) was used to char-
acterize the morphology of the cathode before and after 200
cycles. An energy-dispersive spectrometer (EDS) was uti-
lized to identify the distribution of the elements on the
surface of the G/S-G cathode. An X-ray diffractometer
(XRD, X’Pert PRO) was used to characterize the phase
structure and crystallinity of the G/S-G, G/S monolayer,
and S monolayer.

2.5. Electrochemical Measurement. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were
tested in an electrochemical workstation (CHI750E). Dis-
charge and charge profiles and cyclability performance were
evaluated under galvanostatic conditions between 1.5 and
2.8V with a constant current density at 25°C. CV measure-
ments were performed at a scan rate of 0.01mVs−1 in the
voltage range of 1.5–3.0V at 25°C. EIS tests were performed
at a frequency range of 0.01–100 kHz with a perturbation
amplitude of 5mV at 25°C.

3. Results and Discussion

3.1. Configuration and Morphology. Figure 1 illustrates the
schematic of the designed G/S monolayer and G/S-G and
the changes in the G/S-G cathode after cycling. The G/S cath-
ode was synthesized by heating the mixture of G and S at
high temperature (Figure 1(a)). S is covered by G layers and
protected to a certain extent, but many S losses still occurred
during the cycle. G/S-G could be obtained by coating a layer
of G on G/S (Figure 1(b)). S was further protected by adding a
layer of G, which could provide more attachment points for
active substances and to a certain extent alleviate the shuttle
effect. Figure 1(c) shows the schematic of G/S-G before and
after the cycle. As the reaction proceeded, S and Li2Sn were
constantly intercepted and attached to G. After cycles, the
volume of the cathode increased. However, G could effec-
tively improve the conductivity of S because G had a honey-
comb crystal structure, good conductivity, and high chemical
stability; thereby, it can improve the electrochemical reaction
efficiency of active substances and limit the diffusion of solu-
ble polysulfide and effectively alleviate the volumetric expan-
sion effect of the electrode.

Figure 2 shows the XRD patterns of the S, G/S, and G/S-G
samples. The single-mass S peak was strong and sharp, and
obvious diffraction peaks appeared in the whole scanning
range, suggesting that the material has a strong crystal struc-
ture. The main diffraction peaks were located at 23.48° and
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27.12°, which originated from the skew square-type diffrac-
tion and a typical S8 structure [9, 33]. The G reflections were
mainly located between 20° and 30°, indicating an amor-
phous state. For the G/S-G and G/S samples, the diffraction
peaks at 20°–30° had different intensities. The results implied
that the crystallinity and amorphous states of sublimated S
were found in the composites. The differences in the relative
intensity of the main reflection peak of the three samples
could be due to the different S contents in the sample. The
diffraction peaks of the G/S cathode were evident because
of the high S content on the surface layer. For example, the
S content in G/S was 70%. Conversely, these peaks were
weaker than those on the S monolayer. The diffraction peaks
of G/S-G cathode materials were much weaker because S had
the lowest content on the G surface layer, so the entire S was
covered by G, and the amorphous structure of the materials
was enhanced.

The SEM image of the surface of the positive pole of
G/S-G before and after 200 cycles is shown in Figure 3. Before
the cycle, the G/S-G surface was covered with some granular
matters, specifically PVDF and Super P, and G could be
located below the granular material. In Figures 3(a) and
3(b), G was uniformly distributed on the surface, effectively
providing the conductive path for S, blocking the diffusion
of polysulfide, and suppressing the shuttle effect.

The SEM image of the G/S-G cathode after 200 cycles at
0.1 C is illustrated in Figures 3(c) and 3(d). Before cycling
occurred, PVDF and Super P were attached to the G surface,
which was relatively smooth. PVDF and Super P disappeared,
and the G surface was thickened by a cloud-like substance,
which could be S and intermediate products, such as lithium
polysulfide [34, 35], and was obstructed by G. The EDS of
the surface of the G/S-G cathode before and after the cycle is
shown in Figure 4(a). The signal of C was considerably stron-
ger than that of S because S was covered by G in the composite
structure. The signal of S was enhanced, whereas the signal of
C was weakened because of polysulfide accumulation on the
surface after the cycle. The signals of three elements, namely,
O, F, and C, were enhanced and uniformly dispersed.

The SEM image of the cross section of the G/S-G cathode
before and after the cycle is shown in Figure 5. The G/S-G
structure could be seen in the hierarchical cathode before
the cycle. However, this structure could not be easily distin-
guished after 200 cycles at 0.1 C because of the continuous
diffusion of polysulfide to the surface layer and the uniform
diffusion of the active substance throughout the cathode dur-
ing the battery cycle. In addition, the thickness of the cathode
mixture increased from 11.7μm to 18μm during the cycle,
indicating a remarkable volumetric expansion within the
measurement error. However, further polysulfide migration
could be hindered by the G layer to reduce the loss of the
active materials because of the hierarchical structure, and
volume expansion could be alleviated.
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Figure 2: XRD patterns of G/S-G, G/S, and S.
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Figure 1: Cathode configuration diagram of the preparation of (a) G/S and (b) G/S-G and (c) the structural changes after the cycles of G/S-G.
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Figure 3: High-magnification SEM images of the G/S-G cathode (a, b) before and (c, d) after 200 cycles at 0.1 C.
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Figure 4: SEM images and elemental mapping of the G/S-G cathode (a) before and (b) after 200 cycles at 0.1 C.
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The EDS of the cross section of the layered cathode is pre-
sented in Figure 6. S was mostly located in the first layer
before the cycle. The S content increased and was uniformly
distributed in the first layer after 200 cycles. S-containing
species started to diffuse from the active material layers and
were obstructed by the G of the upper layer as a result of
the stabilized polysulfide migration.

3.2. Electrochemical Stability. To further determine whether
the electrochemical performance of the Li-S battery with this
hierarchical structure as the cathode could be improved
effectively, we measured the cycling performances at different
C rates. With the preferable electrochemical utilization and
cycle stability, the hierarchical cathode batteries could attain
high discharge capacity and long-term cyclability for 200
cycles at various cycling rates (Figure 7). The coulombic
efficiency of G/S-G was greater than 95% (Figure 7(a)),
indicating that the structure cathode battery had a high
reversible capacity. In Figures 7(b) and 7(c), the initial dis-
charge capacities of G/S-G and G/S at 0.1 C reached 1016
and 819mAhg−1, respectively. At 0.2 C after 200 cycles, their
discharge capacities were 887 and 787mAhg−1, respectively.
Their corresponding discharge capacities were 793 and
686mAhg−1 at 0.1 C and 590 and 521mAhg−1 at 0.2 C,
respectively. The capacity fading of the G/S-G and G/S was
about 30% after 200 cycles at 0.2C, and it was higher than
that of the pure S (about 75% after 100 cycles at 0.2 C). The

coulombic efficiencies of the batteries were higher than
95%. The discharge capacity of the batteries remarkably
improved compared with that of the original S monolayer
structure, especially the G/S-G structure, because there is
an extra G layer; polysulfide diffusion was hindered by the
G upper layer during the charge/discharge process, and it
provides more attachment points for sulfur and improves
the efficiency of ion transport. The capacity of the first dis-
charge of G/S-G reached 775mAhg−1 at 0.5 C, and its favor-
able capacity of 502mAhg−1 was retained after 200 cycles
(Figure 7(d)).

Figures 7(e) and 7(f) show the charge and discharge
curves of the batteries with the G/S and G/S-G cathodes at
the given C rates. The voltage plateau gap was 0.566V for
the sulfur cathode with G/S at 0.2 C and 0.589V at 0.5 C.
The use of G/S-G in the sulfur cathode decreased the voltage
plateau gap to 0.303V at 0.2 C and to 0.376V at 0.5 C. The
decreased voltage gap indicates the decreased resistance and
simple electrode kinetics of the G/S-G cathode [36].

Figure 8(a) shows the cycling performance of the batte-
ries (G/S, G/S-G, and S) at different C rates (0.1 C→ 0.2
C→ 0.3 C→ 0.5 C→ 0.1 C→ 0.5 C→ 0.3 C→ 0.2 C). The
initial discharge capacity of the cell with the G/S-G hierarchi-
cal cathode reached 1067mAhg−1. Although the capacity of
the battery declined rapidly in the first five cycles, the capac-
ity of the battery began to stabilize as the current density
increased. The capacity of the battery slowly decreased from
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Figure 5: SEM images of the G/S-G cathode cross section (a) before and (b) after 200 cycles at 0.1 C.
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Figure 6: SEM images and elemental mapping of the G/S-G cathode cross section (a) before and (b) after 200 cycles at 0.1 C.

5Journal of Nanomaterials



G/S-G

0.1 C
1200

1000

800

600

400

200

0
0

0

20

40

60

80

100

50 100 150 200

Sp
ec

ifi
c c

ap
ac

ity
 (m

A
h 

g−
1 )

Cycle number

C
ou

lo
m

ic
 effi

ci
en

cy
 (%

)

(a)

0.1 C

1200

1000

800

600

400

200

0
0 50 100 150 200

Sp
ec

ifi
c c

ap
ac

ity
 (m

A
h 

g−
1 )

Cycle number

G/S-G
G/S
S

(b)

0.2 C

1000

800

600

400

200

0
0 50 100 150 200

Sp
ec

ifi
c c

ap
ac

ity
 (m

A
h 

g−
1 )

Cycle number
G/S-G
G/S
S

(c)

0.5 C

1000

800

600

400

200

0
0 50 100 150 200

Sp
ec

ifi
c c

ap
ac

ity
 (m

A
h 

g−
1 )

Cycle number
G/S-G
G/S

(d)

0.2 C

0.566V

0.303V

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

0 200 400 600 800 1000
Specific capacity (mAh g−1)

Po
te

nt
ia

l (
V

)

G/S-G
G/S

(e)

0.5C

0.589V

0.376 V

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

0 200100 300 400 500 600 700 800 900 1000
Specific capacity (mAh g−1)

Po
te

nt
ia

l (
V

)

G/S-G
G/S

(f)

Figure 7: Cycling performance of Li-S cells with G/S-G, G/S monolayer, and S monolayer cathodes at (a) 0.1, (b) 0.1, (c) 0.2, and (d)
0.5 C. (e, f) Galvanostatic discharge-charge curves at different C rates in the 1.5–2.8V voltage window.
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955mAhg−1 at 0.1 C to 848, 633, and 563mAhg−1 at 0.2, 0.3,
and 0.5 C, respectively. When the current rate returned to
0.1 C, the capacity of the G/S-G battery was higher than
that of the two other batteries, indicating that the planar
double-layer structure could limit polysulfide diffusion. The
electrochemical performance of the batteries with the G com-
posite (G/S/-G and G/S) was better than that with the S
monolayer cell because of the excellent conductivity and the
effect of S aggregation. Both batteries with the G composite
maintained a high coulombic efficiency even at a high rate
(Figure 7(b)). Figure 8(c) shows the charge/discharge profiles
of G/S-G at various rates. The characteristic hierarchical
structure of G/S-G could be clearly identified at 0.1 C, pre-
senting a long charge/discharge plateau, which indicated
low polarization. S can be fully transferred to Li2S2/Li2S,
thereby enhancing the utilization of active materials [36, 37].

Figure 9(a) shows the typical CVs at a scan rate of
0.1mVs−1 with a potential range of 1.5–3V. Two cathodic
peaks were observed at 2.0 and 2.3V, which were due to
insoluble Li2S2/Li2S and high-order Sn formation (4 ≤ n ≤ 8),

respectively. In the subsequent anodic scan, two oxidation
peaks corresponding to the oxidation of insoluble Li2S2/Li2S
to soluble polysulfides were observed [37–39]. The CVs of
the G/S-G battery showed that the current density of the
redox peaks was large and stable, indicating low polarization,
good reversibility, and excellent cycling stability. There-
fore, the electrochemical stability of the Li-S battery could
be improved by designing the hierarchical structure cath-
ode because of the polysulfide accumulation effect of G.
Figure 9(b) illustrates the charge/discharge curves of G/S-G
batteries within the given cycles at 0.1 C. The high-voltage
discharge plateau at 2.3V corresponded to the reduction of
S, leading to soluble polysulfide formation.

To further understand the contribution of the designed
plane hierarchical structure to the electrochemical perfor-
mance, we performed EIS (Figure 10). R1 in the illustrations
denotes the resistance of the electrolyte, R2 corresponds to
the charge transfer resistance of the battery, CPE1 refers to
the constant phase element, and W1 represents the Walburg
diffusion impedance. The electrochemical impedance curves
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Figure 8: (a) Rate performance of G/S-G and G/S and S monolayers, (b) average coulombic efficiency of G/S-G and G/S at different rates, and
(c) initial discharge/charge curves of the G/S-G cathode at various C rates from 0.1 C to 1 C.
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were composed of twomedium- and high-frequency semicir-
cles corresponding to the charge transfer resistance and a
low-frequency sloping line corresponding to the Warburg
impedance. The ohmic resistance of the Li-S battery could
be derived from the intercept at the Z′ axis [40, 41]. The
diameters of the semicircles provided the overall interface

resistance of the battery. Several features are given in
Table 1 and Figures 10(a) and 10(b). The battery with the
G/S-G cathode showed the smallest charge transfer resistance
before and after cycling. The charge transfer resistance
decreased after cycling possibly because of the uniform distri-
bution of active S.
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4. Conclusions

In this study, G/S-G composite structure cathode materials
were synthesized using a low-cost method, and their applica-
tion in Li-S batteries was studied. A cathode with this struc-
ture could limit the diffusion of soluble polysulfide, reduce
the volume expansion of electrodes, and enhance the electro-
chemical stability of Li-S batteries. The attenuation rate of the
capacity of the battery was 0.2%, and stable cyclability of
more than 200 times was achieved. Polysulfide migration
was analyzed through cross-sectional SEM and elemental
analysis. The improved electrochemical performance could
be ascribed to the special hierarchical structure, which could
restrain the dissolution of polysulfides by the film-forming
property of G. Therefore, cathodes with a hierarchical struc-
ture showed potential for applications in Li-S batteries with
stable cyclability.
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