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An electrochemical approach to graphene oxide
coated sulfur for long cycle life†
Joonhee Moon,‡a Jungjin Park,‡b,c Cheolho Jeon,d Jouhahn Lee,d Insu Jo,a
Seung-Ho Yu,b,c Sung-Pyo Cho,a,e Yung-Eun Sung*b,c and Byung Hee Hong*a,f
Owing to the possibilities of achieving high theoretical energy density and gravimetric capacity, sulfur has
been considered as a promising cathode material for rechargeable lithium batteries. However, sulfur
shows rapid capacity fading due to the irreversible loss of soluble polysulﬁdes and the decrease in active
sites needed for conducting agents. Furthermore, the low electrical conductivity of sulfur hampers the full
utilization of active materials. Here we report that graphene oxide coated sulfur composites (GO-S/CB)
exhibit improved electrochemical stability as well as enhanced rate performance, evidenced by various
electrochemical analyses. The cyclic voltammetry and the galvanostatic cycling analysis revealed that the
GO plays key roles in homogenizing the nanocomposite structures of the electrodes, in improving the
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electrochemical contact, and in minimizing the loss of soluble polysulﬁde intermediates. An electrochemical impedance spectroscopy analysis also conﬁrms the enhanced structural stability of the GO-S/CB
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composites after battery operation. As a result, the GO-S/CB exhibited excellent cycle stability and
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speciﬁc capacity as high as ∼723.7 mA h g−1 even after 100 cycles at 0.5 C.

Introduction
There has been a growing demand for studies on eco-friendly
and alternative energy sources to replace fossil fuels and
natural gas. Lithium-based rechargeable batteries with both
high volumetric and gravimetric energy have received significant attention as green power sources for portable electronics
including mobile phones and laptops.1–3 However, state-of-theart lithium rechargeable battery systems must be substantially
improved to satisfy the ever-increasing energy demands of
current electric vehicles for both high energy and power
density.1–3 The low specific capacity of cathode materials
(∼150 mA h g−1 for layered oxides and ∼170 mA h g−1 for
LiFePO4) compared to those of the anode materials (370 mA h g−1
a
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for graphite and 4200 mA h g−1 for silicon4) has spurred many
researchers to develop new high capacity cathode materials.
Among the many candidates, sulfur is one of the most
promising materials that can overcome the aforementioned
issues. Elemental sulfur has a theoretical specific capacity of
1675 mA h g−1,5,6 which is approximately five times higher
than that of conventional LiCoO2 cathode materials. Furthermore, sulfur has other noticeable advantages7 as its resource
is abundant, and it is inexpensive and environmentally
friendly. These advantages are expected to play pivotal roles in
commercializing as a next generation battery system that has a
high specific energy.
However, the poor electronic conductivity of elemental
sulfur (∼1 × 10−30 S cm−1 at room temperature) limits its utilization as an active material for sulfur electrodes.8 During charging and discharging, the sulfur cathode is converted into
lithium polysulfides (Li2S8, Li2S6, Li2S4 2.15–2.4 V and Li2S2,
Li2S ≤2.15 V)8,9 dissolved in liquid organic electrolytes and
deposited on lithium metal electrodes and separators, which
causes irreversible loss of polysulfides. Recently, Y. V. Mikhaylik
et al. reported that high-order polysulfides generated at the
sulfur electrode in charge state diﬀuse to the lithium
anode where they react directly with the lithium metal in a
parasitic reaction to recreate the low-order polysulfides.
Those species diﬀuse back to the sulfur cathode to regenerate
the higher forms of polysulfide, thus creating a shuttle mechanism.10 These losses of an active material leads to low Coulombic eﬃciency, poor rechargeability, and rapid fading of the
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capacity.8–12 Thus, extensive research studies have been
conducted in an attempt to overcome the above mentioned
problems. In fact, the eﬀorts have been focused on enhancing
the electrical conductivity of sulfur by combining it with
various conducting materials such as porous carbon,13–15
one dimensional carbon,16,17 graphene oxide (GO),18–20 and
conductive polymers.21 In particular, the GO-based materials
showed enhanced electrochemical properties because GO–
sulfur composites are capable of preventing the shuttling of
polysulfides. However, the role of oxygen functional groups
in such an improvement has still not been completely
understood.
In this work, GO-wrapped sulfur (GO–S) composites were
prepared and decorated with carbon black (CB), and then
utilized as a cathode electrode in a lithium sulfur battery (Li–S
battery). The structural properties of the cathode electrode
were characterized via transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and Raman spectroscopy. In addition, the chemical properties were determined
by Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS). The cyclic performance and
Coulombic eﬃciency were analysed using various electrochemical measurement techniques.

Experimental
Synthesis
GO used in this paper was synthesized by Hummer’s
method.22 Graphite powder (10 g) was prepared in a flask in
an ice bath. 7.6 g NaNO3 was added into the flask which was
filled with 338 ml H2SO4 under stirring conditions until it
homogenized. In addition, 45 g of KMnO4 was gradually added
into the system over 1 h under magnetic stirring. The solution
was removed from the ice bath after 2 h and was further
stirred for 5 days. A viscous slurry was obtained which was
then added to 600 ml aqueous solution over 1 h. H2O2
(30 wt.%) (5 ml) was then added into the mixture with stirring
the system over 1 day. The brown coloured mixture was rinsed
with deionized water using a centrifuge system several times.
Finally, the GO aqueous solution was obtained and dried with
a vacuum evaporator.18
GO (∼4 mg ml−1) was dispersed in deionized water and
sonicated for 1 h. GO has hydrophilic properties because of
the oxygen functional group, which helps GO to easily disperse
in water. In order to increase the conductivity of the core–shell
material, carbon black nanoparticles (Super P, ∼50 nm diameter, CB, 40 mg) were loaded on the graphene oxide (GO) by
a simple sonication method. The mixture in the flask was sonicated for 1 h for a homogeneous suspension. For GO-S/CB
composites, 1.5 g of Na2S2O3 powder was dissolved in 250 ml
deionized water and hydrochloric acid was added to the solution under magnetic stirring, which turns to yellow colour
from sulfur. To decorate GO/CB on sulfur particles, Triton
TX-100 aqueous solution was poured into the flask while the
system was heated up to ∼70 °C in an oil bath. After 20 min at
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∼70 °C, the prepared GO/CB suspension was added into
the flask and kept for 20 min under vigorous magnetic stirring. Then, the system was cooled down to room temperature
and the resulting product was collected and rinsed several
times by centrifugation. The product was dried in a vacuum
system.

Cell assembly and electrochemical measurement
The GO–S composites were mixed with Super P (type of carbon
black) and polyvinyldifluoride (PVDF), with mass ratio of
60 : 20 : 20, in N-methylpyrrolidone (NMP) solvent to produce
electrode slurry. The slurry was loaded onto a current collector,
an aluminium foil, using the doctor blade technique, and
then dried for 3 h to form a working electrode. After dehydration, it was pressed using a roll press machine and then, it
was dried again for 12 h. The loading level of the total material
was ∼1–1.2 mg cm−2. 2032 type coin cells were used for the
battery type and Li metal foil for the counter electrode. The
electrolyte was 1.0 M lithium bis-trifluoro-methane sulfonylimide (LITFSI) in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (volume ratio 1 : 1). In addition, it should be noted that
LiNO3 was used as an additive in the electrolyte to enhance
the cycle stability of the Li–S cell. The coin cells were
assembled in an Ar-filled glove box. The galvanostatic charge–
discharge experiment was performed with a WBC3000 cycler
(WonA Tech, Korea) at room temperature (RT). The coin cells
were cycled at a constant current density of 835 mA g−1 (0.5 C)
on cycling performance or various constant current density
from 0.1 C to 1 C on rate performance with the voltage
range of 1.7–2.8 V vs. Li/Li+. All the specific capacity values
were based on the mass of elemental sulfur. Coulombic
eﬃciency is described as the charge capacity divided by discharge capacity.
The cyclic voltammetry (CV) was operated from 1.5 V to 3.0
V at 0.03 mV s−1 scan rate, which can be converted to
the constant current of 0.1 C rate. The Electrochemical
Impedance Spectroscopy (EIS) was performed by applying an
AC voltage of 0.005 V in the frequency range from 100 000 to
0.05 Hz.

Material characterization
The charge–discharge capacity of the Li–S cell was calculated
by the sulfur content of the electrode matrix and the weight
ratio of sulfur to carbon in the composite electrode was
measured by thermogravimetric analysis (TGA: SDT Q600).
TGA measurements were conducted under a nitrogen atmosphere from room temperature to 600 °C at a heating rate of
5 °C min−1. The X-ray diﬀraction pattern was obtained using
high power XRD from Rigaku Corp. with Cu Kα radiation (λ)
0.15418 nm (model: D-MAX2500-PC). The diﬀraction data were
recorded in the 2θ range of 20–80° with a step of 4° min−1. To
determine the surface morphology, field-emission scanning
electron microscopy (FE-SEM) was performed (AURIGA, Carl
Zeiss).
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Fig. 1 (a) Schematic illustration and (b) scanning electron microscopy (SEM) image of GO-S/CB composites. (c) Transmission electron microscopy
(TEM) image and (d) high resolution TEM image of GO-S/CB. (e) Scanning-TEM (STEM) image and (f–h) C, S, and O energy-dispersive X-ray spectroscopy (EDS) maps of the GO-S/CB composites.

Results and discussion
The GO-S/CB composites were synthesized with a help of surfactants in order to increase the surface aﬃnity between GO
and sulfur. The surfactant is also useful to control the grain
size in a manner similar to that of conventional sulfur particles. The GO contained both hydrophobic aromatic and
hydrophilic regions which interact with carbon black (Super P,
average particle size ∼50 nm, CB), and polysulfides, respectively. The schematic illustration in Fig. 1(a) shows a sulfur particle tightly packed with GO sheets. The SEM images of GO-S/
CB show a few micron-sized sulfur particles well covered with
GO and CB (Fig. 1(b) and S1(a)†), while the surface of the
sulfur particles are partially exposed in the S/CB electrode as
shown in Fig. S1(b).† The fringes and Moiré patterns in the
TEM images (Fig. 1(c and d)) imply that the sulfur particles
are compactly wrapped with GO and CB. The corresponding
GO-S/CB composites were characterized using scanning transmission electron microscopy (STEM) and energy-dispersive
X-ray spectroscopy (EDS). The elemental EDS mapping for
carbon (orange), sulfur (blue), and oxygen (magenta) clearly
shows that GO-S/CB forms a core–shell structure with oxygenrich functional groups (Fig. 1(e–h)).
The surfaces of the GO-S/CB and the S/CB electrodes were
characterized via Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy, as shown in Fig. 2. The FTIR spectrum of GO-S/
CB shows various configurations of oxygen in the structure
including the vibration modes of –OH, CvO, C–O, and C–O–C
at 3434 cm−1, 1725 cm−1, 1024–1180 cm−1, and 1200 cm−1,

This journal is © The Royal Society of Chemistry 2015

Fig. 2 (a) FTIR spectra of GO-S/CB and S/CB. The peaks correspond to
the various functional groups in GO-S/CB and S/CB. (b) O 1s XPS
spectra and (c) Raman spectra of GO-S/CB and S/CB.

respectively; the peak at 1629 cm−1 results from the sp2-hybridized CvC in-plane stretching.23 Moreover, the O 1s spectra
obtained from XPS exhibit significantly higher intensity of the
peak at 533.0 eV (C–OH) in GO-S/CB compared to that of S/CB.
These results noticeably match with the FTIR and XPS spectra
of each carbon material (GO and CB) as shown in Fig. S2.† The
Raman spectra of GO-S/CB and S/CB exhibit typical carbon
peaks; i.e., two strong peaks at 1350 cm−1 for the D band and
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Fig. 3 X-ray diﬀraction (XRD) patterns and thermogravimetric analysis
(TGA). (a) XRD spectra of S/CB and GO-S/CB on the Al foil current collector and (b) TGA spectra collected in N2 atmosphere with a heating
rate of 10 °C min−1 showing the S content of the GO-S electrodes.

at 1590 cm−1 for the G band, which stem respectively from
structural defects and the in-plane vibrational mode.24 The
Raman spectrum in the inset of Fig. 2(c) shows a peak corresponding to sulfur only.25 The sulfur peak was not observed
for both samples, implying that the sulfur particles are surrounded by carbon materials.
Fig. 3(a) shows the X-ray diﬀraction (XRD) patterns
measured from the S/CB and GO-S/CB composites on the Al
foil. The positions of the peaks corresponding to sulfur particles all occurred at the standard Bragg position of the orthorhombic phase with the space group Fddd (JCPDS 24-0733:
S8)26 and no traces of other impurities were detected. The
amount of GO in the GO-S composite was quantified via TGA
analysis. Fig. 3(b) represents the TGA results of the GO-S composite from 40 to 600 °C under a nitrogen atmosphere, and
the weight loss was shown approximately up to 84 wt.%. The
loss of the sulfur-conducting material composite results
mainly from the evaporation of sulfur at temperatures of
∼170–250 °C. Furthermore, the continuous and steady weight
loss of the second stage above 370 °C is estimated to be
6 wt.%. The sulfur content of the GO–S composite was
adjusted to 90 wt.% during the preparation process.
Fig. 4(a) and (b) show conventional charge–discharge profiles of the S/CB and the GO-S/CB as a lithium sulfur battery.
The cell is discharged and charged at 0.5 C rate (835 mA g−1)
for 20 cycles, which is suﬃcient for revealing variations and
tendencies in the electrochemical behaviour. In the discharge
profiles, two-step plateaus were generated at 2.4 V and 2.1 V
due to the dissolution of sulfur to soluble high-order polysulfide and the precipitation of low-order polysulfide to lithium
sulfide (Li2S8, Li2S6, Li2S4 2.15–2.4 V and Li2S2, Li2S
≤2.15 V).8,9 In this paper, we designated three regions, Q1, Q2
and ΔV, which facilitate the explanation of the electrochemical
properties of the GO-S/CB cathode electrode. Q1 and Q2 indicate capacity of the dissolution and the precipitation regions,
respectively and the ΔV means overpotential between discharge and charge reactions.
In the Q1 region, the sulfur particles as reactants are
initially dissolved into electrolyte, and then, the reactants are
reduced to the long-chain sulfides (Sn2−, n = 8–4) in the liquid
phase (dissolved state). In this regime, the lithium/polysulfide
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Fig. 4 Electrochemical characterization of S/CB and GO-S/CB cathodes. Voltage proﬁles for (a) S/CB and (b) GO-S/CB plotted from 1st to
20th cycles at 0.5 C. (c) Cycling performance and (d) Coulombic
eﬃciency of S/CB and GO-S/CB at 0.5 C for 100 cycles.

ions can easily move, leading to the fast kinetics of the reaction. However, the liquid mechanism leads to irreversible loss
of soluble polysulfides due to diﬀusion from the polysulfide
into the bulk electrolyte.9 In the Q2 region, long-chain polysulfides are converted to short-chain polysulfides (Sn2−, n = 4–1),
and then finally produce the lithium sulfide (Li2S) ( precipitated state); the kinetics of this reaction are sluggish owing to
the formation of lithium polysulfides, driving the high reversible cycle retention of capacity.9 In charge processes, the
reverse reactions aforementioned occur. Q1, Q2, and ΔV
provide insight into the origins of the unique reaction mechanism of the materials. The GO-S/CB exhibits the constant Q1
capacity retention with increasing cycle number, while the
capacity of S/CB is continuously fading due to the irreversible
loss of polysulfide, which represents that GO can play a key
role in reserving polysulfides.
Moreover, the slowly decreasing Q2 value of GO-S/CB, compared to the rapidly decreasing value of S/CB indicates that GO
provides reversible reaction sites with polysulfide. Previous
studies assert that the oxygen-rich carbon matrix promotes the
interaction of carbon with sulfides.18,19,27 Thus, we believe
that the increased electrochemical performance of GO stems
from physical wrapping and chemical surface modification.
The cycling performance and Coulombic eﬃciency of S/CB
and GO-S/CB composites were measured at 0.5 C rate (1 C rate
= 1675 mA g−1) for 100 cycles, as shown in Fig. 4(c) and (d);
respective initial capacities of 1003.5 mA h g−1 and 1142.7 mA
h g−1 were obtained for S/CB and GO-S/CB at the first cycle.
At the relatively fast C-rate, GO as a conducting agent supports
electrical contact with sulfur,28 which shows the discharge
capacities of ∼723.7 mA h g−1 (GO-S/CB) and ∼307.3 mA h g−1
(S/CB) at 100th cycle, respectively. The fading capacity of
the S/CB may be attributed to its Coulombic eﬃciency, i.e.,
the S/CB exhibits a low charge/discharge ratio in the initial
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Fig. 5 Cyclic voltammetry peaks of (a) S/CB and (b) GO-S/CB cathodes
at 0.03 mV s−1 scan rate.

Fig. 6 (a) Rate performance and (b) Coulombic eﬃciency of S/CB and
GO-S/CB composites from 0.1 C up to 1 C.

cycle, but the Coulombic eﬃciency increased gradually
due to the shuttle mechanism stemming from the irreversible
loss of the polysulfide into electrolyte. This loss indicates
that the structure of the S/CB does not trap the soluble
polysulfide.10
The overpotential (ΔV) was estimated from the reaction
potential of the charge/discharge profile (Fig. 4(a and b)). In
Fig. 5, the cyclic voltammetry (CV) results provide a detailed
view of the reaction potential including that of the oxidized
and reduced polysulfides. To exclude the eﬀect of mass transfer of an ion in the electrolyte, a scan rate of CV at 0.03 mV s−1
was converted to the approximately 0.1 C rate. Moreover, to
facilitate electrochemical analysis, we designated the first and
second reactions of the anodic and cathodic scan as O2 and
O1, and R1 and R2, respectively; i.e. solid-state sulfur (S8) is
converted to polysulfide in the R1 region and liquid-state
sulfide forms solid-state sulfur in the O1 area. In the R2 and O2
regions, liquid-state sulfide is converted to solid Li2S, and Li2S
is dissolved in polysulfide, respectively. The R2 of S/CB and
GO-S/CB exhibits similar reaction potential. In contrast, the R1
reaction of GO-S/CB exhibits a 0.3 V higher potential shift than
that of S/CB, indicative of the superior electrical contact
between sulfur and the conducting agent. In the anodic
scan, however, the O1 and O2 peaks of GO-S/CB are shifted
toward more negative potentials than those of S/CB. This

phenomenon is consistent with the improved electrical
contact of GO-S/CB, while the increased hysteresis of charge/
discharge of S/CB stems from electrical contact loss. In
addition, the higher intensity and sharper peaks of GO-S/CB
indicate better reaction kinetics at each step, compared to
those of the S/CB.
Rate capability tests were conducted at various C-rates
(0.1 C to 1 C), as shown in Fig. 6. The GO-S/CB exhibits superior
stability of rate performance in the higher C-rate conditions,
which concurs with the Coulombic eﬃciency resulting from
the irreversible loss of dissolved polysulfide with increasing
current. On the other hand, the Coulombic eﬃciency of S/CB
is significantly influenced by the constant current scale in
Fig. 6(b). After a rate of 1 C, the Coulombic eﬃciency is still
sharply reduced even after recovery up to 0.1 C, which implies
that the severe active-material loss at high constant results
from an unstable structure. This result also indicates that the
accumulated sulfide has a significant influence on the successive cycling performance; i.e., the so-called shuttle phenomena. Thus, our results suggest that GO improves the electrical
conductivity and physical stability of the cathode materials
during battery operation.
Electrochemical impedance spectroscopy (EIS) spectra
(Fig. 7) represent the structural stability and electrical conductivity of the cathode electrodes before and after battery oper-
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GO-S/CB electrode prevents capacity fading stemming from
the dissolution and precipitation of polysulfide, and also
promotes homogeneous electron flows. In addition, EIS
spectra indicate that the GO-S/CB electrode has a higher electrical conductivity before/after battery cycling than the S/CB
electrode, implying that the structure of the GO-S/CB electrode
is maintained during battery operation. Thus, we expect that
the incorporation of GO would make an important step
forward to the practical applications of Li–S batteries in the
future.
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Fig. 7 Electrochemical Impedance Spectroscopy (EIS) plots of S/CB
and GO-S/CB (a) before and (b) after cycles. The symmetry cell of Li
metal is plotted in (a) grey dots.

ation. The Nyquist plots are composed of a semi-circle in the
high-frequency region, which is related to contact and charge
transfer resistance, and a short inclined line in the low-frequency regions; this line results from ion diﬀusion in the
cathode.29 In order to measure the precise EIS property of the
cathode electrode, a symmetric type cell with lithium metal is
positioned in a parallel configuration (grey dots), and the
eﬀect of lithium metal on the EIS spectra was determined.
Prior to cycling, the semi-circle corresponding to GO-S/CB is
smaller than its S/CB counterpart. This indicates that the electrical conductivity of the former is higher than that of the
latter. Moreover, after battery operation, the diameters of both
semi-circles increase owing to the formation of a passivation
layer, increased resistance of the electrolyte, modified surface
roughness, and so forth. The semi-circle corresponding to
GO-S/CB is, however, still smaller than that of S/CB, which
indicates that the GO aid in increasing the conductivity and
structural stability during battery operation.
In summary, we have synthesized GO-S/CB composites in
which micron-sized sulfur particles are encapsulated by GO
sheets. The structural properties and chemical properties of
GO-S/CB composites were characterized by various microscopic and spectroscopic techniques. Various electrochemical
analyses were conducted to elucidate the role of GO that has
rich oxygen functional groups and its eﬀect on the electrochemical properties. The charge–discharge profiles revealed
the significantly enhanced cycling and rate performance
of the GO-S/CB electrode, indicating that GO plays a key role
in trapping dissolved polysulfide and in improving electronic conductivity. Moreover, the Columbic eﬃciency of the
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