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a b s t r a c t

Lithium-sulfur battery has received extensive attention because of its high energy density, but its
practical application has been limited by several problems such as short cycle life and low efficiency. In
this study, we prepare monodispersed sulfur nanoparticles (S NPs) on partially reduced graphene oxide
(S-prGO) during reduction of graphene oxide by spray method. The S-prGO composite is then recom-
bined with polydopamine (PDA) to get the S-prGO-PDA composite. The S-prGO-PDA composite exhibits
great cycling stability, coulombic efficiency and capacity retention. When charge-discharge at current
density of 200 mA g�1, the specific capacity is 1122 mAh g�1 at the first discharge and 647 mAh g�1 after
100 cycles, with stable coulombic efficiency of 98%.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Growing market demand in consumer electronics, energy stor-
age system and electric vehicles has triggered significant re-
searches on advanced power source. The lithium-sulfur (Li-S)
battery is one of the most promising candidates due to its high
theoretical specific energy density (2600 Wh kg�1), low cost and
high natural abundance of sulfur [1e5]. However, in the case of
sulfur cathodes, achieving longevity of cycling in Li-S batteries is
still hindered by the following factors. One is the electrical insu-
lating nature of elemental sulfur and its discharge products which
lead to the low utilization of active sulfur. Also, diffusion and
shuttle of the polysulfide intermediates will make a lot of sulfur
species lost in the electrolyte and deposit on the lithium anode [6].

To solve these obstacles, various kinds of carbon materials are
normally used to prepare carbon-sulfur (C-S) composites as the
active cathode material, such as active C-S composites [1,2,7],
mesoporous C-S composites [8,9], graphene-sulfur composites
[10e15] and carbon nanotubes-sulfur composites [16e22]. Though
the carbon materials can effectively improve the electron
conductivity of sulfur cathode, the interactions between non-polar
carbon and polar polysulfide intermediates is weak. As a result, the
physical barriers provided by sequestration and adsorption in car-
bon materials can only slow down the polysulfide intermediates
diffusion in a short term, because the polysulfide intermediates are
driven by the electric field in the electrolyte. Furthermore, theweak
interaction can cause the detachment and separation of lithium
sulfides (Li2Sx, 1 < x < 2), the full-discharged products, from the
carbon matrix which will be a factor to cause irreversible active
mass loss and electrical contact isolation [23,24]. Hence the
stronger physical or chemical interaction of sulfur and its discharge
products to the carbon host is fundamentally essential to eliminate
the polysulfide shuttling and the capacity decay. Thus, Li et al. [25]
proposed that we should the rational design and synthesis of
various hollow micro-/nanostructures with controlled shapes,
tailored shell structures and designed chemical compositions for
advanced Li-S batteries in the future. A lot of researchers exploited
oxygen-containing functional groups on graphene oxide to fix the
sulfur and demonstrated that oxygen-containing functional groups
on graphene oxide [12,13,26,27] are conducive to immobilize pol-
ysulfides. The Ab initio calculations based on the adsorption of S
[13] or S3 [12] clusters indicated that both epoxy (C]O) and hy-
droxyl (eOH) groups can enhance the binding of S to the CeC bonds
due to the induced charge transfer. And to mitigate this problem,
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Wang et al. [28] reported a facile approach towards high-
performance sulfur-carbon cathodes by covalently stabilizing the
sulfur and its discharge products on amino-functionalized reduced
graphene oxide which enabled to get stable capacity retention of
80% for 350 cycles with high capacities and excellent high-rate
response up to 4 C. Li et al. [29] also reported a ‘pie’ structured
electrode, which provided an excellent balance between gravi-
metric and areal energy densities. Combining lotus root-like
multichannel carbon nanofibers ‘filling’ and amino-functionalized
graphene‘crust’, the free-standing paper electrode (S mass
loading: 3.6 mg cm�2) delivered high specific capacity of 1314 mAh
g�1 (4.7 mAh cm�2) at 0.1 C (0.6 mA cm�2) accompanied with good
cycling stability.

In this study, we have developed a facile and one-stepmethod to
prepare monodispersed S NPs on partly reduced graphene oxide
with different reduction levels followed by coating with PDA to
prepare S-prGO-PDA composite. In such structure, the nanosized S
NPs will lead to better sulfur utilization, and the larger specific
surface area will lead to smaller effective current density and faster
discharging kinetics. It has been demonstrated that the trade-off
between high specific capacity and high rate performance may be
resolved in ultrasmall S NPs [30]. Besides, the oxygen-containing
functional groups on graphene oxide and the amino of PDA are
conducive to immobilize polysulphides. By adjusting the degree of
the graphene oxide reduction, the conductivity can be enhanced
and simultaneously oxygen-contained functions are retained. The
PDA is further coated on the S NPs to confine the sulfur species on
the cathode. The results show that the electrochemical perfor-
mance is critically dependent on the reduction level of graphene
oxide and the nanosize effect on Li-S batteries is obvious. Impor-
tantly, we have demonstrated that a certain reduction degree of
graphene oxide synergistic PDA can stabilize polysulfides and their
discharge products, and can also provide electronic conductivity.
Therefore, the improved cycle performance, coulombic efficiency
and capacity retention rate of Li-S batteries are exhibited.

2. Experiment

2.1. Material synthesis

Firstly, the graphene oxide (GO) was synthesized by modified
Hummers method. Then, the GO was dispersed in deionized water
by ultrasonic dispersion method, getting the GO suspension with
concentration of 4 mg mL�1. According to the designed proportion,
1.8 g sulfur (S) and 0.5 g reductant ascorbic acid (VC) were added to
the ethylene glycol or n-octanol solvent of 200 mL, followed by
heating to 160 �C or 180 �C in an oil bath pan and maintaining the
constant temperature. The corresponding amount of GO suspen-
sion was sprayed into the above isothermal solvent containing S by
using a spray gun at the sample rate of 4 mL min�1 with the mass
ratio of S and GO at 3: 1 and the carrier gas of nitrogen. The flow
rate of carrier gas was 100 mL min�1. After spraying, the mixture
continued keeping at the constant temperature (160 �C or 180 �C)
for 0.5 h and then cooled naturally, which was washed by absolute
ethanol and deionized water and dried by a freeze-dryer to get
finally composite material S-prGO (noted as S-prGO-160, S-prGO-
VC-160, and S-prGO-VC-180 according to the synthesis tempera-
ture and whether to add VC, respectively.). In order to further
improve the S-capturing ability of the composite, the S-prGO
composites were recombined with PDA, and the synthetic method
is described as following: 0.5 g S-prGO composite material was
added into 100 mL deionized water with magnetic stirring for 1 h,
then 40 mg tris(hydroxymethyl) aminomethane buffer (Tris/HCl)
was joined to adjust the pH value with magnetic stirring for
another 1 h, followed in sequence by adding 60 mg of dopamine
hydrochloride (DA/HCl) for aggregation, mixing by the magnetic
stirrer overnight, taking out the dispersion liquid by suction
filtration and vacuum drying at 60 �C. Finally the S-prGO-PDA
composite material was obtained.

2.2. Characterization

The morphologies of as-prepared materials were characterized
by using a scanning electron microscope (SEM, HITACHI S-4800)
equipped with energy dispersive X-ray spectroscopy (EDX) for
elemental analysis. Transmission electron microscopy (TEM) im-
ages was tested on JEM-2100 (JEOL, Japan) at 200 kV. The XRD
patterns of the S-prGO and S-prGO-PDA composites were recorded
by the Philips X'pert Pro Super X-ray diffract meter and Cu Ka ra-
diation. The laser Raman spectra were recorded at the resolution of
1 cm�1 in back scattering (180�) configuration using 532 nm exci-
tation. X-ray photoelectron spectroscopy (XPS) was conducted on
PHI Quantum 2000 Scanning ESCA Microprobe.

2.3. Electrochemical measurements

The slurry with composition of 70 wt% S-prGO-PDA active ma-
terials, 20 wt% carbon black and 10 wt% polyvinylidene fluorides
(PVDF) dissolved in N-methyl pyrrolidone (NMP), was casted onto
an aluminum foil and dried under vacuum at 60 �C overnight to
prepare the working electrodes. The areal sulfur loading was about
1 mg cm�2. The CR2016-type coin cells were assembled using the
prepared electrodes and lithiummetal in an argon-filled glove box.
The volume of the electrolyte in a coin cell was 60 mL. The elec-
trolyte was formed by adding lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI, 1 M) salt and lithium nitrate
(LiNO3, 1 wt%) into the mixture of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) at the volume ratio of 1:1. The galvano-
static charge-discharge experiments were measured at different
current densities between 1.8 and 2.6 V (vs. Liþ/Li) using the
CT2001A cell test instrument (XINWEI Electronic Co.). The elec-
trochemical impedance spectroscopy (EIS) of the S-prGO-PDA
electrodes was recorded by the autolab PGSTAT 101 cell test in-
strument in the frequency range of 10 mHze100 kHz, using two-
electrode coin cells with Li metal as the counter electrode. All of
the electrochemical tests were performed at room temperature.

3. Results and discussion

The synthesis process of monodispersed S NPs on partly reduced
graphene oxide (S-prGO) is shown in Fig. 1. As we can see, in a
typical synthesis, the reduction of GO and the recombination of the
S-prGO composite are achieved at the same time. Because of the
mild reduction conditions, the reduction degree of prGO is not
completely, which will be proved by the following facts. The GO
dispersion liquid is added into the ethylene glycol solution con-
taining S and ascorbic acid (VC) at a certain temperature by
spraying method. The S-prGO is prepared during the reduction
process of GO. By carefully adjusting preparation conditions such as
temperature and the amount of VC, the S-prGO with different
reduction levels is prepared, and then the S-prGO is composited
with PDA to obtain the composite material noted as S-prGO-PDA.

Apparent photograph of the obtained S-prGO composites are
shown in Fig. 2a. It is easy to see that the colour of the S-prGO
composites gradually deepened for GO, S-prGO-160, S-prGO-VC-
160 and S-prGO-VC-180, successively. This means more uniformly
mixed S with prGO as adding VC and increasing the temperature.
Simultaneously, it also indirectly indicate that the reduction degree
of graphene oxide gradually increases. In order to analyze the
morphology of the prepared composites and S, and the distribution



Fig. 1. Schematic for the synthesis of the S-prGO composites. (A colour version of this
figure can be viewed online.)
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of S on the surface of prGO, we use SEM to characterize the com-
posite materials and the results are shown in Fig. 2. It is easy to see
that uniform S-prGO composite materials can be obtained. As can
Fig. 2. (a) apparent photographs of the GO, S-prGO-160, S-prGO-VC-160 and S-prGO-VC-180
PDA, (f) S-prGO-VC-160-PDA, (g) S-prGO-VC-180-PDA. (A colour version of this figure can b
be seen from Fig. 2b ~ 2d, S-prGO composite materials are
comprised of wrinkle micro pieces with S evenly coated on their
surfaces, and no separate large S particles were observed. As shown
in Fig. 2e ~ g, the morphology of the composites did not change
when combined with PDA.

In order to further observe the distribution of S on the surface of
prGO, we used TEM for characterization, and the test results are
shown in Fig. 3. From Fig. 3 we can see that S is symmetrically
distributed on the surface of prGO in the form of nanoparticles
without aggregation. The high resolution TEM of the electron beam
has a higher energy which will cause the sublimation of S getting
faster, but the result that we can still observed the existence of S
NPs under high resolution TEM has demonstrated that there is a
strong interaction between S and prGO.

The X-ray diffraction (XRD) of the S-prGO-PDA composites is
shown in Fig. 4a. From Fig. 4a, all the XRD characteristic peaks of S-
prGO-PDA composite materials are consistent with sublimation S,
so that we can say that the crystal structure of S did not changed.
The characteristic peaks of GO and prGO are not observed which
further demonstrate that S is evenly coated on the surface of prGO.
The thermogravimetric analysis of the S-prGO-PDA is shown in
Fig. 4b. Fig. 4b shows that the S loading in the S-prGO-160-PDA, S-
prGO-VC-160-PDA and S-rGO-VC-180-PDA composites are 79.3%,
58.1% and 69.1%, respectively. We have performed the elemental
analysis to verify the TGA results of sulfur. The result obtained is
shown in Table S1. The S loading in the S-prGO-160-PDA, S-prGO-
VC-160-PDA and S-rGO-VC-180-PDA composites are 71.3%, 59.8%
and 67.4%, respectively. The content of sulfur used in elemental
analysis is slightly lower. The S-prGO composites were also
analyzed by laser Raman spectroscopy. Fig. 5 shows the Raman
. SEM images: (b) S-prGO-160, (c) S-prGO-VC-160, (d) S-prGO-VC-180, (e) S-prGO-160-
e viewed online.)



Fig. 3. TEM images: (a) S-prGO-160, (b) S-prGO-VC-160, (c) S-prGO-VC-180. (A colour version of this figure can be viewed online.)

Fig. 4. (a) XRD patterns, (b) thermogravimetric analysis of the S-prGO-PDA. (A colour version of this figure can be viewed online.)
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spectra of the S-prGO composites. As seen from Fig. 5a, the spectra
of the S-prGO-160, S-prGO-VC-160 and S-rGO-VC-180 composites
all have characteristic peaks of S, so that we can say that S has no
changed under the process of preparation. The laser Raman spec-
troscopic analysis agrees well with the XRD data. And every curve
has two major characteristic peaks at ~1350 cm�1 and ~1600 cm�1,
respectively. The G band at ~1600 cm�1 attributes to the vibration
of sp2 carbon atoms in a 2D hexagonal lattice and the D band at
~1350 cm�1 corresponds to the disorder and defects in the hex-
agonal graphitic layers [31e33]. From Fig. 5b, we can find that the
ratio of ID/IG for S-prGO composites are gradually increased for GO,
S-prGO-160, S-prGO-VC-160 and S-prGO-VC-180, successively. The
increased ID/IG gives evidence that the reduction degree of gra-
phene oxide gradually increases [13].
Fig. 5. Laser Raman spectra of the S-prGO. (a) unprocessed data, (b) obtained from dividing a
G. (A colour version of this figure can be viewed online.)
The S-prGO-PDA composites as the cathode material were
assembled in CR-2016 coin type cells and their electrochemical
performances were tested. Fig. 6a shows the initial galvanostatic
discharge/charge profiles of the S-prGO-PDA composites at current
density of 200 mA g�1. All discharging curves show the high-
potential plateau at ~2.3 V and the low-potential plateau (~2.1 V)
with a tailing slope, which are consistent with the solid-
�liquid�solid transformation mechanism [34,35]. The S-prGO-VC-
180-PDA composite exhibits greater overall specific capacity as well
as greater capacity in discharge plateaus, suggesting better utili-
zation of sulfur. At the same time, in contrast to the S-prGO-160-
PDA and S-prGO-VC-160-PDA composites, the voltage gap be-
tween the charge plateau and the discharge plateau of the S-prGO-
VC-180-PDA composite is smaller. Moreover, as shown in Fig. 6c,
ll the peak intensities of each curve in Figure (a) by the corresponding peak intensity of



Fig. 6. Electrochemical performance of Li/(S-prGO-PDA) cells at a current density of 200 mA g-1. (a) discharge-charge profiles, (b) cycling performances, (c) EIS, (d) open circuit
voltage. (A colour version of this figure can be viewed online.)
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the EIS of all S-prGO-PDA composites shows a depressed semicircle
in the high frequency region followed by an inclined line in the low
frequency region. The charge transfer resistance, Rct, obtained from
the fitting results exhibits a significant and monotonic decrease as
the reduction degree of prGO increases, which indicates faster
Fig. 7. Element mapping of the S-prGO-VC-180. (A co
kinetics in the S-prGO-VC-180-PDA composite [36,37]. Because the
Rct of as-prepared batteries mainly reflects the resistance of the
electrode/electrolyte interface, the decrease of Rct with the
increasing reduction degree of prGO can be attributed to improved
electrical contact between the prGO and small S NPs.
lour version of this figure can be viewed online.)



Fig. 8. (a) infrared spectrum of the S-prGO-VC-180, (b) XPS of the S-prGO-VC-180. (A colour version of this figure can be viewed online.)
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The cycling performance of the S-prGO-PDA composites at
current density of 200 mA g�1 is shown in Fig. 6b. These batteries
show good cycle stability. After 100 cycles, the capacity can main-
tain 70%e80% of the initial capacity and coulombic efficiency ap-
proaches to 98%. The specific capacity of the S-prGO-VC-180-PDA
composite is the highest among the S-prGO-160-PDA, S-prGO-VC-
160-PDA and S-prGO-VC-180-PDA composites. The specific capac-
ity of the S-prGO-VC-180-PDA composite is 1122 mAh g�1 at the
first discharge and 647 mAh g�1 after 100 cycles. Following the
electrochemical studies and long-term cycle capability testing of
the S-prGO-VC-180-PDA, we next investigated the rate perfor-
mance as shown in Fig. S1. The rate performance of the S-prGO-VC-
180-PDA is relatively poor at the high charge-discharge rates. This is
because that the electrical conductivity the partly reduced GO and
the Liþ conductivity of Li2S are poor. We have compared the per-
formance of the current composite cathode with other rGO based
cathode for Li-S batteries, the results are shown in Table S2. As we
can see from Table S2, our composite material exhibits good elec-
trochemical properties. The improved cycling stability probably
originates from restricted polysulfide diffusion due to the increase
of specific contact area between prGO and S NPs, and the demon-
strated strong sulfur adsorption effects of graphene-based mate-
rials derived from the high specific surface area [14]. In addition,
the residual functional groups on prGO surface may also contribute
to the immobilization of sulfur or polysulfides, and the amino
groups of PDA can well fixed polysulfides. Both effects will help to
alleviate the shuttle effect and improve the cycle stability [13].
However, it can be attributed to the improved electrical contact
between the prGO and small S NPs with the increase of reduction
degree of prGO, and, thereby, the increase of S utilization that the
specific capacity of the S-prGO-PDA composites gradually
improves.

In order to understand the excellent electrochemical properties
of the S-prGO-VC-180-PDA composite material, we have carried out
a series of researches. Fig. 6d and Fig. S2 show the variation of the
open circuit voltage (OCV) of the S-prGO-VC-180-PDA with time at
fresh status and after ten cycles. It's clearly to see that the OCV is
stable, indicating a low self-discharge rate and good ability of fixed
sulfur. The energy-dispersive X-ray spectroscopy (EDX) element
mapping of S-prGO-VC-180 composite material fresh and after ten
cycles are shown in Fig. 7 and Fig. S3. Fig. 7, at fresh status, further
confirms the uniform distribution of S and O element on prGO
surface. From Fig. S3, we can see that the S and O element are still
uniformly distributed on prGO surface while a few S element
distributed separately. This shows that a small part of S is not fixed
in the charge-discharge process. Thus it explains the attenuation of
specific capacity during the charge-discharge process. To further
determine whether there are oxygen-containing functional groups
in the S-prGO-VC-180-PDA composite material, namely whether
the GO is fully restored, we used IR spectroscopy characterization
for the S-prGO-VC-180 composite material, and the result is shown
in Fig. 8a. As can be seen from the IR spectrum of the S-prGO-VC-
180 composite material, the stretching vibration peaks assigned to
the C]O, eOH, carbonyl C-O and epoxy eCeO still exist, indicating
that the GO is just partly reduced. The stretching vibrations of CH2

group are at 2924 cm�1 and 2851 cm�1, the C]C stretching vi-
brations of aromatic ring are at 1569 cm�1 and 1650 cm�1. The XPS
was further used to detect what functional groups exist in the
composite material and the result is shown in Fig. 8b. The peak at
284.6 eV belongs to carbon sp2 hybridization, namely C-C or C]C,
and the peaks at 286.5 eV and 287.2 eV are characteristic peaks of
C-O and C]O, respectively. Although the two peaks are weak, it
also proves that the S-prGO-VC-180 composite material also has
certain oxygen-containing functional groups, reduction of GO is
only partly, which are consistent with the above results. Simulta-
neously, for the S-prGO-VC-180 composite, the characteristic peak
at 285.2 eV in XPS C1s spectrum, which is partially ascribed to the
C-S bonds, indicating that there are certain chemical bonds be-
tween S and prGO in S-prGO-VC-180 composite. The XPS of GO, S-
prGO-160 and S-prGO-VC-160 are shown in Fig. S4. As we can see
from Fig. S4, the peaks 287.2 eV, 286.5 eV and 284.6 eV existed in
GO, S-prGO-160 and S-prGO-VC-160, just similar to the peaks in S-
prGO-VC-180, but the intensity of GO, S-prGO-160, S-prGO-VC-160
and S-prGO-VC-180 declined in order, which is consisting with
Raman test results, indicating the reduction degree increased.
4. Conclusions

We have prepared the S-prGO composites by spray drying in-
situ reduction method. Then, the S-prGO-PDA composites are ob-
tained through the recombination of the S-prGO composites with
PDA. S is evenly distributed on the surface of prGO in the form of
nano-particles without aggregation. The S-prGO-PDA composite is
a preferable host to fix S, resulting in a favorable electrochemical
performance. The cycle performance, coulombic efficiency and
capacity retention rate have been greatly improved.When charged-
discharged at current density of 200 mA g�1 in the case of the S-
prGO-PDA composite, the specific capacity is 1122 mAh g�1 at the
first discharge and 647 mAh g�1 after 100 cycles, with stable
coulombic efficiency of 98% for the Li/(S-prGO-PDA) cells. This work
also demonstrates that control of the reduction degree of graphene
oxide can adjust the ability of fixed sulfur and the conductivity of
the S-prGO-PDA composite, leading to the significantly enhanced
electrochemical performance.
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