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Lithium-sulfur (Li-S) batteries have been widely studied in recent years, but the utilization of sulfur
cathode is still limited by the low conductivity of cathode material and dissolution of polysulfides. A
polypyrrole (PPy) coated reduced graphene oxide/S (RGO/S@PPy) material was synthesized in this
study. It is shown that sulfur is uniformly distributed on RGO sheets, and a PPy layer is
homogeneously coated on the surface of the RGO/S composite. The PPy coating relieves the
dissolution of polysulfides and improves the utilization of active sulfur. As a result, a discharge
capacity of 631 mA h g* after 300 cycles at 0.2C and an excellent rate capability are obtained.
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1. INTRODUCTION

The rapid development of electronic devices and electric vehicles has promoted the increasing
need for advanced energy storage equipment with high capacity and high energy/power density[1-5].
Among various candidates, Li-S batteries have attracted much attention because of their high
theoretical capacity (1675 mAh g?), high specific energy density (2600 Wh kg™), low cost and
environmental friendliness [6-9]. Despite these advantages, the low conductivity of polysulfides, the
shuttling problem and the volume expansion of cathode material during the charge/discharge process
still limit the application of sulfur cathodes [10-13]. Therefore, novel material design strategies must
be developed to alleviate the above problems.

Significant studies have been conducted to overcome these problems through encapsulating
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sulfur in conductive matrices with plenty of pores and a high specific surface area[14-16]. Among
various conductive matrices, porous carbonaceous materials have attracted considerable attention for
preparing sulfur-based composites due to their excellent conductivity and various nanostructures [17-
20]. Nevertheless, nonpolar carbon materials fail to adequately inhibit the dissolution of polar
polysulfides during long-term cycling [21,22]. Conducting polymers have also drawn much attention
because of their functional groups and special chemical bonds with sulfur, which are beneficial for
high-performance Li-S batteries [23,24]. Polymer/carbon matrix/S composites such as
sulfur/graphene/PPy [25], sulfur/carbon nanotubes/PANI [26] and sulfur/acetylene black/PPy [27]
have been widely studied in recent years. Meanwhile, uniformly dispersing sulfur nanoparticles into
carbon matrices by a wet chemical reaction has been reported to be a more efficient way for addressing
shuttling and cycling problems than the well-studied melting-diffusion method[21,28].

Herein, we present a facile synthesis of a ternary RGO/S@PPy composite via deposition of
sulfur nanoparticles on RGO and subsequent polymerization of the PPy layer on an RGO/S binary
composite. In the material, sulfur is uniformly distributed on RGO sheets, and a PPy layer is coated on
the RGO/S composite, resulting in improved cycling stability and rate performance. As a result, a
capacity of 631 mA h g* after 300 cycles and an excellent rate capability are obtained.

2. EXPERIMENTAL

2.1 Synthesis of RGO/S and RGO/S@PPy composites

GO was prepared from natural graphite powder by a modified Hummers method [29]. The
RGO/S nanocomposite was synthesized via an insitu solution deposition process. First, 2.43 g of
Na>SOz and 3.0 g of Na.S-9H>0 were dissolved in 150 mL of deionized water and poured into a 300-
mL 0.5 mg mL? GO solution. After stirring for 30 min, 60 mL of a 1 mol L hydrochloric acid
solution was added and stirred magnetically for 5 h. The resulting RGO/S composite was filtered,
washed and dried at 60 °C.

0.2 g of the obtained RGO/S composite was dispersed in 50 mL of water with 1 wt% CTAB.
Then, 0.05 g of pyrrole was injected into the solution with vigorous stirring for 0.5 h under an ice bath.
Next, 7.5 mL of 0.1 mol L™ FeCls was added and further stirred for 12 h. The resulting RGO/S@PPy
composite was washed and vacuum-dried at 60 °C.

2.2 Material characterization

The surface morphologies of the materials were analysed by FE-SEM, (JSM-6360LV, JEOL).
The inner morphologies and elemental distributions of the materials were determined by TEM (Tecnai
G2F20 S-TWIX) coupled with energy-dispersive X-ray spectroscopy (EDS). Thermogravimetric
analysis (TGA, Netzsch, STA409PC/4/H) was carried out under a N2flow at10 °C min™.
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2.3 Electrochemical measurements

CR2032-type coin cells were used to evaluate the electrochemical properties of the materials.
The working electrodes were prepared via the slurry-coating method, containing 70 wt% synthesized
material, 20 wt% acetylene black and 10 wt% polyvinylidenefluoride (PVDF) in NMP. Celgard 2400
film and lithium metal were used as the separator and counter electrode, respectively. A solution of 1
M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in DME/DOL (1:1, vi/ivl) with 2 wt% LiNO3
was used as the electrolyte. A multi-channel LAND CT2001A battery tester was used to evaluate the
electrochemical properties of the materials. The specific capacities of the materials were calculated on
the basis of the sulfur content in the cathode. Cyclic voltammetry (CV) was carried out from 1.5-3.0 V
at 0.1 mV s to characterize the redox behaviour of the composites.

3. RESULTS AND DISCUSSION

Fig. 1a shows the SEM image of stacked RGO/S particles. As displayed in the figure, the
surface morphology shows pretty homogenous mixing of sulfur with RGO [28,30,31]. The TEM
image of the RGO/S composite is displayed in Fig. 1b, and flexible and corrugated thin layers of
graphene sheets can be observed, with no apparent large aggregated particles of sulfur. Fig. 1c presents
the SEM image of the RGO/S@PPy composite, which exhibits agglomerated particles and a denser
surface structure. The TEM image apparently indicates that the RGO/S composite is coated by a PPy
layer (Fig. 1d), which can tightly cover the S nanoparticles on the RGO surface. Moreover, the PPy
coating can dramatically increase the mechanical stability of the electrode because its elastic long-
chain structure can ease the massive volume changes during cycling.
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Figure 1. SEM and TEM images of the prepared RGO/S (a, b) and RGO/S@PPy (c, d) composites

The HRTEM image of RGO/S in Fig. 2a shows that when sulfur is loaded on RGO, the
multilayer structure of the graphene sheets still exists in the RGO/S composite. As displayed in the
elemental mapping image of RGO/S (Fig. 2b), the signal from the element S is uniformly distributed,
confirming the uniform distribution of S on the RGO sheets[32]. The signal of O in both materials may
come from the residual oxygen-containing groups in RGO, and the signal of N in RGO/S@PPy comes
from the nitrogen functional groups in the PPy coating (Fig. 2c). The uniform distribution of N further
indicates the homogeneous coating of PPy on the RGO/S composite. The presence of O- and N-
containing functional groups is beneficial for the adsorption of intermediate polysulfides[21,33].

The TG curves of GO, RGO/S and RGO/S@PPy are displayed in Fig. 3. Two major weight
loss steps for GO can be observed in Fig.3a. The weight loss occurring before 100 °C could be
ascribed to the removal of adsorbed water, while that occurring between 100 and 300 °C is due to the
decomposition of labile oxygen functional groups, which is quite consistent with previously reported
results [28].
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Figure 2. HRTEM image of RGO/S(a) and elemental mapping of RGO/S (b) and RGO/S@PPy (c)
composites

After the reaction, the graphene sheet edges become hydrophobic and a small amount of
interlamellar water is trapped, which results in small mass losses for RGO/S and RGO/S@PPy
composites below 100 °C (Fig. 3b) [28]. According to previous reports, the weight loss of PPy in the
composite could be ignored within the evaporation temperature range of sulfur [27]. Therefore, the
weight losses of RGO/S and RGO/S@PPy between 150 °C and 330 °C could be attributed to the
evaporation of sulfur[31,34]. The sulfur content was calculated to be 53.4 % in RGO/S and 41.3 % in

RGO/S@PPy.
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Figure 3. TG curves of GO (a), RGO/S and RGO/S@PPy (b)
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CV curves of the RGO/S@PPy cathode in the first three cycles are presented in Fig. 4.
Following the multiple reaction mechanisms of sulfur, the peaks located at 2.34 V and 2.04 V during
the cathode scan corresponds to the reduction of cyclic sulfur to high-order lithium polysulfides (Li2Sx,
4<x<8) and further to low-order Li»S; and Li>S. In addition, the anodic peak at 2.50 V corresponds to
the reverse reaction of Li>S/Li>S> and short-chain polysulfides to Li»Ss [35,36,37]. The lithiation and
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delithiation processes become stable after the first cycle.
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Figure4. CV curves of the RGO/S@PPYy electrode in the first three cycles at the scan rate of 0.1 mV s

Fig. 5a presents the cycle properties of the composites at 0.2 C. Initial specific capacities of
1031.4 mAh g? and 1046.3 mAh g* are obtained for the RGO/S and RGO/S@PPy composites,
respectively. The capacity of the RGO/S composite decays rapidly to 435 mAh g after 200 cycles,
while that of RGO/S@PPYy retains 631 mAh g even after 300 cycles, with a decrease rate of 0.132%
per cycle. Normally, the gradual dissolution of polysulfide anions (Sx%) leads to a low Coulombic
efficiency [38,39]. However, the RGO and PPy in the respective RGO/S and RGO/S@PPy samples
can prevent the loss of polysulfide species in the electrolyte. Thus, both the RGO/S and RGO/S@PPy
samples show an excellent Coulombic efficiency of nearly 100%. The improved cycling stability of
RGO/S@PPy could be ascribed to the uniform PPy coating, which can further relieve the dissolution
of polysulfides into the electrolyte.
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Figure 5. Cycling properties of the RGO/S and RGO/S@PPYy electrodes at 0.2 C and their Coulombic
efficiencies (a); rate performance of the RGO/S and RGO/S@PPYy electrodes (b)

The rate performance of the composites is shown in Fig. 5b. The corresponding average
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discharge capacities at 0.1 C,0.2 C,0.3C,0.5C, 1 C and 2 C for RGO/S and RGO/S@PPy are 847.0,
717.1, 659.1, 616.5, 567.1, 523.9 mAh gtand 918.9, 813.6, 776.4, 745.9, 707.7, and 678.6 mAh g*,
respectively. As the discharge current is switched to 0.2 C again, capacities of 655.0 and 780.6 mAh g*
are achieved for RGO/S and RGO/S@PPy, respectively. The RGO/S@PPy material shows
considerably higher specific capacities than the RGO/S composite at different discharge rates,
indicating the improved utilization of sulfur caused by the PPy coating.

4. CONCLUSION

An RGO/S@PPy composite has been prepared via a facile synthesis method. The results
demonstrate that sulfur is uniformly distributed on the RGO sheets, and a PPy layer is homogeneously
coated on the surface of the RGO/S composite. The PPy coating relieves the dissolution of polysulfides
and improves the utilization of active sulfur. As a result, a discharge capacity of 631 mA h g after 300
cycles at 0.2 C and an excellent rate capability are obtained. This finding indicates that the prepared
RGO/S@PPy composite is promising for application in Li-S batteries.
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