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Abstract

Polyacrylonitrile (PAN), and graphene oxide (GO), as conductive constituents, were made into a PAN/S/GO composite with
sulfur by a solution processing technique. Morphological examination showed that the sulfur and PAN in the composite
were wrapped by highly conducting wrinkled layers of GO, aiding in higher utilization of the active mass. The composite
exhibited good cycling stability. The first-cycle capacity obtained with PAN/S/GO was 1402 mAh g™' at 0.1 C rate with a
Coulombic efficiency of 99%; furthermore, it delivered a capacity of 1096 mAh g~' in the 50th cycle, which was higher
than that of and S/GO composites. The improved performance is attributed to the adsorptive properties of GO as well
as surface functional groups in GO, which aid in confining polysulfide species within the cathode architecture.
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1 Introduction

As portable devices begin to dominate our lives, the
demand for high-energy rechargeable batteries is facing
an exponential increase [1-4]. Today’s lithium-ion batteries
(LIBs) based on graphite and LiCoO,/LiFePO,, with limited
capacities (100-200 mAh g™'), cannot meet the energy
requirements of emerging devices and new applications
[5]. Therefore, substantial attention has been devoted
towards alternative rechargeable battery systems with
considerably higher energy and power densities.

The lithium-sulfur (Li-S) battery system is among can-
didates that are being considered. As a cathode-active
material, sulfur has a theoretical specific capacity of
1675 mAh g™, which translates to a theoretical energy
density of 2600 Wh kg™' (about seven times larger than
those of the current LIBs, ~387 Wh kg”). Sulfur also pre-
sents other advantages such as non-toxicity, low cost and
abundance [6, 7]. However, two disadvantages stand in the

way of realizing its full potential in Li-S batteries. First, the
poor electrical/ionic conductivity of the active elemental
sulfur and the discharge product (Li,S/Li,S,) severely hin-
ders the full capacity utilization of the electrode [8]. Sec-
ond, dissolution of intermediate long-chain polysulfides
into the electrolyte and their shuttle between the cathode
and the anode leads to fast capacity degradation and low
coulombic efficiency [9]. The insoluble and insulating Li,S/
Li,S, on the surface of electrodes renders the electrodes
electrochemically inactive [7]. One of the most popular
approaches to resolve these issues is to encapsulate sul-
fur in an electrically conductive matrix, which enhances
the electrical conductivity of the cathode and prevents
the dissolution of high-order polysulfides [10, 11]. Various
conducting polymers such as poly acrylonitrile (PAN), car-
bonaceous materials and graphene oxide (GO) have been
examined for this purpose.

As the highly insulated material (6=1073° S/cm), the
size of sulfur could largely influence its electrochemical
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performance [12-15]. One way to control the mean size
of particles is to control the nucleation rate and supply
rate of precursor solute, where the temperature could
be an influence factor. During the nucleation stage, the
functional groups on GO could facilitate the heterogene-
ous nucleation of sulfur on the surface of GO nano sheets.
Moreover, the low ambient temperatures of preparation
could help prevent sulfur agglomeration [16]. Introduction
of sulfur in the sulfur cathode composite can conveniently
be controlled by low-cost and efficient solution-based pro-
cesses. Kaiser et al. reported that a large amount of active
sulfur loading in sulfur based materials with the help of
conventional capillary deposition method [6, 8, 10, 15]. As
a constituent of the composite, PAN helps in chemically
bonding sulfur to the polymer and can help suppress poly-
sulfide shuttling. However, the limited electrical conductiv-
ity of PAN (= 1.51x 107" S/cm) lowers capacity retention
and rate performance.

In this study, a PAN/S/GO hybrid composite was pre-
pared by a solution processing technique. The sulfur par-
ticles were found to be evenly distributed over the GO and
interconnected by PAN, which led to short Li* diffusion
distances and provided rapid ion transport pathways. The
PAN/S/GO composite showed an initial discharge capacity
of 1402 mAh g~' at 0.1 C. The performance of the com-
posite was compared with that of a GO-wrapped S binary
composite (S/GO).

Fig. 1 Shows the illustration of

the preparation of PAN/S/GO mim

composite - v
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2 Experimental

Sulfur (Alfa Aesar, 100 mesh, 99.5%). and PAN
(Sigma-Aldrich,=1, 50,000, mean particle size 50 pum).
were mixed in 4:1 weight ratio, and dispersed in DMSO
(Merck). The dispersion was stirred with a weighed amount
of GO. The excess solvent was then removed by repeated
washing with ethanol and water. The resulting mass was
then dried in a vacuum oven. S/GO was also prepared for
comparison by a similar method. The GO for this study
was prepared by a modified Hummers method [17]. Fig-
ure 1 shows the illustration of the preparation of PAN/S/
GO composite.

The composites were made into electrodes by a slurry
coating method. A slurry containing 70 wt% of the com-
posite, 20 wt% Super P conducting carbon (Timcal) and
10 wt% poly(vinylidene fluoride) binder (Sigma-Aldrich)
in N-methyl pyrrolidone (Sigma-Aldrich) was coated on
aluminum foil current collector. Coin cells of the 2032
configuration (Hohsen) were assembled with lithium
metal (Cyprus Foote Mineral) as anode, Celgard 2400 sep-
arator and the composite as the cathode. The coin cells
were assembled in an MBraun (G-120B) glove box. A 1 M
solution of lithium bis (trifluoromethane) sulfonamide
(Sigma-Aldrich) with 0.05 M LiNO; (Sigma-Aldrich) in a
1:1 (v/v) mixture of dioxolane (Merck) and dimethyl ether
(Merck) was used as the electrolyte. The CR2032 coin cells

PAN/S/GO
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were assembled with S/GO and PAN/S/GO with areal sul-
fur loading of 1.8 mg cm™2 and 2.4 mg cm™2 and lithium
metal foil with 0.25 mL electrolyte contained 0.7 M lithium
bis-trifluoromethane sulfonamide (LiTFSi) (TCI) and 0.05 M
LiNO; (TCI) dissolved in a 1:1 (v/v) mixture of 1,2-dimeth-
oxyethane (Sigma-Aldrich) and 1,3-dioxolane (Sigma-
Aldrich) in an argon filled glove box.

2.1 Characterization

Crystal structural features were examined by X-ray dif-
fraction (PANalytical X'pert Pro diffractometer) between
scattering angles of 10° and 70° with nickel-filtered Cu K,
radiation. Raman spectroscopic measurements were per-
formed between wavenumbers 100 and 2000 cm™' with a
laser radiation wavelength of 632.8 nm (SEKI Focal; He-Ne
laser). The surface morphologies of the composites were
studied by scanning electron microscopy (FEG, Quanta
250) and transmission electron microscopy (FEI Tecnai 20
G2). Bruanuer-Emmett-Teller surface area measurements
were carried out on a Micromeritics ASAP 2010 surface
area analyzer. Elemental analysis of the composite was
performed by a Perkin-Elmer CHNS 2000 elemental ana-
lyzer. X-ray photoelectron spectroscopy (XPS) was carried
out on an ESCALAB 250XI X-ray photoelectron spectrom-
eter (Thermo Scientific) with Al KaX-ray source which was
performed to analyze the elemental composition of the
samples. Cyclic voltammetric studies were run with the
coin cells on a Solartron Analytical 1470 E cell test system
at a scan rate of 0.1 mV/s between 3.000 and 1.600 V. Gal-
vanostatic charge/discharge profiles were recorded on
a multi-channel computerized battery cycler (Arbin, BT
2000) at a 0.1 C rate between 3.000 and 1.600 V at room

temperature. The electrochemical impedance spectros-
copy (EIS) measurements were carried out (Biologic,
France) before cycling of the composite materials.

3 Results and discussion

3.1 Structure and morphology

The XRD patterns of elemental sulfur, PAN, GO and the
PAN/S/GO composite are presented in Fig. 1. All the dif-

fraction peaks of elemental sulfur match with those of the
standard JCPDS card no. 77-0145, and are index able to
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the orthorhombic a-phase of sulfur with space group F 4,
(Fig. 1a). The XRD pattern of the pristine PAN has a major
peak at a 20 value of 17°, corresponding to the (110) plane
of crystalline PAN (Fig. 1b) [18]. The diffraction pattern of
GO show a peak at a 20 value of 10.5°, corresponding to
the (011) plane (Fig. 1c). However, the peaks correspond-
ing to PAN are not discernible in the patterns of the com-
posites, suggesting a definite interaction between sulfur
and the polymer. Additionally, the sulfur peaks in the
composites appear rather suppressed as they merge with
the broad amorphous peaks of GO and PAN. These results
indicate a close link in between sulfur, PAN and GO which
leads a good cycling process.
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Figure 2 shows typical Raman spectra of S and the
PAN/S/GO composite. The Raman spectrum of sulfur
shows a characteristic peak below 500 cm™ that originates
from the A1 symmetry mode of the S-S bond (Fig. 3) [19].
The spectrum of GO in the ternary composite elaborates
into two peaks at1590 and 1340 cm™', known respectively
as the G (graphitic) and D (disordered) bands (inset). The
G band is ascribed to the Raman active E,  in-plane vibra-
tion mode and the D band to the A1g mode, similar to the
in-plane breathing vibration type due to the presence of
disordered areas [20, 21].

The integral intensity ratio (Ip/l) is a measure of the
degree of graphitization and defects in the GO. The Ip/I¢
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of PAN/S/GO is 1.1, suggesting that the GO in the sample
has a high degree of defects, which can offer additional
energetic sites to facilitate diffusion of Li ions [22]. The
Raman spectral results indicate a uniform distribution of
sulfur particles in the composite, consistent with our XRD
analysis.

SEM images (Fig. 4) of the composite illustrate that the
solution processed sulfur particles securely cover the wrin-
kled GO sheets. This ensures close interaction between

Fig.5 TEM image of the a-d ternary PAN/S/GO composite

the GO and PAN/S, an attribute that results in electron
pathways for electrochemical reactions as well as good
containment of sulfur in the composite and retention of
polysulfides in the matrix. As a dispersant for the prepara-
tion of the nano composite, DMSO is advantageous in lim-
iting agglomeration of sulfur nanoparticles. The wrappings
by GO sheets help in accommodating lithium polysulfides
as well as suppressing volume expansion of the electrode
during cycling. This structure could offer an effective
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contact sites for the conductive additives and the active
sulfur, which will result in good electrical conductivity.

HRTEM images (Fig. 5a—d) indicate that the treated sur-
faces have fewer pores and a suitable coating to prevent
polysulfide dissolution. The PAN/S/GO nano composite
can provide a conductive network and facilitate faster Li+
diffusion in the electrode, resulting in high active mate-
rial utilization and in sustaining high-rate performance.
Moreover, it can be seen from Fig. 5d that the primary
PAN/S nanoparticles in the composite has a rather uniform
layer of sulfur. The SAED pattern (Fig. 5c inset) suggests
the amorphous nature of the sulfur obtained by the solu-
tion processing technique. From morphological studies,
it can be concluded that the various functional groups
of GO, which could hold the sulfur/PAN firmly and well
avert the dissolution of polysulfides and diffusion into the
electrolyte.

As shown in Fig. 63, there is a histrionic decrease in the
hysteresis loop area of the PAN/S/GO ratifies clearly the
loading of sulfur into the GO host. The elemental composi-
tion of the PAN/S/GO composite, as determined by CHNS
elemental analysis is presented in Table 1. It is seen that
the sulfur loading is 54% and is consistent with our EDX
analysis.

X-ray photoelectron spectroscopy (XPS) was conducted
to study the chemistry of the PAN/S/GO. The high resolu-
tion S2p peak (Fig. 7a) was fitted to four peaks at bind-
ing energies of 162.8 eV, 163.9 eV, 164.7 eV, and 168.5 eV,
respectively. Two peaks located at 162.8 and 163.9 eV cor-
respond to the S-S bonds in Sg. The broad peak at 164.7 eV
and 168.5 eV is assigned to the C-S and S-O bonds respec-
tively. The spectrum of O1s could be divided into two sin-
gle peaks with binding energies of 531.1 and 532.1 which
can be attributed to the oxygen bonds of C-OH and C-O,
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Table 1 CHNS elemental composition of the ternary composite

Sample  Weight C(mol%) N (mol%) S (mol%) H (mol%)

(mg)

PAN S/GO  5.0600 39.23 8.217 54.33 0.451

respectively. The high resolution XPS N1s spectra for S/
PAN/KC sample reveal the presence of two different bands,
corresponding to pyridinic-N (~ 398 eV), and pyrrolic-N
(~399 eV) respectively. The high resolution N1s spectra
and its deconvolution suggest that N atoms exist as pyri-
dinic (398.8 eV) and pyrrolic (400.2 eV) groups. In the C1s
spectra, the peaks at can be ascribed to C-O and C-N
groups respectively 286.5 eV and 285.4 eV [23].

3.2 Electrochemical properties

Figure 8a shows the CV profile of PAN/S/GO composite
cathode between 1.5 and 3V versus Li+/Li for first cycle at
a scan rate of 0.1 mV s~".In the cathodic reduction process,
the peak at 2.3 and 1.9 V can be assigned to the reduc-
tion of element sulfur (Sg) to soluble lithium polysulfides
(Li,Sn, 4 <n <8) and further conversion of these lithium
polysulfides to insoluble Li,S, and Li,S, respectively [24].
Moreover, there are no impure peaks in the curves which
exhibit that PAN is stable in the electrode. The oxidation
peak at around 2.45V corresponds to the transformation
of Li,S, and Li,S to Li,Sg [25]. The peaks with a shoulder
are seen in the CV curves, which usually appear in those
sulfur composites with confined structures [26]. The CV
results show that the dual structure facilitates preventing
polysulfides from dissolving into the electrolyte, owing to
the good adsorption performance of GO sheets and PAN.

The charge-discharge curves of S/GO and PAN/S/GO
composites at 0.1C rate are shown in Fig. 8b and c. The
PAN/S/GO and S/GO composite deliver the initial dis-
charge capacity of 1402 mAh g~' and 937 mAh g™ respec-
tively. Zhang et al. [27] showed that the S/GO ball milled-
mixture deliver initial capacity of 927 mAh g™' at 0.1 C.
Comparing the S/GO ball milled composite, the solution
processed S/GO composite exhibits good electrochemi-
cal performance. Moreover, PAN matrix works as secure
and stable back bone to form the conducting network in
between GO and sulfur particle which leads a good elec-
trochemical performance of the as prepared cathode. The
charge- discharge profiles at the 50th cycle of the S/GO
and PAN/S/GO composites presented in Fig. 8b and ¢, con-
firm that PAN remarkably improves the electrochemical
performance of PAN/S/GO. This electrochemical kinetics
could be beneficial for utilization of active material. Fig-
ure 8d shows the cycling performance of the PAN/S/GO
and S/GO composite electrodes at 0.1 C. After 50th cycle
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the discharge capacity of 812 mAh g~' remained with the
Coulombic efficiency of 95% in the S/GO composite. The
Coulombic efficiency of the PAN/S/GO composite in the
first cycle is computed to be 99% in comparison to 97%
after 65th cycle, indicating reliable stability.

In comparison with S/GO, the PAN/S/GO composite
exhibits remarkably enhanced performance, which could
be attributed to the very well distribution of sulfur within
the polymer matrix [28]. In addition to that the solubility
of graphene oxide in DMSO solvents allows it to be uni-
formly deposited onto sulfur in the form of networks with
the support of PAN which creates it possibly suitable for
enhancing electrochemical performance of the PAN/S/
GO composite. To further investigate the electrochemi-
cal properties of the PAN/S/GO composite, a rate perfor-
mance study was carried out as shown in Fig. 9a. Initial
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capacities of 1195, 994 and 659 mAh g~' was obtained at
rates of 0.2 C, 0.5 Cand 1 C respectively. The cell delivers
areversible capacity of 1096 mAh g~' at 0.2 C, confirming
a high reversibility and rate capability of the PAN/S/GO
composite. The PAN matrix can not only accommodate the
mechanical stresses induced by volume changes of the
cathode at repeated cycles, but can also facilitate the ions
transportation during cycling, leading to efficient cycling
performance and rate capability [22]. The upgraded elec-
trochemical kinetics of PAN/S/GO is supported by electro-
chemical impedance spectroscopy (EIS) measurements
(Fig. 9b). Thus, PAN/S/GO possesses the lowest charge
transfer resistance, which is interrelated to the enriched
interfacial affinity between PAN/S/GO and polysulfide as
well as high electrical conductivity of PAN/S/GO [29, 30].
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4 Conclusion

A Polyacrylonitrile/Sulfur/Graphene Oxide composite was
prepared by a solution processing technique. The ter-
nary composite delivers an initial discharge capacity of
1402 mAh g~' at C/10 rate. The functional group on the
GO and the polymer PAN in the composite help maintain
not only suppress the shuttling mechanism but also sup-
ports the composite to accommodate the volume changes
of sulfur during cycling process. The sulfur particles were
evenly distributed over the GO through solution process-
ing technique and were interconnected by PAN, which
leaded to short Li* diffusion distances and provided rapid
ion transport pathways. The cell delivers a reversible capac-
ity of 1096 mAh g™' at 0.2 C, confirming a high reversibility
and rate capability of the PAN/S/GO composite.
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