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A nanostructured sulfur/polypyrrole binary composite was prepared by a simple one-step ballmilling
without heat-treatment. High resolution transmission and scanning electronic microscopy showed the
formation of a highly developed branched structure consisting of polypyrrole with uniform sulfur coating
on its surface. Exclusion of heat-treatment in the composite preparation avoided the sulfur loss; the
vailable online 10 February 2012

eywords:
ithium–sulfur battery
ulfur cathode for lithium batteries
ulfur/polypyrrole composite

composite contained 65 wt% of sulfur. AC impedance spectroscopy data exhibited remarkable reduction
in charge transfer resistance of the composite compared with pristine sulfur. This may be due to the
high conductivity and large surface area of polypyrrole. This charge transfer enhancement led to the
electrochemical performance improvement of the composite cathode, delivering first discharge capacity
of 1320 mAh g−1.
onducting sulfur composite

. Introduction

Lithium-ion batteries are leading power sources for various
ortable applications, such as laptops, cellular phones and even
ybrid-electric and electric cars, due to their high energy density,
table and long charge–discharge cycle life. However, the toxicity
nd safety issues of cobalt based cathodes in commercial lithium-
on batteries are limiting their wide applications. Recently, cheaper
nd less toxic LiMn2O4 and LiFePO4 cathodes have been success-
ully developed [1–3]. Other potential cathode candidates, such
s LiMnPO4 [4,5] and LiCoPO4 [6,7] have also received interest.
he theoretical capacities of these materials (equal or less than
70 mAh g−1) are however relatively low, and cannot fully sat-

sfy the application requirements for electric cars and large scale
nergy storage, such as wind or solar energy storage. Alternative
athode materials with high energy density and of low cost are
hus needed. The lithium/sulfur (Li/S) system is one of the more
romising candidates, due to its low cost, environmental friend-

iness and large theoretical capacity at 1672 mAh g−1 of sulfur (S)
8]. However, the insulating nature of S and solubility of polysul-
des as discharge products restrict the practical application of Li/S

attery. The cathode electronic conductivity could be enhanced by
reparing a composite of S and conductive materials, such as car-
on and conducting polymers. Those conductive materials should

∗ Corresponding author. Tel.: +1 519 888 4567x35586; fax: +1 519 888 4347.
E-mail address: p4chen@uwaterloo.ca (P. Chen).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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© 2012 Elsevier B.V. All rights reserved.

preferably have high specific surface area and porous structure
in order to absorb and contain polysulfides. Moreover, the struc-
ture flexibility is important to accommodate large volume change
during charge–discharge. Recently, active carbon [8], mesoporous
carbon [9,10], multiwalled carbon nanotube [11,12] and conductive
polymers [13–17] have been used for this purpose. Among them,
polypyrrole (PPy) is a conductive polymer with a conductivity from
a few mS cm−1 to 1–100 S cm−1 (depending on its morphology and
the synthesis technique) and a high absorption ability [18–20]; it
has been used in Li/S batteries [15–17]. It was shown that along
with the conductivity improvement, the PPy acts as a distribution
agent favoring homogeneous sulfur distribution in the composite
[16]. Sun et al. [16] synthesized a nanowired sulfur/PPy (S/PPy)
composite with a network structure via a heat treatment method.
The specific discharge capacities of 1222 mAh g−1 and 570 mAh g−1

were delivered in the first and 20th cycles, respectively. Liang et al.
[17] reported that S penetrates into the tubular PPy fibers by the
capillary forces during a co-heating process. The composite con-
taining 30 wt% S retained a specific capacity of around 650 mAh g−1

over 80 cycles. Although the combination of S with PPy showed
great improvement in electrochemical performance in comparison
with S powder, the heat treatment step in these studies makes the
process more complicated, time and energy consuming. Moreover,
S was evaporated and lost during the heat treatment steps [17].

Therefore, the development of novel techniques to prepare S/PPy
composites without heat treatment is useful.

In this study, we report on preparation of a novel branched,
nanostructured S/PPy composite via a single-step ballmilling,

dx.doi.org/10.1016/j.jpowsour.2012.02.006
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:p4chen@uwaterloo.ca
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tal vibrations are at 1545 cm−1 and 1458 cm−1, the C H in-plane
vibrations are at 1291 cm−1 and 1043 cm−1, and the C N stretch-
ing vibration is at 1175 cm−1. Therefore, it could be concluded that
the PPy structure could be successfully obtained via the chemical
Y. Zhang et al. / Journal of

ithout heat treatment, and investigation of its physical and elec-
rochemical properties as a cathode for lithium secondary batteries.

. Experimental

.1. Material synthesis

Polypyrrole was synthesized as described in Wu et al.’s work
18], with some modifications in the preparation procedure. 12.4 g
etyltrimethylammonium bromide (CTAB) (Sigma, ≥99.9% purity)
as dissolved in 0.75 L deionized water, and then 0.015 L of pyrrole
onomer (Aldrich, 98% purity) was added into the CTAB solu-

ion, stirred for 3 h. Subsequently, 0.045 L aqueous solution of 5.1 g
mmonium persulfate (Sigma–Aldrich, 98% purity) was added, as
n oxidizing agent, to initiate the polymerization, and the solution
as stirred for 24 h. All synthesis procedures were carried out in
temperature range between 0 and 5 ◦C. The final precipitate of

Py was separated via filtration, thoroughly washed with deion-
zed water and ethanol, and then vacuum dried overnight at 70 ◦C.
o make S/PPy composite, PPy was mixed with S (Sigma–Aldrich,
00-mesh particle size powder) in the weight ratio PPy:S = 1:2, by
allmilling for 3 h at 600 rpm.

.2. Material characterization

The chemical transformation of the composite during the prepa-
ation process was investigated by Fourier Transform Infrared
pectroscopy (FTIR, 520, Nicolet). The crystalline phases of the
ample were determined by X-ray diffraction (XRD, D8 Dis-
over, Bruker) equipped with Cu K� radiation. The composite
urface morphology was examined by field emission scanning
lectron microscopy (FE-SEM, Leo-1530, Zeiss). The interior struc-
ure of S/PPy composite was observed using transmission electron

icroscopy (TEM, CM10, Philips) at 60 kV and high resolution trans-
ission electron microscopy (HRTEM, FEI TITAN 80-300) equipped
ith Energy Dispersive Spectroscopy (EDS). The PPy nanowires
iameter distribution, the calculation of the geometric mean diam-
ter dg,p and the geometric standard deviation �g were done via
random sampling of nanowires from the FE-SEM images, as

escribed elsewhere [21]. The specific surface area was deter-
ined by the Brunauer–Emmet–Teller method (BET, ASAP 2020,
icromeritics). The S content in S/PPy composite was determined

sing chemical analysis (CHNS, Vario Micro Cube, Elementar).

.3. Electrochemical measurements

The electrochemical performance of S/PPy composite samples
as investigated using coin-type cells (CR2032). The cell was com-
osed of lithium metal anode and S/PPy cathode separated by a
icroporous polypropylene separator soaked in 1 mol L−1 solution

f lithium bistrifluoromethanesulfonamide (LiTFSI) (Aldrich, 96%
urity) in tetraethylene glycol dimethyl ether (Aldrich, 99% purity)
lectrolyte. The composite cathode was prepared by mixing 80 wt%
/PPy, 10 wt% polyvinylidene fluoride (PVdF) (Kynar, HSV900) as a
inder and 10 wt% acetylene black (MTI, 99.5% purity) conducting
gent in 1-methyl-2-pyrrolidinone (NMP, Sigma–Aldrich, ≥99.5%
urity). The sulfur cathode, with a weight ratio S:AB:PVdF = 6:3:1,
nd the PPy cathode with the composition PPy:AB:PVdF = 6:3:1
ere also prepared in the same way as the S/PPy composite cath-

de. The resultant slurry in NMP was spread onto a circular piece
f nickel foam (MTI, ≥99% purity) with 1 cm in diameter. After dry-
ng in a vacuum oven for 12 h at 60 ◦C, the cathode was pressed

t 8 MPa by a hydraulic press in order to achieve good contact
etween the active material and nickel foam. The electrodes were
repared to make their weight and thickness the same by pre-
ise weighing, pressing and controlling its geometry. The sulfur
r Sources 208 (2012) 1–8

loading in each electrode is about 4 mg cm−2. The PPy and S/PPy
samples were pelletized using a hydraulic press and used for the
specific conductivity estimation, sandwiched between two paral-
lel stainless steel plates by means AC impedance measurement
(VM3, Biologic). The coin cells were assembled in a Braun glove
box filled with high purity argon (99.9995% purity). The cells were
tested galvanostatically on a multichannel battery tester (BT-2000,
Arbin Instruments) between 1 and 3 V vs. Li+/Li electrode at a cur-
rent density of 100 mA g−1. Applied currents and specific capacities
were calculated on the basis of the weight of S in the cathode.

Cyclic voltammetry (CV) and AC electrochemical impedance
spectroscopy (EIS) were performed with a potentiostat (VMP3, Bio-
logic). CV was conducted between 1 and 3 V vs. Li+/Li at a scanning
rate of 0.1 mV s−1. The frequency of EIS was varied from 1 MHz to
1 Hz with applied voltage amplitude of 10 mV. All electrochemical
measurements were performed at room temperature.

3. Results and discussion

3.1. Properties of PPy nanowires and S/PPy composite

From the FTIR spectrum of prepared PPy shown in Fig. 1a, it
could be seen that the characteristic bands of the PPy are consistent
with the literature data [16,17,22,23]. The pyrrole ring fundamen-
Fig. 1. (a) FTIR spectrum and (b) SEM image of as prepared PPy nanowires prepared
by the polymerization of pyrrole monomer in CTAB solution.
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ig. 2. Distribution of the diameters of as prepared PPy nanowires prepared by the
olymerization of pyrrole monomer in CTAB solution.

olymerization method. The morphology of this material was
bserved by SEM as given in Fig. 1b. One can see that in the pres-
nce of CTAB, polypyrrole was formed as separated nanowires. It
as reported that CTAB can form rod-like micelles when organic
anoparticles solubilize into their hydrocarbon core [24]; these
ods further direct the fibers growth like a template. It can be seen
rom Fig. 1b that PPy nanowires prepared in the present study are
ess than 100 nm in diameter. Fig. 2 presents the PPy nanowires
iameter distribution obtained from the SEM observation data [21].
Py nanowires have uniform diameter distribution with a geo-
etric mean diameter of dg,p = 81.3 nm and a geometric standard

eviation of �g = 1.33.
The XRD patterns of pure S, pure PPy and S/PPy composite are

hown in Fig. 3. One can see that while PPy was amorphous, the
RD patterns of the S used in this work exhibited Fddd orthorhom-
ic structure for elemental sulfur. In comparison with S, the S/PPy
omposite showed sharp peaks of S with reduced peak intensity.
n the other hand, no peak shift could be observed, which could
e an indication of the absence of phase transformations due to
allmilling, and the sulfur crystal structure remained in the S/PPy
omposite. However, the XRD peak intensity reduction may indi-
ate partial absorption of melted sulfur, during ballmilling, into the
orous structure of PPy, since ballmilling generates heat and the

emperature increase over the melting point of sulfur.

In this work, the conductive S/PPy composite was obtained via
ne-step high speed ballmilling of the mixture of sulfur and PPy,
nd no additional heat treatment was applied in the preparation
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Fig. 3. XRD patterns of S, PPy and S/PPy composite samples.
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process. Chemical analysis has shown that the sulfur content in the
S/PPy composite was about 65 wt%, i.e., there is no significant sulfur
loss when the composite was prepared by the current method. This
resulted in about 52 wt% of sulfur in the composite cathode used in
the test cell.

Fig. 4 shows HRTEM images of as prepared PPy. At a higher mag-
nification (Fig. 4a), no obvious lattice fringes can be observed, and
PPy has the amorphous structure, which is consistent with XRD
results. The EDS carbon mapping of PPy (Fig. 4c and 2d) shows
homogeneous carbon distribution.

The TEM data presented in Fig. 5a shows that the S/PPy com-
posite prepared via the present technique has a well-developed
branched structure. HRTEM (Fig. 5b) of S/PPy composite shows the
crystal lattice strips in the outer part of the composites nanostruc-
ture with a measured neighboring interlayer distance of 0.38 nm,
which corresponds to the (2, 2, 2) crystal plane of S. This suggestion
is in good agreement with the XRD results that the S/PPy compos-
ite remained the well-distinguished peaks of S. The inner part of
the S/PPy composite is less crystalline (Fig. 5d) which is due to the
amorphous PPy nanowires. Fig. 5e–g presents the EDS mapping
of the S/PPy composite. One can see that sulfur is homogeneously
distributed over the PPy nanowired substrate. This well-developed
branched structure of S/PPy with homogeneous distribution of sul-
fur in it enhances the contact of sulfur to conductive PPy, which is
important for the electrochemical performance of the composite
cathode material.

Specific surface area of the as-prepared PPy was 129.8 m2 g−1

with the pore volume of 0.55 cm3 g−1. After mixing with sulfur, the
specific surface area of S/PPy was only 4.4 m2 g−1 with the pore
volume of 0.052 cm3 g−1. This remarkable specific surface area and
pore size reduction could be mainly due to deposition of a large
amount of sulfur into the pores and surface of PPy. The formation
of the S/PPy composite with homogeneous sulfur deposition on the
conductive PPy surface may drastically improve the conductivity of
the composite cathode [23], which is important for the sulfur uti-
lization and increase of the sulfur cathode capacity. Furthermore,
the branched nanostructure of S/PPy could accommodate the vol-
ume change of the composite during charge and discharge [25] and
improve the cyclability of the composite cathode.

A high S content cathode is desirable to construct a high energy
density battery. Exclusion of the heat treatment from the synthetic
route for the S/PPy composite along with saving energy and sim-
plifying the preparation process prevents the sulfur loss due to
its sublimation. This also prevents the generation of toxic volatile
sulfur compounds at high temperature conditions; therefore, the
preparation technique developed in this work could be more
preferable than the conventional prolonged multi-step and high
temperature techniques for preparation of conductive S-containing
composites.

3.2. Electrochemical properties of S/PPy composite cathode
material

The CV curves are shown in Fig. 6 for S, PPy, and S/PPy compos-
ite, used as a cathode active material in the lithium half-cell. One
can see that for the pure S cathode, one broad reduction peak was
observed about 1.5 V vs. Li+/Li, and the electrochemical processes
are slow and poorly reversible. It can also be seen that PPy is electro-
chemically inactive within the studied potential region and there
are no noticeable electrochemical processes observed in the pure
PPy cathode. In the case of the S/PPy composite cathode, two pairs of
complex reversible redox peaks were clearly observed around 2 and

2.5 V, which is possible due to the multi-step electrochemical reac-
tions of S with Li+ [26,27]. The CV data reveals that PPy improves
the electrochemical kinetics of S, which could be due to the elec-
tronic conductivity enhancement of the composite cathode by the
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Fig. 4. HRTEM images of PPy samples at different magn

ddition of conductive PPy [16]. The specific conductivity (�) of the
anowired PPy synthesized in this work and that of the binary S/PPy
omposite was estimated by means of AC impedance technique
sing the pellets made from pure PPy and S/PPy samples. While
he pure sulfur cathode prepared as described in the experimen-
al part (S:AB:PVdF = 6:3:1 by weight) exhibited almost insulating
roperties (� < 10−10 S cm−1), the conductivity of pure PPy with no
dditives was estimated as 95 S cm−1, which is comparable with
he data obtained for PPy by a four-probe DC technique [16,18,19].
he specific conductivity of the S/PPy composite prepared in this
ork (weight ratio PPy:S = 1:2) was about 3 × 10−5 S cm−1, i.e., the

onductivity of sulfur has been improved by more than five orders
f magnitude by adding the nanowired PPy prepared in this work.

The initial profiles of galvanostatic charge–discharge tests of the
/PPy cathode are shown in Fig. 7. It can be seen that two main
lateaus appear in the potential profiles, which could be attributed
o two main electrochemical reactions taking place at sulfur cath-
de upon cycling in Li/S battery. The results are in good agreement
ith the CV data. The first electrochemical reaction is presented by
short discharge plateau about 2.5 V and related to the formation of
igher-order lithium polysulfides (Li2Sn, n ≥ 4), which are soluble

n the liquid electrolyte [26–28]. The following prolonged plateau
round 2.0 V in the discharge profiles reflects the following electro-
hemical transition of the polysulfides to lithium sulfide Li2S, and
his reaction kinetics is slower than that of the polysulfide forma-
ion [26–29]. It could be seen that while the 2 V discharge plateaus
ad no remarkable difference between the first and third cycles,
he higher voltage plateau diminishes and almost disappears after
few cycles. This could be due to the activation of the compos-

te cathode upon initial cycles, and achieving a steady state for the

olysulfide formation. It can be seen here that a discharge capacity
f 1050 mAh g−1 was obtained at the third cycle, the 2.4 V plateau is
hort, and the system’s discharge capacity mainly depends on the
V plateau.
ions and EDS mapping showing distribution of carbon.

The S/PPy composite cathode performance was remarkably
enhanced compared with that of the pure S cathode as shown in
Fig. 8. Although the cathode cyclability was improved by the PPy
additive, more remarkable enhancement has been observed in the
sulfur utilization in the S/PPy composite compared with pure sulfur
counterpart. This lead to a high discharge capacity of the compos-
ite cathode, which stabilized after 25 cycles at about 600 mAh g−1

and retained about 500 mAh g−1 after 40 cycles. The performance
improvement could be attributed to the multiple effects of the PPy
additive such as conductivity and sulfur distribution, and an active
absorber for the reaction products [16]. The sulfur particles were
evenly distributed over the highly branched nanowired PPy and
were connected by this conductive network, and both factors were
positively affecting the sulfur utilization in the composite material.
Moreover, the highly developed surface and absorbing ability of the
nanowired PPy could accommodate the large volume change of S
on the PPy branched structure and the absorption of polysulfides
into the pores of PPy. This phenomenon could enhance the mechan-
ical adhesion sulfur with the conductive PPy network, maintaining
the higher sulfur utilization upon cycling compared with the pure
sulfur cathode. Although the sulfur dissolution was drastically sup-
pressed by the PPy additive and was more than three times lower
than that for the pure sulfur cathode (chemical analysis data, not
shown), it could contribute to a gradual capacity fading of the com-
posite cathode. Another reason for the S/PPy composite cathode
degradation could be the agglomeration of S particles upon pro-
longed cycling, although we could not observe remarkable sulfur
distribution change over a few tens of charge–discharge cycles. In
contrast, the S cathode exhibited very low discharge capacity due to
high resistance of sulfur and consequent low sulfur utilization, and

its capacity quickly decreased with cycling due to the accelerated
electrochemical dissolution of sulfur. The cell with pure sulfur cath-
ode had a discharge capacity of only about 110 mAh g−1 at the 40th
cycle. The poor cyclability of the S cathode could be also attributed
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ould be identified in (d), which are located on the surface and in the core of the bra
g) sulfur mapping of the (e) TEM image showing the uniform distribution of those

o the mechanical destruction of the cathode caused by the inherent
eriodic volume expansion/shrinkage upon cycling.

The sulfur shuttle mechanism [30] is a typical phenomenon
n lithium–sulfur batteries, resulting in imperfect charging and
ecrease of discharge capacity, which leads to a low coulom-
ic efficiency of the cell. Fig. 9 presents the coulombic efficiency
s. cycle number for the S/PPy lithium cell. The cells exhibited
high coulombic efficiency of 97% at the initial cycle. However,

he coulombic efficiency decreases to 89% in the second cycle and
0% in the 5th cycle. In the first cycle, the sulfur still evenly dis-
ributed on the surface of branched PPy, and this provides a high
evel of the cathode reversibility because of good electronic con-
uctivity. However, as described in the previous paragraph, both
he sulfur shuttle/dissolution and the sulfur particle agglomer-
tion could result in the reversible capacity loss. Therefore, the

oulombic efficiency of the battery gradually reduces for several
onsequent cycles. Further cycling leads to the coulombic efficiency
ncrease, which could be due to the good contact of the remain-
ng S with porous PPy network, allowing improved reversibility of

Fig. 6. CV profiles of lithium cells with S, PPy and S/PPy composite cathodes. The
potential sweep rate is 0.1 mV.
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he system. The coulombic efficiency reaches 96% after around 40
ycles, i.e., the shuttle mechanism effect is reduced upon prolonged
ycling. Therefore the capacity fading of S/PPy composite cathode
pon prolonged cycling could be mostly due to the sulfur particles
gglomeration and to the lesser extent from the shuttle effect.

The enhancement of cathode conductivity could be confirmed

y a comparison of EIS data of the cells with S and S/PPy cath-
des as given in Fig. 10 for fresh cells. Both cathodes exhibited the
yquist plots comprising of a compressed semicircle in the high
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ig. 9. Coulombic efficiency of lithium cells with S/PPy composite cathodes vs. cycle
umber at a current density of 100 mA g−1.
Fig. 10. EIS plots of lithium cells with S and S/PPy composite cathodes in the fre-
quency range of 0.01–106 Hz.

to medium frequency range and an inclined line in the lower fre-
quency range, which could be represented by a Randles equivalent
circuit [31]. For the composite electrodes containing highly con-
ductive carbon, the depressed semicircle could be related to the
interfacial charge transfer [32–34]. The inclined line in the lower
frequency represented the Warburg impedance, associated with
lithium-ion diffusion in the electrode particles. A much smaller
high-to-medium frequency semicircle can be seen in the S/PPy elec-
trode EIS spectra compared with that of the sulfur cathode. This
indicates a significant decrease in charge transfer resistance in the
S/PPy composite compared with the pristine S electrode. This may
be due to the high conductive polypyrrole additive. This charge
transfer enhancement leads to the electrochemical performance
improvement of the composite cathode.

The studied S/PPy composites consist of multiple interfaces and
phase boundaries, and although the complete impedance analysis
is complicated, some simple suggestions can be made using the
EIS data [31,32]. Fig. 11a represents the data on the EIS develop-
ment in S/PPy based lithium half-cell upon cycling. It can be seen
that within the first few charge–discharge cycles the Nyquist plot
of the cell has transformed from a single compressed semicircle
type to a more complicated plot consisting of a combination of an
inclined line in the high frequency part, two compressed semicir-
cles in the high to medium frequency range followed by an inclined
line of the Warburg impedance. Further cycling leads to the total
impedance growth and merging of two medium frequency semi-
circles into a single Randles type impedance plot, which represents
the system during the following charge–discharge. These transfor-
mations indicate a complex character of the interfacial processes
taking place during the initial charge–discharge cycles, including
the formation of solid electrolyte interface (SEI), which protects the
cathode from further decomposition. The total impedance growth
could be attributed to possible agglomeration of the sulfur particles
and loss of its contact with the conducting PPy network. The equiv-
alent circuit fitting was applied to the experimental EIS data for
the first 10 charge–discharge cycles using EC-Lab Software (Bio-
Logic Instruments, V10.19). Fig. 11b represents the fitting results
and the inset shows the best fitting equivalent circuit, which could

be represented as follows:

L1 + R1 + Q2/R2/(Q3 + R3)/(R4 + W4) (1)
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ig. 11. (a) EIS development in lithium cell with S/PPy composite cathode and (b)
quivalent circuit fitting of the experimental EIS data (inset shows the obtained
quivalent circuit).

here L1 is an inductor element, R1–R4 represent the ohmic resis-
ance at the interfaces, Q2 and Q3 are the constant phase elements
esponsible for the double layer capacitance component of the sys-
em impedance, and W4 is the Warburg impedance. One can see
hat the system could be well fitted (fitting goodness close to 1)
ith a multi-component equivalent circuit with a complicity of

he quantitative interpretation. The part of this circuit including
he part Q2/R2/(Q3 + R3)/(R4 + W4) connected in parallel and the

arburg impedance could be attributed to the complex impedance
f the solid/solid and solid/liquid interfaces and the bulk diffusion
esistance of the S/PPy composite cathode. Further detailed inves-
igation of the complex impedance behavior of the system is under
rogress and out of scope of this paper.

The S/PPy composite was prepared in this work via a sim-
le one-step technique and no heat-treatment was used. This
an be considered as an economic and environmentally friendly
pproach because exclusion of heating prevents the sulfur loss and
he formation of harmful sulfur compounds during the synthesis.
he material exhibits enhanced electrochemical performance in a
ithium cell with liquid electrolyte, which is comparable with that
f the sulfur-containing cathodes prepared via complicated tech-
iques using expensive conductive carbons [8–10]. Therefore, the
urrent preparation technique could be considered a promising
pproach to prepare high performance sulfur cathodes for lithium
attery application. Further investigations under progress aimed
o improve cycling performance of the composite cathode in our
aboratory.

. Conclusions

The polypyrrole nanowires were prepared via chemical poly-
erization of pyrrole. These nanowires were used as a conductive
atrix to prepare a branched binary sulfur/PPy nanocomposite by
simple, one-step ballmilling, without any heat treatment. The
/PPy composite consisted of the branched conductive PPy matrix
niformly coated with S. The use of conductive PPy matrix has

mproved the electrochemical performance of the composite cath-
de in lithium battery via the enhanced charge transfer in the

[

[

[

r Sources 208 (2012) 1–8 7

electrode. Furthermore, the branched structure of the nanocom-
posite and high porosity of the PPy matrix could accommodate
the mechanical stresses induced by the volume changes upon
charge–discharge and hinder the polysulfide dissolution. The S/PPy
composite cathode exhibited enhanced electrochemical perfor-
mance and allowed stable cycling of the lithium half-cell with a high
sulfur utilization expressed in high discharge capacity and coulom-
bic efficiency of the Li/S rechargeable battery. The major role of the
capacity decay upon cycling was attributed to possible agglomer-
ation of the S particles leading to the loss of connection between
sulfur and conductive PPy network and increasing the composite
resistance. The EIS impedance studies revealed the total impedance
growth during cycling, which could be caused mainly by the S
agglomeration. One-step preparation technique developed in this
work allows the preparation of high performance two-component
S/PPy composite cathode with three-dimensional branched struc-
ture.
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