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a  b  s  t  r  a  c  t

A  core/shell  structure  of  polypyrrole  (PPy)  and  multi  walled  carbon  tube  (MWCNT)  composite  is  pro-
posed.  The  PPy  is introduced  to the  surface  of MWCNT  by  an  in  situ  polymerization  of pyrrole  with  FeCl3
as  the  oxidizing  agent.  The  structures  of  the  PPy–MWCNT  composites  are  analyzed  by Raman  spectra.
The  surface  area  of  the PPy–MWCNT  composite  increases  with  the  increase  of  the  PPy  content  in the
composite.  Adversely,  the  conductivity  of  the S/PPy–MWCNT  decreases.  The  MWCNT  provides  the  high
eywords:
olypyrrole–multi walled carbon tube
omposites
hemical oxidation
ulfur cathode
ithium battery

electronic  conductive  network.  Meanwhile,  the  PPy  with  high  surface  area  ensures  an  uniform  dispersion
of the sulfur.  As  a result,  S/PPy–MWCNT  with  25  wt.%  PPy  shows  the  discharge  capacity  of  725.8  mA  h g−1

after  100  cycles.
© 2012 Elsevier B.V. All rights reserved.
. Introduction

Lithium/sulfur battery is attractive for its highest theoretical
pecific capacity of 1675 mA  h g−1 and high theoretical specific
nergy of 2600 W h kg−1 among all the solid cathode lithium bat-
ery system [1].  In a typical Li/S system, elemental sulfur serves as
he active cathode material and lithium metal as the anode. Sul-
ur undergoes reduction by lithium to form a series of polysulfides
Li2S8–Li2S2) and then Li2S, which corresponds to 100% depth of
ischarge [2,3]. The reaction is highly reversible. In addition, sulfur
as the advantages of low cost, low toxicity and abundance [4].  So,

ithium sulfur is the most promising system for the next generation
f high energy rechargeable lithium battery. However, elemental
ulfur is electrically and ionically insulating, leading to a poor elec-
rochemical activity of the sulfur cathode [5].  Moreover, numerous
ttentions have been paid to low utilization of active material, poor
echarge ability and dissolution of polysulfides into the electrolyte
6,7]. The dissolved polysulfides diffuse through the electrolyte to
he lithium anode where they are reduced to form solid precipi-
ates such as Li2S2 or Li2S. These reduced products can also diffuse
ack to the cathode by charging. This shuttle phenomenon could
ead to the lithium corrosion and finally the capacity fading [8].
To avoid these disadvantages, conductive agents with spe-

ial structures were added to the sulfur cathode to alleviate the

∗ Corresponding author. Tel.: +86 21 5241 1704; fax: +86 21 5241 3903.
E-mail address: zywen@mail.sic.ac.cn (Z. Wen).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.123
dissolution of polysulfides. Porous carbon with bimodal pore struc-
ture was  proposed as the conducting agent in the sulfur cathode,
and the small mesopores contain the majority of the sulfur and
polysulfide while the large interconnected pores favor the rapid
transport of solvated Li+ on charge/discharge [9,10].  Ordered meso-
porous carbon CMK-3 was reported to act both as the conducting
agent and the host to contain active sulfur [11,12]. Graphene is
favorable for its high surface area and conductivity, but the prepa-
ration is complicated and expensive [13–16].  Conductive polymer
is profitable for its compatibility with the sulfur and organic
electrolyte. Polythiophene was coated on the sulfur particle and
effectively enhanced the performance of the lithium sulfur bat-
tery [17]. Multi-walled carbon tube (MWCNT) is attractive for its
high conductivity and unique structure. It is reported that MWCNT
could improve the long time cycling performance of the lithium
sulfur battery [18]. However, it is difficult to obtain uniformly
dispersed sulfur in the MWCNT [19]. In our previous studies, we
found that polypyrrole (PPy) has great absorbing ability to the sul-
fur and polysulfides, which can help to hold back the solubility of
polysulfides [20,21].

In this study, a core/shell structure of PPy and MWCNT was pro-
posed. The PPy was introduced to the surface of MWCNT by an
in situ polymerization of pyrrole with FeCl3 as the oxidizing agent.
The unique core/shell structure with effective conductive network

provided by the MWCNT as well as the strong absorbility to sulfur
and polysulfides provided by PPy enables the homogenous disper-
sion of the sulfur, facilitates the transportation of ions and improves
the cycling performance of the lithium sulfur battery.

dx.doi.org/10.1016/j.jpowsour.2012.01.123
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zywen@mail.sic.ac.cn
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entific Co., USA). Specific surface area was  tested using the
Brunauer–Emmett–Telley (BET) method on the Micromeritics Tris-
tar 3000. Thermogravimetry (TG) (NETZSCH 409 PC) was applied to
determine the components of the composite. Phase analyses were
ig. 1. SEM micrographs of: (a) Pure MWCNT, (b) PPy–MWCNT with 10 wt. PPy, (c) 

0  wt.% PPy, (f) pure PPy. The scale bar is 100 nm,  and (g) TEM graph of PPy–MWCN

. Experimental

PPy–MWCNT with different PPy contents was  synthesized
y an in situ chemical oxidative polymerization of pyrrole on
WCNT. Firstly, MWCNT was dispersed in 100 ml  water with 0.1 M

etyltrimethylammonium bromide (CTAB) by sonication for 2 h.
hen, pyrrole was dropped into the solution and stirred for 30 min
y magnetic stirring. After that, proper amount of FeCl3 (three times
s much as the mole of the pyrrole) was added by dropping and
tirred for 4 h. The product was washed and filtered until the fil-
rate was colorless. The PPy–MWCNT composites were dried under
acuum at 80 ◦C for 12 h. S/PPy–MWCNT composites prepared as
he follows: the mixture of sulfur and PPy–MWCNT was mixed with
eight ratio of 7:3 before sealed in a glass tube under Ar protection.

hen the glass tube was heated at 155 ◦C for 4 h. After it cooled to
oom temperature, the glass tube was opened carefully.

The S/PPy–MWCNT composites with 70 wt.% S was mixed with
cetylene black and PVDF (polyvinylidenefluoride), using NMP  (N-
ethyl-2-pyrrolidone) as the dispersant. The weight ratio of sulfur

omposite, acetylene and PVDF in the mixture is 70:10:20. The
lurries were cast onto aluminum foil substrates. After the organic
olvent was evaporated, the electrode film was cut to sheets of
4 mm in diameter and then dried at 50 ◦C under vacuum for 12 h.
Field emission scanning electron microscope (FESEM JSM-
700) and transmission electron microscope (TEM JEM-2010)
ere applied to observe the morphology of the synthesized com-
osite material. Raman spectroscopy was recorded on a DXR
WCNT with 25 wt.% PPy, (d) PPy–MWCNT with 40 wt.% PPy, (e) PPy–MWCNT with
posite with 25 wt.% PPy.

Raman Microscope with 532 nm excitation length (Thermal Sci-
Fig. 2. Raman spectra of the Pure PPy, MWCNT and the as prepared PPy–MWCNT
composites.
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Fig. 3. BET surface area of the Pure PPy, MWCNT and the as prepared PPy–MWCNT
composites with different PPy content.
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as shown in Fig. 3. The specific area of the composite increases with
the increases of PPy content, implying that the PPy coated on the
MWCNT exhibits a porous structure. The specific area increased

F
1

onducted by X-ray diffraction (XRD, Rigaku RINT-2000) with Cu
� radiation.

CR2025 type coin cells were assembled in a glove box with oxy-
en and water contents less than 1 ppm. A solution of 1 M LiCF3SO3
issolved in tetra(ethylene glycol) dimethyl ether (TEGDME) was
mployed as the electrolyte. The cells contained Celgard 2400 as the
eparator and lithium foils as the counter and reference electrodes.
C impedance was measured by a Frequency Response Analyzer

FRA) technique on an Autolab Electrochemical Workstation over
he frequency range from 1 MHz  to 10 mHz  with the amplitude
f 10 mV.  The galvanostatic charge and discharge tests were con-
ucted on a LAND CT2001A battery test system in the voltage range

f 1.0–3.0 V (vs. Li/Li+) at a current density of 0.1 mA  cm−2.

ig. 4. Morphology of: (a) S/MWCNT, (b) S/PPy–MWCNT with 10 wt.% PPy, (c) S/PPy–M
00  nm.
urces 206 (2012) 409– 413 411

3.  Results and discussion

Fig. 1 shows the micrographs of the as prepared PPy–MWCNT
composites with different PPy contents. As shown in Fig. 1a, the
commercial MWCNT is about 40 nm in diameter, and a couple of
micrometers in length. The surface of the MWCNT is relatively
smooth. The agglomerated granular pure PPy possesses the pri-
mary particles with a diameter of 100 nm,  shown in Fig. 1e. After
the incorporation of PPy onto the MWCNT, a core–shell struc-
ture was obtained. The PPy with high absorbability was  coated on
the MWCNT. As a result, the diameter of the PPy–coated MWCNT
increased with the increasing content of PPy composite, shown in
Fig. 1b–d, reaching to about 80 nm in diameter for the PPy–MWCNT
with 40 wt.% PPy. Actually, there are some free PPy particles in the
PPy–MWCNT with 60 wt.% PPy. It means that when the PPy con-
tent in the PPy–MWCNT composites is too large, only part of the
PPy was coated on the MWCNT surface. The core–shell structure
can be demonstrated clearly by the TEM graph of the PPy–MWCNT
with 25 wt.% PPy in Fig. 1g. The well-defined lattice fringes of the
MWCNT walls reserve as a core and amorphous PPy is coated on
the surface of the MWCNT to serve as the shell.

Fig. 2 shows the Raman spectra of pure PPy and the PPy–MWCNT
composites. For comparison, the figure also includes the MWCNT
spectrum, which contains two  strong peaks at 1580 and 1355 cm−1

assigning to tangential mode (G-band) and disorder mode (D-
band), respectively [22]. The intensity of these two  peaks gradually
increases for the PPy–MWCNT composites as the MWCNT content
increases. Meanwhile, the characteristic peak for PPy of quinonoid
polaronic structure at 1086 cm−1 decreases. Also, the decreasing
peak at 1086 cm−1 reveals that parts of PPy have not fully reacted
with MWCNT [23].

The specific areas of the composites were tested by BET method,
rapidly when the PPy content is larger than 40 wt.%. Compared with

WCNT with 25 wt.% PPy and (d) S/PPy–MWCNT with 40 wt.% PPy. The scale bar is
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Fig. 5. TG curves of the MWCNT, PPy, S, PPy–MWCNT with 25 wt.% PPy and
S/PPy–MWCNT with 25 wt.% PPy.
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ig. 6. XRD patterns of MWCNT, PPy, PPy–MWCNT, S/PPy–MWCNT and sulfur.

he SEM morphologies in Fig. 1, the free PPy particles out of the
ore–shell structure are supposed to lead to the fast increase of the
pecific area.

Fig. 4 shows the SEM micrographs of the S/PPy–MWCNT
omposites. The greatest difference between the S/MWCNT
nd S/PPy–MWCNT is the significant sulfur aggregation in the
/MWCNT composite. However, no sulfur aggregation is observed
n the S/PPy–MWCNT composites. It means that the structure of
Py–coated MWCNT is favorable for the dispersion of sulfur. The
G curves of the PPy, MWCNT, PPy–MWCNT with 25 wt.% PPy as
ell as S/PPy–MWCNT with 25 wt.% PPy are shown in Fig. 5. PPy

ontent in the PPy–MWCNT is about 25 wt.%, and the sulfur content
n the S/PPy–MWCNT composite is about 70 wt.%, which are con-
istent with its original ratio of components. Fig. 6 shows the XRD
atterns of the composite. The sulfur in the S/PPy–MWCNT com-
osite belongs to the Fddd orthorhombic crystal system, indicating
hat the sulfur loading process on the PPy–MWCNT composite dose
ot bring any structure change.

As shown in Fig. 7a, there are two main peaks near 2.3 V and

.9 V in the cathodic process corresponding to the change from ele-
ent sulfur to the higher-order lithium polysulfides (Li2Sn, n ≥ 4)

nd then to lower-order polysulfides (n < 4) until Li2S, respectively
24]. At the following cycles, the cathodic peaks are shifted to higher
Fig. 7. CV curve (a) and the initial discharge/charge curve (b) of the S/PPy–MWCNT.

voltage. It is owing to the electrochemical reactions during the first
discharge process needing overcome the strong absorbing energy
between the sulfur and the conductive matrix [26]. The voltage
and peak current density of the cathodic and anodic peaks for
the composite keeps constant after 2nd cycles, showing the stable
performance of the composite. The discharge curves of the compos-
ites shown in Fig. 7b present two  voltage plateaus, which matches
with the CV curves. The S/PPy–MWCNT shows an initial discharge
capacity of ca. 1309 mA  h g−1, but the charge capacity is only ca.
852 mA  h g−1. The intrinsic low initial discharge–charge efficiency
may originate from the solid electrolyte interface (SEI) on the
lithium anode which is built at the first few charge processes. Addi-
tionally, the volume change of the sulfur cathode during cycling
may lead to the poor contact of the cathode with the current col-
lector and thus the low charge capacity [25].

The AC impedances of the S/PPy–MWCNT composites with dif-
ferent PPy contents are shown in Fig. 8. The impedance spectra
are composed of a semi-circle in the high frequency region corre-
sponding to the contact resistance and charge transfer resistance,
as well as a short inclined line in the low frequency region due to
the ion diffusion within the electrode. The S-MWCNT shows the
lowest charge transfer resistance. The resistance of the composite
increased gradually with the increase of PPy content in the compos-
ite. Since the carbon tube provides a higher electronic conductivity
than PPy and forms conductive networks. As a result, higher the

MWCNT content in the PPy–MWCNT, higher the conductivity of
the S/PPy–MWCNT cathode.

Fig. 9 shows the cycling performance of the S/PPy–MWCNT
composites. As seen, the composite with 10 wt.% PPy presents the
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Fig. 8. AC impedance spectra of the S/PPy electrode, S/MWCNT electrode
and S/PPy–MWCNT composite with different PPy contents. The frequency is
0.01–106 Hz.

Fig. 9. Cycling performance of the S/PPy–MWCNT with different PPy contents in
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 M LiCF3SO3 – TEGDME electrolyte.

ighest initial discharge capacity of 1303 mA h g−1, correspond-
ng to 77.8% sulfur utilization. The initial discharge capacity of
he S/PPy–MWCNT composite decreased with the increase of the
Py content in the composite, meaning that the initial discharge
apacity is significantly influenced by the conductivity of the cath-
de. The S/PPy–MWCNT with 25 wt.% PPy shows the best cycling
erformance with the discharge capacity of 725.8 mA  h g−1 after

00 cycles, about 56% retention of the initial discharge capacity of
bout 1275 mA  h g−1. Taking account of the results in Figs. 3 and 8,
ood performance of the composite can be ascribed to the combi-
ation of the surface area and impedance of the PPy–MWCNT. The

[

[

[

urces 206 (2012) 409– 413 413

MWCNT provides the high conductivity network. Meanwhile, the
PPy with high surface area ensures uniform dispersion of the sulfur
as well as strong adsorption to the polysulfides. Though pure PPy
has the highest surface area, the high resistance of the S/PPy leads
to the low initial discharge capacity and the fast capacity fading.

4. Conclusion

A core/shell structure of PPy–MWCNT composites with different
PPy contents was  synthesized by the in situ chemical oxidation of
PPy on the surface of MWCNT. With the increase of PPy content, the
surface area of the PPy–MWCNT composite increases, but the con-
ductivity decreases. The S/PPy–MWCNT composite with 25 wt.%
PPy shows the highest discharge capacity of 725.8 mA  h g−1 after
100 cycles, about 57% of the initial discharge capacity.
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