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Abstract

Charge–discharge properties of a new type of all solid-state lithium cell are presented, which comprises a conductive nano-sulfur
composite (NSC) cathode, composite polymer electrolyte based on poly(ethylene oxide), LiN(CF3SO2)2 and nano-sized TiO2 filler
and lithium anode. The cell exhibits high discharge capacity up to 600 mAh g−1 (referred to the NSC active material, EO/Li = 8 for
polymer electrolyte) at the second cycle and about 385 mAh g−1 at the 40th cycle at operation temperature of 70◦C. The electrochemical
characteristics of the nano-composite polymer electrolyte, related to the performance of cells, are also examined in detail.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

All solid-state lithium/polymer battery (LPB), based on
metallic lithium anode and dry polymer electrolyte, has been
regarded as candidate of next generation of high perfor-
mance lithium batteries due to the high safety and reliability,
large energy density, and flexible shape fabrication. Great
attention has been paid to two important research directions
in the field of LPBs in recent years. One is the enhance-
ment of the ionic conductivity and stability of dry polymer
electrolytes. Another involves the development of suitable
cathode active materials matching the polymer electrolytes
in lithium batteries.

Among the polymer electrolyte materials reported, poly-
(ethylene oxide)–lithium salt (PEO–LiX) complexes have
been investigated most widely because of the more stability
and higher ionic conductivity than those containing any
other group of solvating polymers without the addition of
organic solvents[1–4]. However, the ionic conductivity of
PEO–LiX electrolyte remains very low (≤10−6 S cm−1)
at room temperature due to the crystalline nature of PEO,
and therefore, only at high temperatures can reach practi-
cally useful values (≥10−4 S cm−1). Various methods have
been introduced to enhance the ionic conductivity[5–9],
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and one of the successful approaches is to add ceramic
nanoparticles such as TiO2, LiAlO 2 or SiO2 to PEO–LiX or
PEO-like polymers[10–12]. The addition of nano-sized ce-
ramic powders can not only enhance the ionic conductivity,
but also improve the mechanical property and interfacial
compatibility with metallic lithium[13]. On the other hand,
the electrochemical stability against a high voltage is also
very important for cycling performance and safety, because
there is a tendency towards decomposition of PEO chains
kinetically when operating at relatively high potentials. The
breakdown voltage of PEO-based electrolyte membranes
evaluated by linear sweep voltammetry (LSV) or cyclic
voltammetry (CV) on a smooth stainless steel blocking elec-
trode is usually above 4 V versus Li/Li+ [14–16]. However,
in a real battery system, the polymer electrolyte contacts
with a composite cathode containing active material and
conductive agent, e.g., carbon black, acetylene black, etc.
The catalysis of carbon with large surface facilitates the
decomposition of polymer at 3.8 V versus Li/Li+ or even
a little lower voltage[17]. Obviously, the so-called 4 V
cathode materials such as LiCoO2, LiNiO2 and LiMn2O4,
appear not to be the best selection for such LPB systems
with PEO-like electrolytes. So, it is necessary to adopt
cathode materials with less-positive intercalation potentials
and a large capacity. In spite of a typical discharge volt-
age below 3.5 V versus Li/Li+, vanadium and manganese
oxides have much lower Li-insertion capacity[18–20] than
elemental sulfur whose theoretical specific capacity reaches
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1672 mAh g−1. Unfortunately, elemental sulfur is difficult
to be utilized as cathode active material because the batter-
ies with sulfur electrode suffers from rapid capacity fading
due to the fact that polysulfides, which are formed during
the discharge process, dissolves in the liquid electrolytes
[21–24]. The electrochemical properties of lithium/sulfur
batteries with gel-type polymer electrolyte have also been
investigated, but the specific capacity based on active mate-
rial of sulfur or sulfide is far below 200 mAh g−1 even just
only running 10 cycles[25].

Recently, a novel conductive nano-sulfur composite
(NSC) cathode material was synthesized in our research
group. In this composite, sulfur nanoparticles are embedded
in the heterocyclic structure of the dehydrogenated product
of polyacrylonitrile and sulfur contacts with conductive
dehydrogenated product in the molecular level. The NSC
exhibits specific capacity of more than 600 mAh g−1 and
capacity fade rate of about 26% after 50 cycles in gel-type
polymer electrolyte cells, improving the charge–discharge
performance of elemental sulfur to some extent[26]. How-
ever, as long as the existence of liquid solvents in the elec-
trolytes, degradation and instability of the lithium anode
are inevitable. In addition, a small amount of the discharge
products of NSC may also dissolve in the liquid solvent,
leading to the capacity fade. Dry polymer electrolytes, such
as PEO–LiX complex, may be able to reduce the reactivity
with lithium and restrain the dissolution of the discharge
products into the electrolyte.

In the present paper, all solid-state cells using NSC cath-
ode active material and nanocomposite PEO polymer elec-
trolytes (CPE) containing nano-sized ceramic TiO2 particles
are prepared and the electrochemical charge–discharge be-
haviors are investigated.

2. Experimental

2.1. Preparation of nanocomposite polymer electrolyte

The nanocomposite polymer electrolytes were prepared
by combining polyethylene oxide (Aldrich chemical Co.,
Mn = 4 × 106), with lithium salt LiN(CF3SO2)2 (LiTFSI,
from Fluka) and ceramic nano-TiO2 filler (Zhou shan nan-
otech. Co.,φ25±5 nm). Unless stated otherwise, molar ratio
of oxygen/lithium (EO/Li) was fixed to 20 and the amount of
the nano-TiO2 to 8% of the total PEO20LiTFSI weight. The
preparation of the electrolytes involved first the dispersion
of the selected nano-TiO2 and dissolution of the LiTFSI in
acetonitrile solvent, followed by the addition of 20 wt.% of
the whole PEO under ultrasonic stirring for 30 min, and fi-
nally the addition of remnant PEO component. The obtained
slurry was magnetically stirred for 24 h and then cast into
a Teflon disc plate (φ9 cm). The solvent in the slurry was
allowed to evaporate slowly and the mechanically sustain-
able membranes (average thickness ca. 150–180�m) were
obtained after drying under vacuum at 80◦C for 24 h.

2.2. Preparation of composite cathode

The new type of active material, NSC, was synthesized
by heating a mixture of polyacrylonitrile (PAN) and ele-
mental sulfur as described previously[26]. The composite
cathode film mainly comprised active material of NSC,
conductive agent of acetylene black (AB) and electrolyte
component PEO40LiTFSI. In order to improve the ionic
conductivity and wetting properties, the proper amount of
low-molecular-weight poly(ethylene glycol) (PEG, Mw=
1000) was also added into the cathode. For facilitating to
form the mechanically sustainable cathode films, the EO/Li
molar ratio is kept 40 (counted as the PEO) in the elec-
trolyte component of composite cathode, in which the PEO
also acts as binder. The preparation of composite cath-
ode was similar to that of the polymer electrolytes and its
average thickness was 70–90�m. A typical composition
of the cathode was—40 wt.% NSC, 12 wt.% AB, 48 wt.%
PEO40(PEG) LiTFSI.

2.3. Electrochemical measurements

The ionic conductivity of the polymer electrolytes and
the Li/electrolyte interface stability were studied by ac
impedance spectroscopy, using an EG&PAR potentio-
stat coupled with a Solartron Model 1260 frequency re-
sponse analyzer. Stainless steel blocking electrode cells
were used for conductivity measurements, and symmetrical
non-blocking lithium electrode cells were taken to examine
interface compatibility by monitoring the resistance change
over time at 70◦C. The impedance spectrum was normally
recorded from 100 kHz to 0.1 Hz, and the ac amplitude was
5 mV. The ionic conductivity (σ) was calculated from the
electrolyte resistance (Rb) obtained from the intercept of the
real axis of an impedance spectrum, the film thickness (l),
and the electrode area (A) using the equationσ = l/ARb.
The Solartron potentiostat Model S1 1287 electrochemical
interface was also used for cyclic voltammetry of the cells
with lithium both as counter and reference electrodes.

2.4. Cell assembling and testing

CR2025-type coin cells were fabricated by sandwiching
the CPE between the composite cathode and lithium metal
in a glove box. Before the cycling test, they were preheated
for 2 h at 80◦C in order to insure a good interface contact be-
tween the electrolyte and electrodes. The cycle performance
was determined by monitoring the charge–discharge run un-
der the current density of 0.2 mA cm−2 and cutoff voltage
range from 1.0 to 3.0 V versus Li/Li+ at 70◦C.

3. Results and discussion

3.1. Characteristics of composite polymer electrolytes

The morphologies of the ceramic filler of nanometer-sized
TiO2 and the polymer electrolyte were characterized by
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Fig. 1. SEM micrographs of (a) nanometer-TiO2; and (b) polymer elec-
trolyte of PEO20LiTFSI + 8% TiO2.

using a JEOL JSM-6000F-type field emission scanning elec-
tronic microscope.Fig. 1shows the SEM images of the orig-
inal TiO2 particles and the TiO2-added polymer electrolyte.
It can be observed that TiO2 particles distribute relatively
uniformly in the polymer matrix. But due to the ultrafine
nature of the original TiO2 particles, some agglomeration
occurs.

Fig. 2 shows the temperature dependence of the con-
ductivity (from 30 to 100◦C) of the PEO20LiTFSL + 8%
TiO2 and the PEO20LiTFSL, respectively. The ionic con-
ductivity of composite electrolytes with nanoparticles of
TiO2, is enhanced both below and above the crystallization
temperature (about 60◦C) of PEO compared with that of
ceramic-free electrolyte. In such composite electrolyte sys-
tem, the nano-sized metal oxide fillers may act as “solid
plasticizers”[1]. That is to say, the nano-TiO2, due to its
large surface area, kinetically inhibits recrystallization of the
PEO polymer chains and promotes localized amorphous re-
gions. However, no significant difference of XRD patterns
between the TiO2-added and ceramic-free electrolytes can
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Fig. 2. Temperature dependence of the ionic conductivity of (a)
PEO20LiTFSI + 8% TiO2; (b) PEO20LiTFSI.

be observed, as shown inFig. 3. So the enhancement of
conductivity may be caused not only by the increase of the
amount of amorphous phase in the electrolyte, but also by
specific interactions between the surface groups of the ce-
ramic particles and the lithium salt anions. The conductivity
of the nanocomposite polymer electrolytes obtained reaches
ca. 4.8× 10−4 S cm−1 at 70◦C, which is able to satisfy the
requirement of solid-state cell working at moderate temper-
atures.

The typical cyclic voltammogram inFig. 4 by sweeping
on a stainless steel (SS) electrode in a Li/CPE/SS cell, at a
scanning rate of 5 mv s−1 at 70◦C, suggests that the elec-
trolyte exhibits excellent electrochemical stability till 4 V
versus Li/Li+. The cathodic peak at about−0.519 V and
anodic peak at about 0.293 V in the first cycle correspond
to plating of lithium on the SS electrode and stripping from
the SS electrode respectively, similar to the results of the
reference[10]. In the following cycles, the peak locations
shift a little towards the negative direction, which is caused
probably by the change of the surface situation of the SS
electrode. Although the lithium deposition/dissolution is not
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Fig. 3. XRD patterns of the CPE. (a) PEO20LiTFSI + 8% TiO2; (b)
PEO20LiTFSI.
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Fig. 4. Cyclic voltammetry curves of a stainless steel electrode in a cell
with PEO20TFSI + 8% TiO2 electrolyte.

completely reversible, the composite electrolyte appears to
be electrochemically stable till 4 V versus Li/Li+.

Fig. 5shows the time evolution of the impedance spectrum
in a symmetric cell, Li/CPE/Li, stored under open circuit
conditions at 70◦C. The analysis of such kind of impedance
spectrum has been carried out using an appropriate equiv-
alent circuit, which denotes that the total interfacial resis-
tance,Ri , is a combination of a generic interface resistance
(Rint) and double-layer capacitance (Qdl) [27]. The intercept
of semi-circle withx-axis corresponds to the bulk resistance
(Rb) and the value of the diameter of the semi-circle is equal
to that of the whole interfacial resistance (Ri ). The trends of
the spectrum curves upon time evolution inFig. 5reveal that
the interfacial resistanceRi , after an initial rise, decreases
somewhat and turns to be stable for more than 30 days.
This demonstrates that the passivation of lithium metal elec-
trode is not severe but controllable in the composite polymer
electrolyte. The bulk resistance (Rb) of polymer electrolyte
almost keeps constant (ca. 20	) over storage time, which
means it does not decompose and has good dimensional sta-
bility under a certain of cell inner pressure.

3.2. Electrochemical behavior of all solid-state cells

Fig. 6 shows the typical results of cycle-life tests
for the solid-state polymer electrolyte cells. When the
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Fig. 5. Time dependence of the impedance response of Li/CPE/Li cell at
70◦C.
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Fig. 6. Cycle characteristics of the cells with composite cathode containing.
(a) PEG-free and (b) a proper amount of PEG.

composite positive electrode does not contain PEG, the
charge–discharge capacities of NSC fade almost linearly
as a function of cycle number inFig. 6a. The poor pen-
etrating ability of the electrolyte component in compos-
ite cathode and the segregation of the intercalation re-
action product of lithium sulfide from electrically- and
ionically-conductive phase may result in the low utiliza-
tion of NSC. Low-molecular-weight PEG exhibits high
ionic conductivity (magnitude order 10−4 S cm−1 at 40◦C)
and low melting point (ca. 37◦C). So PEG can wet
the cathode and improve the interfacial compatibility of
cathode/electrolyte.Fig. 6b represents the cycleability of
PEG-containing cathode. The initial discharge capacity
is ca. 600 mAh g−1, whereas a dramatic charge capacity
drop to ca. 430 mAh g−1 is observed following the first
discharge. The big capacity loss in the initial lithium in-
sertion/extraction can be attributed to some irreversible
conversion of the active material. The capacity fades slowly
upon cycling with a charge–discharge efficiency of ca.
100% and an average capacity loss of ca. 1.5 mAh g−1 per
cycle after the fifth cycle, remaining above 300 mAh g−1

after 40 cycles. The capacity fade rate of such a solid-state
cell is lower than that of the gel-type polymer electrolyte
cells. Due to the active component of NSC exists in the
form of nano-sulfur and the improvement of contacts be-
tween different components, the cycle performance of NSC
in the nanocomposite polymer electrolyte also has a great
improvement compared with Li/S batteries using liquid
electrolytes or solid-state polymer electrolytes[22–25].

Fig. 7 represents the typical discharge–charge profiles of
the cell mentioned inFig. 6b. In accordance with the perfor-
mance showed inFig. 6b, increased polarization of charge
and discharge voltage with progressive cycling may be re-
lated to some electrochemical passivation and degradation
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Fig. 7. Charge–discharge profiles of the all solid-state polymer electrolyte
cell.

of the conductivity, which result in the capacity fade during
cycling. The average charge and discharge voltage are about
2.1 and 1.9 V versus Li/Li+. There exist two plateaus in the
first discharge process, which can be further observed in
the cyclic voltammogram of composite cathode at the scan-
ning rate of 0.05 mv s−1, as shown inFig. 8. There are two
cathodic peaks near 1.95 and 1.37 V, but only one anodic
peak in the first cycle. From the second cycle, two almost
overlapped cathodic peaks can be observed. These results,
in combination with obvious difference in the cathodic and
anodic peak areas at the first cycle, appear to indicate that
a big kinetic difference exists for the two steps of sulfur
reduction, along with some irreversible reaction during the
first Li-insertion. The first reduction peak corresponds to the
electrochemical reaction from sulfur to lithium polysulfide
(Li2Sn, 8 > n > 2) and the second reduction peak is due to
the change from lithium polysulfide to lithium sulfide (Li2S
or Li2S2). Similar results have been reported for such kind
of reduction process in solid-state Li/S cells[23,25]. After
the first cycle, the speed of the second step of sulfur reduc-
tion may approach to that of the first one.

In order to compare the effects of the concentration of
lithium salt in electrolytes on the discharge behavior, the
component of the composite cathode is kept constant as fol-
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Fig. 8. Cycling voltammogram curves of composite cathode for the
solid-state cell.
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Fig. 9. Cycling performance of Li/NSC cells in different molar ratios of
EO/Li.

lows: 40% NSC, 15% AB, and 45% PEO40(PEG) LiTFSI.
Fig. 9 shows the cycling performance of Li/CPE/NSC cells
with the electrolytes having different EO/Li molar ratios.
The amount of the charge-carriers in the electrolytes in-
creases with the reduction of EO/Li ratios, and so the
conductivity increases in certain range of imide salt concen-
tration and sufficient lithium ions can be supplied in time
from the electrolyte during the discharge process, which
results in the increase of the specific capacity. We can see
from Fig. 9 that the initial discharge capacity is up to about
815 mAh g−1 and remains 380 mAh g−1 over 40 cycles for
EO/Li = 8, which is almost as twice as that for EO/Li =
50. However, the high concentration of imide salt in PEO
brings some disadvantages. The speed of capacity fade gets
slightly faster due to larger volume expansion in the positive
electrode under the higher insertion capacity. In addition,
the polymer electrolytes become viscous and the mechanical
strength decreases when dissolving more imide salt in the
electrolytes, leading to some difficulty for cell assembling.

Fig. 10 illustrates the discharge specific capacity of the
cells at different operation temperatures. The cell can deliver
a capacity of ca. 360 mAh g−1 at the second cycle at 50◦C,
yet with a large capacity loss of ca. 46% at the 40th cycle.
Lower operation temperature enhances the cell resistance
and thereby induces a dramatic capacity reduction, but no
help for cycling stability.
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4. Conclusion

All solid-state cells, constituted of metallic lithium,
nanocomposite polymer electrolyte and NSC, have been
assembled and electrochemically characterized. With the
enhancement of lithium salt content in the electrolyte, the
cycle capacity increases regularly. For a molar ratio of
EO/Li = 8 in the electrolyte, the specific capacity of the
cathode can reach 600 mAh g−1 at the second cycle, but
drops to 385 mAh g−1 at the 40th cycle. The relatively
rapid capacity loss could be, at least in part, attributed to
degradation of mechanical strength of the electrolyte and
instable interface property. Judging from the two sides of
capacity and cyclability, the polymer electrolytes with mod-
erate EO/Li molar ratio (such as EO/Li = 20) appear to be
more suitable to match the NSC. On the other hand, addi-
tion of a small amount of PEG into the cathode increases
the reversible capacity and cycle stability, which may be
related to the enhanced conductivity and wettability of melt
PEG. For practical application, cyclability of the composite
cathode remains to be improved.
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