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All Solid-State Lithium-Polymer Battery Using a
Self-Cross-Linking Polymer Electrolyte
Congxiao Wang,a Tetsuo Sakai,a,* ,z Osamu Watanabe,b Kazuhiro Hirahara, b and
Toru Nakanishib

aNational Institute of Advanced Industrial Science and Technology (AIST), Kansai Collaboration Center,
Ikeda, Osaka 563-8577, Japan
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A self-cross-linking polymer electrolyte based on polystyrene-incorporated poly~ethylene oxide! ~PEO! containing LiTFSI has
been tested in an all solid-state lithium-polymer battery (Li/SP-E/LixMnO2 with a solid polymer electrolyte. The polymer elec-
trolyte showed high stability toward metallic lithium. Mechanical properties of the electrolyte film were much improved by
incorporating the polystyrene, but ion conductivity was decreased to half of the value obtained in pure PEO electrolyte film. Th
cell was charged and discharged at a high temperature~80°C!, providing about 80% utilization of the positive electrode. The cell
showed good cycle life at 80°C, keeping 90% of the initial capacity after 50 cycles.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1593652# All rights reserved.
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Lithium-ion technology is rapidly contributing to the state-of-a
of secondary systems and has been commercially used in pop
portable devices such as cellular phones and note-size compu
However, such batteries are not being rapidly developed for elec
vehicles~EVs! in view of the safety of the devices because the u
of a liquid electrolyte may result in problems,i.e., leakage of a
flammable electrolyte, production of gases upon overcharge or o
discharge, and a thermal runaway reaction when the battery
heated to high temperatures. On the other hand, an all solid-s
lithium/polymer battery~LPB! using a metallic lithium anode and
solvent-free polymer electrolyte has been demonstrated to be
most promising secondary battery for EV applications because o
absence of risk for leakage of liquid electrolyte, its higher ener
density, and its shape flexibility. One of the paramount approache
to use a thin film of polymer electrolyte with high ionic conductivit
and strong mechanical integrity.1-9 High ionic conductivity is ex-
pected to improve rate capability. Good mechanical properties
required to protect against shortages, to assure safety reliability,
to make a feasible thin film, thus improving battery-specific ener
and rate capability. However, it is difficult to optimize both th
energy and rate capability. In the present work, we used
polystyrene-poly~ethylene oxide! ~PEO! block-graft copolymer,
which has a microphase-separated structure, a lamellar shape,
ionic conductivity, and excellent mechanical properties, as the po
mer electrolyte for a Li/LixMnO2 cell. The electrochemical perfor-
mance, especially the effect of the film thickness on rate capabil
was evaluated.

Experimental

The detailed synthesis condition of the polystyrene-poly~ethylene
oxide! block-graft copolymer~SE-P! is reported elsewhere.10 The
structure of the polymer is shown in Fig. 1. The average molecu
weight is 3.43 105 with an ethylene oxide~EO! content of 60 wt
%. Battery-grade lithium bis~trifluoromethanesulfonyl!imide
~LiTFSI Kishida Chemical Co., Ltd! was used as the electrolyte sa
and was vacuum dried for 24 h before use. The polymer electrol
film was prepared by a well-known solvent-casting technique:
known amount of SE-P and LiTFSI, normally an EO/Li ratio o
20/1, was dissolved in tetrahydrofuran solvent and stirred contin
ously for 24 h to form a homogenous mixture. The mixture was c
onto a Mylar sheet. The solvent was allowed to evaporate at ro
temperature for 24 h and the samples were then vacuum drie
room temperature to give an electrolyte film with an average thic
ness of 30 to 100mm. The electrolyte films were further vacuum
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dried at 80°C for 24 h before use. The fabrication of polymer mem
branes was carried in a dry room with the dew point less than260°.

The dynamic Young’s modulus data were measured by using
RSA2 ~Rheometric Scientific F.E. Ltd.!. The heating rate was 5°C/
min, and the frequency was 1 Hz. The conductivity of the polym
electrolyte film was measured using ac impedance by placing
sample into a two block electrode~stainless steel, SS! cell. The
electrode area was 1 cm2, and the thickness 50mm. The ac imped-
ance experiments were carried out using an EG&G PAR potentios
coupled with a model 1250 frequency response analyzer control
by a computer. The temperature ranged from 30 to 100°C. The i
pedance spectra were normally recorded from 100 kHz to 0.1
and the ac oscillation amplitude was 5 mV. The stability of th
polymer electrolyte/lithium metal electrode interface was also eva
ated by monitoring the cycle dependence of the impedance respo
of a symmetrical Li/SPE/Li cell. The ac impedance measuremen
were fitted into an equivalent circuit by using ZSimp Win software

The thermal stability of the polymer electrolyte itself and of th
polymer electrolyte in contact with metallic lithium was characte
ized by differential scanning calorimetry~DSC!. Experiments were
conducted using a thermal analyzer system~DSC8230, Rigaku Ltd.,
Japan! at a heating rate of 10°C/min with a 50 mL/min Ar flow rate
About 5 mg of the sample was well sealed in an aluminum DS
pan.

The cathode material, Li0.33MnO2 , was prepared by preheating a
mixture of LiNO3 and MnO2 at 260°C for 5 h, followed by heating
at 320°C for 12 h in air.11,12The preparation process of the compos
ite cathode was as follows: a mixture of 65 wt % active material,
wt % carbon~Ketjen black!, and 30 wt % P~EO!20LiN(CF3SO2)2

~here using P~EO! Mw 5 2000) was well mixed and pressed on a
Al mesh using hot-pressing techniques. The thickness of the co
posite positive electrode examined here~excluding the thickness of
Al foil ! was about 30mm, and the active mass loading was about
mg.

The Li/polymer-electroly/Li0.33MnO2 cell performance was char-
acterized in CR2032 coin-type hardware. Cells were cycled betwe
2.0 and 3.5 V at 80°C. The typical current rate was C/
(0.1 mA/cm2, 20 mA/g!, except where otherwise specified.

Results and Discussion

Polystyrene-PEO block-graft copolymer.—As shown in Fig. 1,
the block-graft copolymer showed a microphase-separated struc
~MS! consisting of a backbone molecule of polystyrene and a gr
molecule of PEO. The MS structure can be clearly seen in the tra
mission electron micrograph~TEM! shown in Fig. 2. The black and
white regions correspond to the PEO phases and polystyrene ph
respectively. The detailed discussion about the structure and prop
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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ties for the MS polymer could be find in the previous work of one
the authors.10 The dynamics modulus data are given in Fig. 3. T
polystyrene showed good mechanical strength but broken at 6
The introduction of an EO elastic component compensated for
fragility of the styrene component up to 100°C. Figure 4 shows
temperature dependence of conductivity of the block-graft cop
mer electrolyte compared with PEO during the first heating. T
Arrhenius plot shows that the ionic conductivity of the block-gr
copolymer electrolyte was a little lower than that of the PEO,
reasonable values,e.g., s . 1024 S cm21 at 60°C, were achieved
The major difference was observed below 60°C. The block-g
copolymer clearly showed conductivity enhancements below 60
The crystalline-amorphous transition~60°C! of PEO was not ob-
served, even though the block-graft copolymer contained PEO

Figure 1. ~a! Structure of block-graft copolymer film and~b! schematic
presentation of its structure.

Figure 2. Transmission electron micrograph of block-graft copolymer fi
~EO: 60 wt %!. ~Black region corresponds to PEO phase and white regio
polystyrene phase.
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ments. A detailed explanation of why the PEO segments in th
block-graft copolymer became not crystalline but amorphous can b
found in the literature.13-15

Interfacial stability with metallic lithium and cathode.—The
electrochemical stability of the block-graft copolymer on a smoot
blocking electrode~a platinum working electrode! was reported to
be stable up to 4.5 Vvs. Li/Li 1 at 80°C in Ref. 10. However, as
demonstrated in our previous work,16 in a real battery system, a
polymer electrolyte works with a composite electrode rather than
smooth inert electrode. In the composite cathode, the polymer ele
trolyte is in contact with the active material and conductive materia
e.g., carbon black, acetylene black, graphite, etc. Figure 5 shows t
linear sweep voltammogram Li/SE-P/carbon composite at a sc
rate of 1 mV/s. The figure clearly shows that the decomposition o
the block-graft copolymer started at 3.8 Vvs. Li/Li 1 on a carbon
composite electrode, about 1 V below the value obtained with
smooth, inert electrode, indicating that the block-graft copolyme
may show high potential for battery application in combination with
3 V cathode materials.

The interfacial stability between the lithium electrode and the
polymer electrolyte was evaluated by monitoring the cycle depen
dence of both the overvoltage and the impedance response o

to

Figure 3. Dynamics moduli data of block-graft copolymer film;~a! PEO,~b!
polystyrene, and~c! SE-P1 LiTFSI.

Figure 4. The temperature dependence of the conductivity of a block-gra
copolymer electrolyte compared with a similar PEO electrolyte during firs
heating.
o ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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symmetric Li/solid polymer electrolyte/Li cell during the plating
stripping cycle. Cells were cycled at 0.1 mA/cm2 for 1 h at 80°C.
The value of the voltage at the end of each plating/stripping cycle
directly linked to the overall cell impedance, which is very sensiti
to the variations in the passive layer on the lithium electrodes.
shown in Fig. 6, the cells containing the block-graft copolymer ele
trolyte showed a very constant voltage of 20 mV over 200 cycl
indicative of high stability with metallic lithium. The ac impedanc
spectra at different cycles are given in Fig. 7. The ac spectra a
cycles showed a slightly depressed semicircle associated with
Li/polymer electrolyte interfacial process. A 45° line followed th
semicircle, typical of Wurburg impedance due to lithium-ion diffu
sion phenomena. Hardly any impedance shift at a high freque
was detected, suggesting that there was no electrolyte thick
change upon cycling at 80°C because of the good mechanical p
erties of the block-graft copolymer electrolyte. The ac impedan
measurements were fitted into an equivalent circuit by using Zsi
Win software according to the simple model proposed
Appetechi,17 as shown in Fig. 8, in which the contribution of th
Li/polymer electrolyte interfacial impedance was simply used as
interfacial resistanceR(PE/Li) parameter and a constant-phase e
ment~CPE! parameter (Q(PE/Li) andn) related to interfacial capaci-
tance. The fitted results of the experimental spectra after vari

Figure 5. The linear sweep voltammogram of Li/SE-P/carbon compos
cell at a scan rate of 1 mV/s at 80°C.

Figure 6. Stability of block-graft copolymer film toward lithium using a
symmetric Li/SE-P/Li cell during plating/stripping cycles. Cell was cycled
0.1 mA/cm2 for 1 h at80°C.
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cycles are summarized in Table I. The results show that Li/polym
electrolyte interface resistance increased only about 5V after 200
cycles, indicative of a highly stable interfacial between the meta
lithium and the block-graft copolymer.

The thermal stability of the polymer electrolyte itself and in co
tact with metallic lithium was also characterized. Figure 9 gives
DSC traces of a block-graft copolymer and the polymer in cont
with metallic lithium from 25 to 300°C. The block-graft copolyme
was at least thermally stable up to 300°C. When the block-g
copolymer was in contact with metallic lithium, one pair of rever
ible endothermic and exothermic peaks at 180°C was solely
tected, which could be attributed to the melting/solidifying of m
tallic lithium, indicating that the block-graft copolymer is thermal
stable with metallic lithium over a temperature range of 25 a
300°C.

Li /SPE/Li xMnO2.—As demonstrated above, the block-gra
copolymer electrolyte is stable up to 3.8 Vvs. Li/Li 1 against a
carbon-containing electrode. We selected 3 V LixMnO2 as a cathode
to assemble a Li/solid polymer electrolyte/LixMnO2 cell. The crystal
structure of LixMnO2 is similar to that ofg-MnO2 , indexed to
ordered alternating one-dimensional (13 2) and (13 1)
channels.18 Li xMnO2 has a theoretical capacity of 207 mAh/g, co
responding to 0.67 mol Li1 intercalation into the LixMnO2 frame-
work. The detailed synthesis condition and the electrochemical
havior in the liquid electrolyte can be found elsewhere.11 Figure 10
shows the discharge curves of Li/LixMnO2 containing a 50mm thick
SE-P polymer electrolyte film at temperatures varying from 40
80°C. The cell could be operated at 40°C, and it delivered a capa
of 110 mAh/g at 0.125 mA/cm2, corresponding to 65% of the initia
utilization of LixMnO2 . It was almost independent at an operatin

Figure 8. The equivalent circuit for Li/SE-P/Li cell.

e

t

Figure 7. The ac impedance spectra of a Li/SE-P/Li cell at different cyc
at 80°C.
ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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temperature over 60°C. The cell delivered a rechargeable capaci
160 mAh/g with a very flat potential plateau atca. 3.0 V vs.Li/Li 1

at 60°C, corresponding to a specific energy of 450 Wh/kg of p
oxide.

For EV battery application, both the specific energy and r
capability are of primary importance. In a solid-state lithium
polymer battery, the polymer electrolyte film serves as a separato
well as an electrolyte medium providing an ion transportation pa
Use of an ultrathin film is expected to increase its energy dens
However, if the electrolyte film is too thin, it will cause an accide
tal short circuit, especially in the case of a large size battery.
improve reliability, the use of a polymer electrolyte with high m
chanical resistance and dimensional stability is needed. As dem
strated above, the block-graft copolymer electrolyte has excel
mechanical properties which makes feasible film fabrication as t
as 10mm. Figure 11 shows the plots of discharge capacity vs. d
charge current of Li/LixMnO2 cells at 80°C containing polymer
electrolyte films of from 30 to 100mm. The cell was discharged to
2.0 V at various discharge currents from 0.05 to 1.0 mA/cm2. The
charge current density was always set at 0.05 mA/cm2. The differ-
ence in the discharge capacity among the three cells was detect
a current density over 0.25 mA/cm2, corresponding to C/3. The cel
using 30mm thickness film showed better rate capability, deliverin
a capacity of 100 mAh/g even at a current density of 0.7 mA~1C!.
In the case of a liquid-electrolyte-based electrochemical cell, as
transportation of Li ion in the electrolyte is generally fast enough,
not be rate determining the discharge rate capacity is greatly in
enced by both the diffusion rate of Li1 in the cathode crystal lattice
and the particle size. For example, the limiting current,i l , in the cell
is governed by

i l 5 2nFCD/~1 • t1!r @1#

Figure 9. The thermal stabilities of the SE-P polymer electrolyte alone a
it in contact with metallic lithium.

Table I. Fitted results of the experimental spectra after various
cycles.

Cycle Rb(V) R~PE/LI!i(V) Q~PE/LI!i n

0 27.76 50.68 1.49 3 1026 0.8659
1 26.30 52.66 3.28 3 1026 0.7803

10 25.66 48.79 4.09 3 1026 0.7792
30 24.39 48.21 4.75 3 1026 0.7777
50 23.17 47.78 5.48 3 1026 0.7708

100 22.87 49.52 6.72 3 1026 0.7612
200 21.14 55.22 6.64 3 1026 0.7650
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whereF is the Faraday constant,C is the concentration of the elec-
trolyte, n is the number of equivalents of electrons transferred,D is
the diffusion coefficient of Li1, t1 is the transport number of Li1,
andr is the radius of the active material. However, for a true solid
state polymer cell consisting of a metallic lithium, a polymer mem
brance, and a porous composite electrode, as Doyle and Newm
proposed,19 at high current density, the low rate of the transport in
the electrolyte phase is the main factor causing the voltage sha
drop in cell voltage. At low current density, the concentration o
electrolyte is nearly constant, then the ohmic drop can be expec
to dominate the current distribution in the porous electrode. Th
ohmic drop may be determined by both the electrode thickness a
the interfacial resistance of the polymer electrolyte/active materia
As demonstrated in our previous work,16 the interfacial resistance of
the polymer electrolyte/active material is governed by the compa
ibility of a polymer electrolyte with the cathode material, and it is
much more direct than the ionic conductivity of the polymer elec
trolyte in terms of the effect on rate capability. However, when th
applied current is large up to a definite extent, the transport of Li1 in
the polymer electrolyte~in the composite electrode or the electrolyte
separator!, which is directly linked to its ionic conductivity and the
thickness of the electrolyte film, most likely becomes the rate

d

Figure 10. The discharge curves of a Li/SE-P/LixMnO2 cell containing a
100mm thick SE-P polymer electrolyte film at temperatures varying from 4
to 80°C.

Figure 11. The plots of discharge capacityvs. discharge current of
Li/SE-P/LixMnO2 cells at 80°C containing various thickness SE-P polyme
electrolyte films, varying from 30mm to 100mm.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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determining step that governs the cell discharge process. The thi
the electrolyte film is, the lower the electrode polarization will be

The cycle life of an SE-P polymer electrolyte cell at 80°C
shown in Fig. 12. The charge/discharge efficiency of the cell is o
99.5%, showing a good cycle life and retention of 95% of the init
capacity after 50 cycles at 80°C.

Conclusion

The block-graft electrolyte copolymer consisted of a backbo
molecule of polystyrene and a graft molecule of PEO with a M
The electrolyte ionic conductivity is fair,;1024 S cm21 at 60°C,
being ten times more resistive than similar PEO electrolyte
showing ionic conductivity enhancement below 60°C. Having a s
cial MS structure, the dimensional stability of this polymer film
outstanding. It is easy to make a feasible thin film without the risk
a short circuit due to the progressive creep of the polymer elec
lyte film. High interfacial stability, thermal stability with a metallic
lithium electrode, and electrochemical stability to 3.8 Vvs. Li1/Li
on a carbon-containing composite electrode make the block-g
copolymer a good candidate for extra-thin-film lithium-polymer ba
teries.

An all solid-state Li/LixMnO2 battery containing a block-graft
copolymer electrolyte delivers a rechargeable capacity of 1

Figure 12. The cycle profile of a Li/SP-E/LixMnO2 cell containing a 50mm
thick SE-P polymer electrolyte film at 80°C.
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mAh/g of LixMnO2 with a very flat working voltage plateau atca.
3.0 V vs.Li/Li 1 at the C/3 rate at 60°C, corresponding to a speci
energy of 450 W/kg of active material. The electrolyte film thick
ness critically affect its rate capability. The thinner films give bett
rate capabilities with a cell containing a 30mm electrolyte deliver-
ing a capacity of 110 mAh/g at a rate of 1C. Preliminary resu
confirm the fair conductivity and high mechanical stability of th
block-graft copolymer. There is high potential for the application
the electrolyte to extra-thin-film lithium/polymer batteries wit
high-energy density, good rate capability, and high safety.
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