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All Solid-State Li ÕLi xMnO2 Polymer Battery Using Ceramic
Modified Polymer Electrolytes
Congxiao Wang,z Yongyao Xia, Kenichi Koumoto, and Tetsuo Sakai*

National Institute of Advanced Industrial Science and Technology Kansai Collaboration Center,
Research Team of Secondary Battery System, Ikeda, Osaka 563-8577, Japan

The addition of ceramics to the polymer electrolyte was found to result in an enhancement of the ionic conductivity, especially at
temperatures below the crystalline-amorphous transition~normally at 60°C!, as well as the mechanical property, consistent with
other previously reported studies. The electrochemical profile of an all solid-state Li/LixMnO2 based on the ceramics-modified and
ceramics-free poly~ethylene oxide! (PEO)-LiClO4 electrolyte has also been studied. We found that the addition of some ceramics,
e.g., the metal oxides, could suppress the decomposition of PEO toward the cathode thus showing an improved charge/discharge
efficiency upon cycling of an all solid-state Li/LixMnO2 . This improved behavior is most likely linked to the fact that the metal
oxide additive can form a stable interaction between the ceramic and the PEO segment, thus stabilizing the PEO structure, and
protecting the PEO from oxidation.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1486239# All rights reserved.
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All solid-state lithium/polymer battery~LPB! using a metallic
lithium anode and solvent-free polymer electrolyte has been dem
strated to be the most promising secondary battery for electric
hicle applications because of its low risk of liquid electrolyte lea
age, higher energy density, and shape flexibility compared to o
systems. The main problems that are still to be solved are relate
a low conductivity at ambient temperature. Many efforts have b
devoted to the development and improvement of the electroly
ionic conductivity for such batteries.1-6 One of the most successfu
approaches is to add a small-particle size ceramic powder in
polymer electrolyte.7-10 Most studies have focused primarily on in
vestigating the influence of the addition of ceramic powders on
ionic conductivity and interfacial stability with lithium. Indeed
these new types of composite polymer electrolytes result in an
crease in the ionic conductivity and enhanced lithium/polym
electrolyte interface stability. However, very few studies have b
devoted to measure its electrochemical profile in a real battery
tem, specially the electrochemical stability of the polymer elect
lyte on a cathode. The high ionic conductivity and interface stabi
with lithium is of primary importance when it was applied into
lithium/polymer battery in combination with a composite cathod
and the electrochemical stability against a high voltage is also
portant. Until now, the evaluation of the electrochemical stabi
was normally characterized by linear sweep voltammetry~LSV! or
cyclic voltammetry~CV! of the polymer electrolyte on a smoot
stainless steel blocking electrode. The polymer electrolytes with
without the ceramic additive have been reported to be stable at
above 4 Vvs. Li/Li 1.4,6 However, when a composite electroly
works as an electrolyte separator combined with a positive elect
in a real battery system, it contacts the porous composite elect
containing active material and conductive material,e.g., carbon
black, acetylene black, graphite, etc., rather than a smooth
electrode. In the present study, we are interested in investigating
battery performance of the Li/LixMnO2 cell based on the ceramic
additive polymer electrolyte, rather than the ion conductivity eva
ation. We found that some of the ceramic modified composite p
mer electrolytes behave in a manner similar to that of the ceram
free polymer electrolyte, showing a poor charge/discharge efficie
due to poly~ethylene oxide! ~PEO! decomposition during cycling
even they showed increased ionic conductivity, whereas the P
decomposition suppression was observed on these doped co
nents which form a stable interreaction between the ceramic sur
and the PEO segment. The possible PEO decomposition mecha
was discussed.

* Electrochemical Society Active Member.
z E-mail: Congxiao-wan@aist.go.jp
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Experimental

PEO~Aldrich Chemical Co., 43 106 average molecular weight!
and battery-grade LiClO4 ~Tomiyama Pure Chemical Industries
Ltd.! were dried under vacuum for 24 h before use. All the ceram
powders were dried at 150°C under vacuum for 24 h. Table I su
marizes some properties of these ceramic powders. A high molec
weight branched poly@ethylene oxide-co-2-(2-
methoxyethoxy)ethyl glycidyl ether-co-allylglycidyl ether#
@PEO~EO/EM-2/AGE!, Mw ' 106# with a lithium bis~trifluoro-
methyl sulfonyl!imide @LiN(CF3SO2)2# electrolyte film was pro-
vided by Daiso Co., Ltd., Japan. Its structure is shown in Fig. 1. T
cathode material, Li0.33MnO2 , was prepared by preheating a mixtu
of LiNO3 and MnO2 at 260°C for 5 h, followed by heating at 320°C
for 12 h in air.11,12

All the polymer electrolytes used here were prepared by eit
the well-known solvent-casting or hot-pressing techniques. T
preparation by hot pressing comprised the following procedu
Proper amounts of PEO and ceramic powders were first thorou
mixed by ballmilling, then a proper amount of lithium salt at a
EO/Li ratio of 20/1 was added and mixed by ballmilling again in
dry room. The mixture was then placed between two Mylar she
followed by pressing at 9.83 105 Pa for 10 min at 80°C, then
slowly cooled to room temperature. The typical thickness of
polymer electrolyte film was 50 or 100mm. If prepared by the
solvent-casting process, it involved dispersing the ceramic pow
and the lithium salt in acetonitrile. The solution was stirred for 24
at room temperature. A known amount of PEO was then added
the solution was continuously stirred for another 24 h to get a
mogeneous mixture. The mixture was cast on a Mylar sheet.
solvent was allowed to evaporate at room temperature for 24 h,
was vacuum dried at room temperature to give an electrolyte
with an average 100mm thickness. The electrolyte film was the
vacuum dried at 80°C for 24 h.

The conductivity of the polymer-electrolyte film was measur
by ac impedance by placing the sample in a two-blocking electr
~stainless steel! cell. The electrode area was 1 cm2. The ac imped-
ance experiments were carried out from 25 to 100°C using
EG&G PAR potentiostat coupled with a model 1250 frequency
sponse analyzer controlled by a computer. The impedance sp
were normally recorded from 100 kHz to 0.1 Hz, and the ac os
lation amplitude was 5 mV. The mechanical properties of the
lected ceramic-additive composite electrolyte and ceramic-free e
trolyte were also evaluated by monitoring the resistance change
time at 60°C.

The preparation process of the composite cathode is describe
follows: 65 wt % active material, 5 wt % carbon~Ketjen black!, and
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Table I. Properties of ceramic additives.

Classification
Chemical
formula

Amount
~wt %! Size Shape Vendors

PEO Aldrich
Metal oxides Al2O3 10 ,10 nm Irregular NSGa

SiO2 10 ,10 nm Irregular NSG
TiO2 10 ,100 nm Irregular NSG
Y2O3 10 ,10mm Irregular NSG
ZrO2 10 ,1 mm Spherical NSG

Inorganic
lithium salts

g-LiAlO 2 10 ,150 nm Irregular Aldrich
Li2SiO3 10 ,100mm Irregular KCLb

Li2TiO3 10 ,100mm Irregular KCL
Li2ZrO3 10 ,100mm Irregular KCL
LiBO2 10 ,100mm Irregular KCL

Li2B4O7 10 ,100mm Irregular KCL
Li3PO4 10 ,100mm Irregular KCL

Ferroelectric
ceramics

BaTiO3 1.5 ,0.1mm Spherical AIST KCCc

CaTiO3 1.5 ,0.1mm Irregular AIST KCC
PbTiO3 1.5 ,0.1mm Irregular AIST KCC
SrTiO3 1.5 ,0.1mm Irregular AIST KCC

(LiLa)TiO3 10 ,1 mm Irregular AIST KCC

a NSG: Nippon Sheet Glass Co., Ltd.
b KCL: Kojundo Chemical Laboration Co., Ltd.
c AIST KCC: AIST KANSAI Collaboration Center.
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30 wt % PEO20LiN(CF3SO2)2 were mixed well, and pressed on a
Al mesh by hot-pressing techniques.

The Li/polymer-electrolyte/Li0.33MnO2 cell performance was
characterized in a CR2032 coin-type cell. The cells were cyc
between 2.0 and 3.5 V at 60°C. The typical current rate was
(0.25 mA/cm2, 50 mA/g!, except where otherwise specified.

Results and Discussion

Conductivity.—We initially investigated the effects of variou
ceramic powders on the ionic conductivity of the PEO-LiClO4 sys-
tem. Figure 2 shows the temperature dependence of conductivi
representative examples of these composite electrolytes wit
without the ceramic addition during the first heating. The ion co
ductivities at 40, 60, and 90°C are shown in Table II. The cond
tivity enhancements were clearly observed for the ceramic-add
composite electrolyte, especially at temperatures below
crystalline-amorphous transition~60°C!. These results agree we
with that previously reported.3,4,7,13,14The enhancement of the io
conductivity can be explained by reducing the PEO chain reorg
zation tendency with the addition of a fine ceramic additive due
its large surface area, forming a low temperature eutectic PEO c
plex by conductive ceramics, or facilitating salt dissociation into
charged species with a high amorphous phase volume due to
spontaneous polarization of the ferroelectric ceramics. A deta
explanation can be found in the literature.3,4,8,13,14

Interfacial stability with metallic lithium.—It is now fairly well-
known that a major problem for rechargeable lithium batteries us
organic solvents in the electrolyte and lithium metal as the anod
the relatively poor cycling efficiency of lithium as a result of de
dritic growth during charge and discharge cycling. The useful ev
ation method to characterize the interfacial stability between

Figure 1. The structure diagram of high molecular weight branched PE
Downloaded 21 Jun 2012 to 77.236.37.84. Redistribution subject to
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lithium electrode and the polymer electrolyte is either to monitor
impedance response of the symmetric Li/SPE/Li cells at open cir
voltage~OCV! during storage or during plating/stripping cycles,
to monitor the overvoltage during lithium plating-stripping cycle
The voltage change during cycling is directly linked to the reve
ibility of the lithium plating/stripping which affect the battery cycla
bility. A typical experiment was performed by applying a consta
current of 0.1 mA/cm2 for 3600 s through the cell in each direction
Figure 3 compares the overvoltage changes of the symmetric
solid polymer electrolyte~SPE!/Li cells containing a ceramic-free
g-LiAlO 2 , and SiO2 additive polymer electrolyte film at 60°C. It is
evident from the results in Fig. 3 that the cells contain ag-LiAlO 2

and SiO2-modified composite electrolyte show a very constant vo
age of 100 mV over than 800 cycles, indicative of a high stabi
with metal lithium, whereas the cell based on a ceramic-free e
trolyte shows a voltage increase upon cycling. We have obse
that all the ceramics examined in this study improve the lithiu
interface stability with metal lithium.

Figure 2. Arrhenius plots of some selected examples of electrolyte me
branes during first heating.~j! (PEO)8LiClO4 , ~*! (PEO)8LiClO4-
10% SiO2 , and~d! (PEO)8LiClO4-1.5% BaTiO3 .
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Table II. Properties of composite electrolyte films.

Conductivity dCycle number of
Amount ~s/cm! Mechanical stating

Additives ~wt %! 40°C 60°C 90°C property decomposition

PEO~Aldrich! 2.173 1026 1.993 1024 1.073 1023 3c 12
Al2O3 10 5.833 1026 2.893 1024 1.133 1023 }a 100
SiO2 10 8.503 1026 2.423 1024 1.203 1023 } .200
TiO2 10 5.293 1026 2.323 1024 1.153 1023 } .180
Y2O3 10 2.503 1026 2.383 1024 1.033 1023 } 90
ZrO2 10 6.453 1026 2.363 1024 1.333 1023 } .225
g-LiAlO 2 10 3.083 1025 5.443 1024 3.253 1023 sb 27
Li2SiO3 10 7.253 1026 2.853 1024 9.753 1024 } 8
Li2TiO3 10 3.553 1026 3.403 1024 1.363 1023 } 7
Li2ZrO3 10 1.473 1026 2.063 1024 7.243 1024 } 6
LiBO2 10 1.033 1025 2.583 1024 9.703 1024 } 4
Li2B4O7 10 1.033 1025 2.513 1024 1.043 1023 } 5
(LiLa)TiO3 10 3.823 1026 2.773 1024 8.913 1024 s 1
Li3PO4 10 8.203 1026 2.533 1024 9.013 1024 s 4
BaTiO3 1.5 3.203 1025 2.943 1024 1.133 1023 s 50
CaTiO3 1.5 3.633 1025 3.183 1024 1.213 1023 s 90
PbTiO3 1.5 6.853 1026 2.813 1024 1.103 1023 } .120
SrTiO3 1.5 1.813 1025 2.833 1024 8.703 1024 } 87

a} Good.
b s Fair.
c 3 Poor.
d Coulombic efficiencyh , 98%.
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Mechanical property.—It has been generally suggested that i
proving the ionic conductivity of the PEO-based electrolytes can
done by one of the following approaches: (i ) preparation of cross-
linked polymer networks, random, block or comb-like copolyme
with short chains of ethylene oxide~type 1!; ( i i ) utilization of or-
ganic plasticizers~type 2!; and (i i i ) preparation of an inorganic
organic composite electrolyte by ceramic additives~type 3!. Among
these systems with improved conductivity, some show an incre
without a reduction in their mechanical properties, such as type
and 3. The others, such as type 2, suffer from poor mechan
strength. Good mechanical strength is required for use as an
trolyte separator in the lithium/polymer battery production proce
The mechanical properties of the SiO2-additive composite polyme
electrolyte was investigated in comparison with the ceramic-f
electrolyte according to the method suggested by Westonet al.15

Basically, it consists of monitoring the resistance responses
polymer electrolyte film between two blocking electrodes as a fu
tion of the storage time at constant temperature and pressur~at
1.0 3 105 Pa!. Any mechanical degradation of the polymer electr
lyte would result in a thickness reduction and thus give rise t
decrease in the overall cell resistance. To exclude any thermal
tory effect,16 all the polymer electrolytes prepared either by the h
pressing or solvent-casting techniques were annealed at 100°C
24 h. Table III shows the cell resistance of a 100mm thick
SiO2-additive and ceramic-free polymer membranes at the in
state and after 93 h. The results in Table III definitely reveal that
ceramic additive composite has a much better thermal resist
behavior, indicative of the better mechanical properties. All d
were obtained from ac impedance measurements.

As demonstrated above, a significant improvement in the lithi
metal anode cycle efficiency was found when lithium was in con
with a solid-state polymer electrolyte because polymer electrol
have relatively slower reaction kinetics with lithium metal. How
ever, note that improvement does not mean that dendritic grow
totally absent. We believe that the mechanical property is one of
major factors affecting the dendritic growth. Figure 4 compares
charge curve of symmetric Li/SPE/Li cells containing a 10% Si2
additive and ceramic-free polymer films~50 mm in thickness! at
60°C. It shows very flat curves over 10 h at a current density
Downloaded 21 Jun 2012 to 77.236.37.84. Redistribution subject to
e

e
1
al
c-
.

e

a
-

s-

or

l
e
y

t
s

is
e
e

f

0.1 mA/cm2. However, a sudden voltage drop from 0.2 to 0 Vvs.
Li/Li 1 was observed after 0.5 h for the ceramic-free PEO electro
~a!, and at 5.8 h for the SiO2-additive composite electrolyte~b!
when a current of 0.4 mA/cm2 was applied. This is due to the for
mation of lithium dendrites during the charge~lithium plating!,
which further destroys the separator and causes the cell to sho
summary, the better mechanical property of the ceramic-addi
composite electrolyte may provide a thin electrolyte film for hi
power lithium/polymer batteries.

Electrochemical stability with a composite cathode.—Figure 5
shows the charge/discharge curves of a Li/SPE/Li0.33MnO2 cell at
60°C containing the ceramic-free electrolyte for the first 15 cycl
The active material mass loading is 5 mg/cm2, and the current den-
sity examined here was 0.25 mA/cm2 corresponding to C/3.
Li 0.33MnO2 delivers a rechargeable capacity of 150 mAh/g with
very flat potential plateau atca. 2.9 V vs. Li/Li 1 at the C/3 rate
corresponding to a specific energy of 435 Wh/kg of the pure ox
A large charge capacity over discharge capacity was observe
cycle 14, which is most likely due to the decomposition of PEO
plot of the charge/discharge capacityvs. cycle number is given in
Fig. 6A. A poor charge/discharge efficiency was observed startin
cycle l2 with the poorest at cycle 20, but improved later, and dis
peared at cycle 40. Figure 6B and C also show the cycling life
of a Li/solid polymer electrolyte/Li0.33MnO2 cell at 60°C contain-
ing g-LiAlO 2 and SiO2-additive polymer electrolytes. The
g-LiAlO 2-additive electrolyte behaves in a manner similar to t
ceramic-free PEO polymer electrolyte and shows a poor cha
discharge efficiency after the 27th cycle, whereas SiO2 shows a
significant enhancement in the cycling profile. It should be no
that it is impossible to detect the above phenomenon by the trad
LSV or CV method, which is normally carried out during the fir
several cycles. Table II summarizes the cycle during which
polymer-electrolyte decomposition appeared~if discharge/charge ef-
ficiency is h , 98%! for Li/solid polymer electrolyte/Li0.33MnO2
cells containing various ceramic-additive composite electrolytes
is evident that metal oxide modification can suppress the PEO
composition, whereas inorganic lithium salts may somewhat ac
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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erate the PEO decomposition. The enhancements are in the fo
ing order: metal oxides
. ferroelectric ceramics. inorganic lithium salts.

It is believed that ceramic addition will not reduce its electr
chemical stability, and it is quite interesting to clarify why su
differences were detected. It is now well established that the
and growth of the lithium passivation layer is unpredictably infl
enced by the presence of liquid components and/or impurities in
electrolyte, thereby severely affecting the cyclability of the lithiu

Figure 3. Change in the overvoltage upon cycling of symmetric Li/so
polymer electrolye/Li cells containing various electrolyte membranes
60°C. ~A! (PEO)8LiClO4 , ~B! (PEO)8LiClO4 1 10% SiO2 , and ~C!
(PEO)8LiClO4 1 10% g-LiAlO 2 . Charge/discharge current densit
0.1 mA/cm2, QD 5 QC 5 0.1 C.

Table III. Mechanical stability of solid polymer electrolyte.

Sample
T

~°C!

Time t at
T
~h!

Initial cell
Ri

~V!

Final cell
Rg
~V!

Amount of creep
@(Ri 2 Rg /Ri)#

3 100 ~%!

PEO 60 93 50.2 18.5 63
PEO1 SiO2
~10 wt %!

60 93 77.13 75.2 2
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electrode. On other hand, it has been demonstrated that PE
subject to oxidative attack, which results in degradation of the po
mer, and this degradation is accelerated by certain heavy metal
certain oxidizing agents, acid, and ultraviolet light.17 To verify
whether or not the polymer decomposition is due to the presenc
moisture, we conducted the following experiments: a coin-type
of Li/Li xMnO2 containing the ceramic-free electrolyte was we
sealed in an aluminum-laminated cell. This showed a major
provement in the cycle life compared with the simple coin-cell,
shown in Fig. 7A. It is reasonable to understand that the impro
ment is due to reduced water adsorption, thus decreasing the lith
passivation film growth and PEO decomposition. We further use
multiple film consisting of a high molecular weight branche
PEO(EO/EM-2/AGE)-LiN(CF3SO2)2 electrolyte film ~next to the
cathode side! together with the PEO-based electrolyte film inste
of the single PEO electrolyte film, then assembled a Li/LixMnO2
coin cell. The extra charge capacity disappeared upon cycl
shows life enhancement, as curve~B! in Fig. 7. The excellent battery
performance of a Li/polymer cell based on such a high molecu
weight branched polymer electrolyte film has been described in
tail in our previous studies.12,18 We speculated that the interfac
between the Li/polymer interface would be same between usin

t

Figure 4. Voltage profile of symmetric Li/solid plymer electrolyte/Li cel
containing~a! (PEO)8LiClO4 and ~b! (PEO)8LiClO4 1 10% SiO2 during
galvanostatic pulses at 0.4 mA/cm2 at 60°C.

Figure 5. Charge/discharge curves of Li/solid polymer electrolyt
Li 0.33MnO2 containing ceramic-free polymer electrolyte for the first 1
cycles at 60°C. The charge/discharge current density is 0.25 mA/cm2.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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single PEO polymer film and multiple films, the enhanced stabi
against oxidation was thereby most likely due to a stable PEO c
by the branch effect, thus suppressing the PEO decomposi
rather than decreasing the adsorbed water content. For a cer
free electrolyte, it is reasonable to understand that PEO slowly
sorbs water to the react with the lithium salt, giving rise into an a
medium, thus facilitating the polymer degradation during char
When the oxidation film reached a certain thickness, the decom
sition will stop. These results suggested that the PEO decompos
can be suppressed either by a decrease in adsorbed water~prevent-
ing formation of an acid medium! or maintaining a stable PEO chai
structure. We considered that the influence of adsorbed water b
present in the PEO-based polymer electrolyte on its electrochem
stability is much more pronounced at the cathode rather than a
lithium electrode.

Scrosatiet al. have confirmed that the increase in conductiv
by ceramic modification was due to interactions induced via Le
acid/base reactions between the ceramic surface and the PEO
ments, and the Lewis acid groups of the added ceramics~e.g., -OH

Figure 6. A plot of charge/discharge capacityvs. cycle number of
Li/solid polymer electrolyte/Li0.33MnO2 cell containing various electrolyte
membranes at 60°C. ~A! (PEO)8LiClO4 , ~B! (PEO)8LiClO4

1 10% SiO2 , and ~C! (PEO)8LiClO4 1 10% g-LiAlO 2 . The charge/
discharge current density is 0.25 mA/cm2.
Downloaded 21 Jun 2012 to 77.236.37.84. Redistribution subject to
in
n,
ic-
-

.
-
n

ng
al
e

eg-

groups on the SiO2 surface! form complexes with the PEO chains.19

We speculate that the Lewis acid/base interaction not only low
the polymer chain reorganization tendency, but also stabilizes
structure. The strong Lewis acid/base reaction was also effectiv
the ferroelectric ceramic-modified composite electrolyte due to
permanent dipole, thus reducing or suppressing the P
decomposition.4 Unfortunatively, we could not explain why som
ceramics,e.g., inorganic lithium salts, show improved lithium
polymer interfacial stability, but cannot suppress the PEO decom
sition. Which the inorganic lithium salts may dissociate into lithiu
ion and anion, behaving in the same manner as the lithium
electrolyte, it has no stabilization effect. The PEO decomposit
mechanism is quite complicated, and we cannot claim that the
son responsible for the influence of the ceramic additive on its e
trochemical profile has been clarified, therefore, much more w
should be carried out. However, as an evaluation method, it is n
essary and important to assemble a real lithium/polymer battery
monitor its cycle life.

Figure 8 shows the discharge curves of a Li/LixMnO2 containing
an SiO2-additive polymer electrolyte at temperatures varying fro
40 to 80°C. The cell could be operated at 40°C, and delivere
capacity of 75 mAh/g at 0.1 mA/cm2, corresponding to a 44% initia
utilization of the LixMnO2 . Figure 9 illustrates the discharge capa
ity of a Li/Li xMnO2 cell at various rates. The cell was discharged
2.0 V at various discharge currents from 0.03 to 0.75 mA/cm2. The
charge current density was always set at 0.1 mA/cm2. For the active
material mass loading in the composite electrode~ca.5 mg/cm2!, the
current selected here corresponded to a 1/40 to 1 h discharge rate
Under optimized conditions, the system exhibits a very good r
capability; it delivers a capacity of about 160 mAh/g of LixMnO2 at

Figure 7. Cycle life of Li/solid polymer electrolyte/Li0.33MnO2 cell at 60°C.
~A! a coin-type cell sealed in an aluminum-laminated cell contain
(PEO)8LiClO4 electrolyte,~B! coin-type cell containing (PEO)8LiClO4 and
a high molecular weight branched polymer electrolyte. The charge/disch
current density is 0.25 mA/cm2.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



th

lid
d
or-
tio
vity

nsi-
h

e
is-
e-

ure.
oped
sur-

g
ver,

ic-
m/
ec-
y to

of

y of
ility

nol-
s
te,
ddi-

ife
dis-

ogy
this

m-

E.

Th

.

Journal of The Electrochemical Society, 149 ~8! A967-A972 ~2002!A972
the C/3 rate, corresponding to a specific energy of 450 Wh/kg of
pure oxide.

Conclusion

We have evaluated the electrochemical profile of an all so
state Li/LixMnO2 polymer battery using various ceramic modifie
PEO-LiClO4 composite electrolytes, namely metal oxides and in
ganic lithium salts, as well as ferroelectrics ceramics. The addi
of ceramics resulted in an enhancement of the ionic conducti

Figure 8. Discharge curves of Li/solid polymer electrolyte/LixMnO2 cell at
various operating temperatures: 40°C, 50°C, 60°C, 70°C, and 80°C.
discharge current was 0.1 mA/cm2.

Figure 9. Discharge capacity of Li/solid polymer electrolyte/LixMnO2 cell
at various current rates from 0.03 to 0.75 mA/cm2 and 60°C. The charge
current was always 0.1 mA/cm2. Cells were cycled between 2.0 and 3.5 V
M.
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especially at temperatures below the crystalline-amorphous tra
tion ~normally at 60°C!, and showed a higher interface stability wit
lithium metal and a stronger mechanical property.

An all solid-state Li/LixMnO2 based on a ceramic-fre
PEO-LiClO4 electrolyte showed an extra charge capacity over d
charge capacity during cycling, which is most likely due to the d
composition of PEO toward the cathode in presence of moist
The PEO decomposition suppression was observed on these d
components that form a stable interaction between the ceramic
face and the PEO segment,e.g., the metal oxides, thus stabilizin
the PEO structure, and protecting the PEO oxidation. Howe
some ceramic-modified composite polymer electrolytes~inorganic
lithium salts! behave in the manner similar to that of the ceram
free polymer electrolyte, even if they also show improved lithiu
polymer interface stability. Accordingly, we suggested that it is n
essary and important to assemble a real lithium/polymer batter
evaluate the polymer electrolytes.

An all solid-state Li/LixMnO2 containing the SiO2-additive poly-
mer electrolyte delivers a rechargeable capacity of 160 mAh/g
Li xMnO2 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 specific energ
450 W/kg of active material, and also showed good rate capab
and excellent cyclability.
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