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acrylonitrile) as Composite Polymer Electrolyte
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ABSTRACT: A blend of poly(methyl methacrylate) (PMMA) and poly(styrene-co-acrylo-
nitrile) (PSAN) has been evaluated as a composite polymer electrolyte by means of
differential scanning calorimetry (DSC), Fourier transform infrared (FTIR) spectros-
copy, ac impedance measurements, and linear sweep voltammetry (LSV). The blends
show an interaction with the Li™ ions when complexed with lithium perchlorate
(LiClO,), which results in an increase in the glass-transition temperature (7,) of the
blends. The purpose of using PSAN as another component of the blend is to improve the
poor mechanical properties of PMMA-based plasticized electrolytes. The mechanical
property is further improved by introducing fumed silica as inert filler, and hence the
liquid electrolyte uptake and ionic conductivity of the composite systems are increased.
Room-temperature conductivity of the order of 10~* S/cm has been achieved for one of
the composite electrolytes made from a 1/1 blend of PSAN and PMMA containing 120%
liquid electrolyte [1M LiClO,/propylene carbonate (PC)] and 10% fumed silica. These
systems also showed good compatibility with Li electrodes and sufficient electrochem-
ical stability for safe operation in Li batteries. © 2001 John Wiley & Sons, Inc. J Appl Polym

Sci 80: 1319-1328, 2001
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INTRODUCTION

Despite extensive research effort on polymer elec-
trolytes,! the preparation of a polymer electrolyte
having a combination of processability and phys-
ical properties of conventional thermoplastics
with high ionic conductivity required for applica-
tion in Li batteries is yet to be realized. For bat-
tery applications, high conductivity must be com-
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plemented by good dimensional stability because
the polymer electrolyte will also function as a
separator in the battery, providing electrical in-
sulation between the anode and cathode. Of the
many polymers, a polyethylene oxide (PEO)-
based electrolyte is the earliest and is so far the
most widely studied. The ionic conductivity of
PEO lies in the range of 107® to 10™7 S/cm at
ambient temperature, which is too low for appli-
cation in Li batteries. The obstacle originates,
first, from the high degree of crystallinity, which
is unfavorable for the ionic mobility in the salt-
doped PEOs and, second, the low solubility of salt
in the amorphous phase. To improve the conduc-
tivity, modifications of the PEO system and eval-
uation of different plasticizers to PEOs have been
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extensively studied.? The aim of the investiga-
tions for ionic conductivity of polymer electrolyte
approaching those of their liquid counterparts
(ca. 10~ 2 S/ecm at room temperature) was to incor-
porate structural features in the electrolyte that
increase the mobility and concentration of ionic
charge carriers. The most striking advancement
in the conductivity of polymer electrolytes has
been achieved through the incorporation of sub-
stantial amounts of plasticizers. However, the ef-
fectiveness of plasticizers in PEO systems has not
been achieved to a technically justified level of
conductivity (ca. 102 S/cm at room temperature),
without expending mechanical rigidity. Besides,
the PEO-based gel electrolytes, polymers such as
poly(methyl methacrylate) (PMMA), polyacrylo-
nitrile (PAN), poly(vinylidine fluoride) (PVdF),
and poly(vinyl chloride) (PVC) were also tried as
host matrices for gel electrolytes.>®

The use of PMMA as a gel electrolyte was pre-
viously reported by Iijima et al.® and later by
Bohnke et al.® They reported a conductivity of the
order of 103 S/cm at 25°C for a homogeneous and
transparent gel containing 15-20% of PMMA.
The presence of high molecular weight PMMA
imparts high macroscopic viscosity to the system
without significantly diminishing the conductiv-
ity of the liquid electrolyte. Bohnke et al.’%!! also
reported in their later studies that the conductiv-
ity of the PMMA gel electrolytes decreases with
an increase in PMMA content, varying in the
range of 107° to 10~ * S/cm at room temperature.
A change in the conduction path was reported at
around 30-35 wt % of PMMA. Afterward, Appe-
tecchi et al.'> examined PMMA-based plasticized
electrolytes in film form and reported conductiv-
ity of the order of 5 X 1072 S/cm at 60°C. How-
ever, the plasticized PMMA electrolytes suffer
from poor, gel-like mechanical properties; produc-
ing freestanding film is not possible at higher
plasticizer concentration. Hence, an improvement
in the mechanical property is required for suc-
cessful application as a polymer electrolyte.

In this work, we report a blend system of
PMMA with styrene-acrylonitrile copolymer
(PSAN) as host and a solution of lithium perchlor-
ate (LiClO,) in propylene carbonate (PC) as liquid
electrolyte, to overcome the poor mechanical
property of the plasticized PMMA system. The
presence of rigid polystyrene units in the copoly-
mer imparts higher mechanical strength to the
blend. A blend of PMMA with PVC was previously
studied by Rhoo et al.,'® who reported an increase

in conductivity with decreasing PVC/PMMA ratio
and with increasing plasticizer content. In the
present study, to enhance further the mechanical
property of the blend system and hence to in-
crease the liquid electrolyte uptake and ionic con-
ductivity, fumed silica was introduced into the
blend system. Electrolytes with good mechanical
property up to 85°C and ionic conductivity of the
order of 10~ S/cm at room temperature are re-
ported. The polymer electrolytes, made by com-
plexing the blends with LiClO,, are characterized
by differential scanning calorimetry (DSC), Fou-
rier transform infrared (FTIR) spectroscopy, and
ac impedance measurements. The interfacial be-
havior and electrochemical stability of the corre-
sponding cells using the composite gel electrolyte
were also tested by time evolution ac impedance
measurements and linear sweep voltammetry.

EXPERIMENTAL

Materials

Poly(styrene-co-acrylonitrile) (Aldrich, Milwaukee,
WI) was used as received, having 25 wt % acryloni-
trile and weight-average molecular weight 165,000.
Methyl methacrylate (MMA; Aldrich) was alkali
washed, dried, and distilled under reduced pressure
before polymerization. LiClO, was dehydrated at
120°C under reduced pressure for 72 h. Fumed sil-
ica (Aldrich), with a surface area of 380 m%g, was
heated at 150°C under vacuum for 48 h and then
kept inside an argon-filled glove box (Vacuum At-
mosphere Company) for several days before use.
Propylene carbonate (PC; Aldrich) and tetrahydro-
furan (THF; Tedia) were dehydrated overnight by
using a molecular sieve before use.

Polymerization of MMA

Polymerization of MMA was carried out in a
250-ml volumetric flask at 60°C under N, atmo-
sphere using azobisisobutyronitrile (AIBN) as ini-
tiator in a toluene medium. The distilled mono-
mer, initiator, and the solvent were taken in the
volumetric flask, deaerated by purging dry nitro-
gen gas for 10 min, stoppered, and polymerized at
60°C. After polymerization, the mixture was al-
lowed to cool down to room temperature, after
which the polymer was precipitated into excess
methanol. It was purified by reprecipitating twice
in methanol after dissolution in toluene, followed
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by several washings with methanol and drying at
120°C for 72 h. The molecular weight of the syn-
thesized polymer was determined by gel-perme-
ation chromatography (Shimadzu, Japan). The
molecular weight (M) and polydispersity index
of the synthesized PMMA are 102,000 and 1.51,
respectively.

Preparation of the Polymer Electrolytes

Both polymers were dissolved separately in THF
to make 10 wt % solutions. The two solutions were
mixed in different proportions to make blends of
PSAN and PMMA. Films were cast on glass petri
dishes for DSC experiments. For electrical mea-
surements, the required amount of a liquid elec-
trolyte (1M LiClO, in PC) was mixed with the 10
wt % solutions of the individual polymers and the
blends. The liquid electrolyte concentration was
varied from 25 to 120 wt %, based on the weight of
the polymers. The mixtures were stirred magnet-
ically to make a homogeneous solution. At this
stage, the required amount of fumed silica was
added and stirred again. When the mixture was
completely homogenized, films were cast in Teflon
cuvettes. THF was allowed to evaporate slowly at
room temperature for several days. The absence
of THF was confirmed by 'TH-NMR. All the oper-
ations of preparing electrolytes were done in an
argon-filled dry box (Vacuum Atmosphere Com-
pany). The composition of each of the samples is
given in respective tables.

DSC Measurement

DSC measurements were carried out using a DSC
2010 differential scanning calorimeter (TA In-
struments) over a temperature range of 0 to
150°C at a scan rate of 10°C/min. The dry samples
were first annealed at 150°C for 10 min, cooled
down to room temperature, and then scanned. For
the plasticized samples, the annealing operation
was not done, to avoid any loss of PC. All thermo-
grams were baseline corrected and calibrated us-
ing Indium metal. Glass-transition temperature
(T,) was reported as the midpoint of the transi-
tion process.

FTIR Measurement

FTIR spectra were taken at ambient temperature
using a Nicolet 550 equipment with a wave num-
ber resolution of 4 cm™'. Samples for FTIR were
prepared by casting films directly on KBr pellets

from a 5 wt % solution and then drying at 120°C
for 48 h. A total of 128 scans were signal averaged
to increase the s/n ratio.

Ac Impedance Measurement

Impedance measurements of the polymer electro-
lytes were performed using thin films made by
casting from solution and subsequent drying (as
described earlier). Film thickness was main-
tained in the range of 200 to 250 um and the area
of contact was 0.785 cm? For measurement of
ionic conductivity, the samples were sandwiched
between two stainless steel electrodes, whereas
for investigation of the interfacial phenomena,
the samples were sandwiched between two Li
electrodes. The electrodes were then fixed in an
airtight double-wall glass cell, through the outer
jacket of which thermostated water was circu-
lated for measurements at different tempera-
tures. Cell assembly was carried out in a dry
argon atmosphere inside a glove box (Vacuum
Atmosphere Company). Conductivity measure-
ments were performed using a Autolab PGSTAT
30 equipment (Eco Chemie B.V., The Nether-
lands) with the help of Frequency Response Anal-
ysis system software under an oscillation poten-
tial of 10 mV. The interfacial behavior of the
Li/PE/Li cell was studied by ac impedance mea-
surements under open circuit potential (OCP)
condition.

Linear Sweep Voltammetry

Three electrode-laminated cells were assembled
inside a glove box for LSV experiments. Stainless
steel (SS) was used as the working electrode and
lithium metal was used both as a counter and as
a reference electrode. LSV measurements were
carried out using Autolab PGSTAT 30 poten-
tiostat/galvanostat equipment (Eco Chemie B.V.).

RESULTS AND DISCUSSION

Interaction of Li* lons with the Polymers

The thermal behavior of PSAN, PMMA, and their
three blends is shown in Figure 1 and the T,
values are summarized in Table I. All the blend
films appeared transparent and show only one
glass-transition temperature resulting from the
miscibility of PMMA and PSAN. The T, for PSAN
is about 79°C and that of PMMA is about 122°C.
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Figure 1 Thermal-transition temperatures of (1)
sample 1, (2) sample 2, (3) sample 3, (4) sample 4, and
(5) sample 5.

The three blends show T, values in between the
T,’s of PSAN and PMMA, and the T, values are
found to increase with the increase in PMMA
content in the blends. To see the effect of liquid
electrolyte on the thermal behavior, different con-
centrations of liquid electrolyte were mixed with
sample 3, the data of which are presented in
Table II. As expected, the T, of the plasticized
electrolytes was found to decrease with an in-
crease in liquid electrolyte concentration. This
may be attributed to the increase in segmental
motion of the polymer chains in the presence of
the plasticizer. The lowering of T, is well ob-
served in plasticized polymer electrolytes,'* in
which the plasticizers increase the distance be-
tween the polymer chains and, hence, reduce the
possibility of formation of crosslinks among the
polymer chains through Li* ions.

To understand the role of the Li salt on the
thermal behavior of the blends, sample 3 was

Table II Thermal Behavior of Sample 3
Containing Different Amounts of Liquid
Electrolyte (1M LiC10,/PC)

Sample 3 6 7 8
Liquid electrolyte
(wt %) 0 25 50 75
T,* (°C) 81.52 52.81 29.28 23.16

2 The results are as available from the instrument; accu-
racy is =1°C.

complexed with three different concentrations of
LiClQy, close to the LiClO, concentration of sam-
ples 6, 7, and 8, respectively, and then the organic
solvent (THF) was removed by evacuation. The
DSC results of these three samples are shown in
Table III. All three plasticizer-free samples show
a single T, indicating the absence of phase sep-
aration in the presence of LiCl0,. The presence of
Li* ions does not lead to any change in the mac-
roscopic phase structure of the blend. The DSC
results reveal that there is an increase in the
blend T, with increasing salt concentration. Such
an increase in T, of the Li salt—polymer com-
plexes is well known,'® and results from the in-
teraction of Li* ions with the electron-rich coor-
dinating sites (—NH, )C=0, —O—, —CN, etc.),
leading to the formation of transient crosslinks.
In our blend system, the presence of —CN groups
in PSAN and —C(0O)O groups in PMMA are also
very likely to undergo such a type of coordination
with the Li* ions. To investigate further the in-
teraction of Li* ions with the —CN and —C(0)O
groups of the blend system, IR spectral features of
the undoped and doped blends were analyzed.
For analysis of the FTIR spectra of the dry
samples, two regions, which are most likely to be
affected by coordination with the Li* ions (i.e.,
the —CN and the )C=O0 region), were considered.
The FTIR spectra of the —CN and )C=0 region
for the undoped and the three doped samples are

Table I Thermal-Transition Temperatures of PSAN, PMMA, and Their

Blends

Sample 1

2 3 4 5

Composition (PSAN/PMMA) 100/0
T,* (°C) 79.07

70/30 50/50 30/70 0/100
80.41 81.52 86.08 122.08

2 The results are as available from the instrument; accuracy is =1°C.
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Table III Thermal Behavior of Sample 3
Containing Different Concentrations of LiClO,

Sample 3 9 10 11
LiClO, conc.

(mmol/g) 0.0 0.5 1.0 1.5
T,* (°C) 81.52 103.17 106.97 112.34

2 The results are as available from the instrument; accu-
racy is =1°C.

presented in Figure 2(a) and (b). The variation of
the peak positions with salt concentration is given
in Table IV. As is evident from Table IV, the
YC=0 peak is shifted to a lower frequency with an
increase in salt concentration, whereas there is no
change in the peak position for the —CN group.
Shifting of the )C=0 absorption peak to a lower
frequency may be considered as the evidence of
coordination of Li* ions with the YC=O groups.
Coordination of Li" ions with the electron-rich
oxygen atoms of the YC=O groups may lead to
weakening of the C=0 bond, resulting in a shift-
ing of the peak to a lower frequency.

The observation that the —CN stretching vi-
bration remains unchanged with salt concentra-
tion is in line with results of Wang et al.'® for a
polyacrylonitrile system. However, they observed
a shoulder in the region of 2270 cm ™! when the
concentration of Li salt is high enough (~ 25%).

Absorbance

T T T I T

1760 1740 1720 1700

Wave number (1/cm)

1323

They assigned this shoulder to an associate of
—CN groups and the Li* ions, which is formed by
the interaction of an unbound electron pair in the
N atom of —CN groups with the electron-deficient
Li* ions. The absence of the shoulder at 2270
cm ! in our case may be the result of the lower
concentration of LiClO, (max 10%) used. Another
possible explanation might be the competition of
YC=0 and —CN groups to be coordinated by the
Li" ions. As the C=N bond is much stronger than
the C=0 bond, interaction of Li* ions with —CN
groups may result in negligible effect compared to
that with YC=0 groups. Based on this discussion,
it is reasonable to mention that PSAN competes
with PMMA to interact with Li* ions and hence
increases the ability of the blend to solvate more
Li salts. Moreover, the presence of polystyrene
units in PSAN imparts more rigidity to the blend
system, which improves the gel-like mechanical
property of PMMA-based plasticized electrolytes.

Conduction Behavior

To study the conduction behavior of the charge
carriers in the plasticized blends, we measured
the ionic conductivity of the polymer electrolytes
placed in between two stainless steel electrodes at
different temperatures, by varying the blend com-
position, liquid electrolyte concentration, Li salt
concentration, and the inert filler (fumed silica)
loading. In the first instance, the effect of blend

(b)

Absorbance

' ; i I \ !
2280 2260 240 220
Wave number (1/cm)

Figure 2 FTIR spectra of the (a) )C=O0 and (b) —CN stretching region of (1) sample
3, (2) sample 9, (3) sample 10, and (4) sample 11.
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Table IV Variation of )C—=0 and —CN Stretching Vibrations of Sample 3

with LiClO, Concentration

LiClO, Conc.

YC=0 Stretching

—CN Stretching

Sample (mmol/g) (em™h) (em™1)
3 0.0 1731 2237
9 0.5 1729 2237
10 1.0 1727 2237
11 1.5 1726 2237

composition on the ionic conductivity was studied
at different temperatures and two different con-
centrations of liquid electrolyte. Variation of the
ionic conductivity data for two different liquid
electrolyte concentrations at 85°C with blend
composition is presented in Figure 3. It is evident
from the figure that, for a particular concentra-
tion of liquid electrolyte, conductivity is increased
with increased concentration of PSAN, to a max-
imum at 50 to 60 wt % of PSAN. This may be
explained on the basis of stronger interaction of
PC with the PMMA units compared to that with
the PSAN units.’® At a lower concentration of
PSAN, the plasticized electrolyte can be consid-
ered as a homogeneous mixture of all the compo-
nents. As a result, the movement of the ions will
be dependent mainly on the free volume of the
matrix polymer. On the other hand, at a higher
PSAN concentration, the blend electrolyte may
contain two phases resulting from significantly
different interactions of PC with PSAN and
PMMA.'® One of the two phases is the liquid
electrolyte-rich phase and the other is the gel—
polymer phase. Since the mobility of the ions is
higher in the liquid electrolyte-rich phase, the
ionic conductivity is increased with an increase in

-3.00
5
3 -4.00 5
— 4
2
g 1o
5 -500 1w
(o]
|

6.00 ! ! | |

0 20 40 60 80 100

PSAN (Wt%)

Figure 3 Variation of conductivity of the blend elec-
trolytes at 85°C with composition, containing (1) 50%
and (2) 75% liquid electrolyte.

PSAN concentration (up to 50 to 60 wt %). When
the concentration of PSAN is increased further
(beyond 60 wt %), conductivity was found to de-
crease slightly. At this stage, a part of the charge
carriers may also migrate through the gel-poly-
mer phase, in which the mobility of the charge
carriers may also migrate through the gel-poly-
mer phase, in which the mobility of the charge
carriers is relatively slow and hence the conduc-
tivity is decreased. It is to be noted that with
increasing PMMA content in the blends, addition
of liquid electrolyte makes the blend more flexi-
ble. Hence, for higher ionic conductivity and op-
timum mechanical property, the blend composi-
tion of PSAN/PMMA is maintained at 1/1 (50 wt
% PSAN) for further experiments.

For the purpose of optimization of liquid elec-
trolyte concentration on the conductivity of the
blends, four plasticized electrolytes were pre-
pared by mixing 25, 50, 75, and 100 wt % (with
respect to the weight of the polymers) of liquid
electrolyte with the blend polymer (sample 3).
The temperature dependence of ionic conductivity
of the first three plasticized electrolytes is pre-
sented in Figure 4. The fourth one, containing 100
wt % of liquid electrolyte, becomes much too flex-
ible and sticky, and hence conductivity of this
electrolyte could not be measured. An examina-
tion of Figure 4 indicates that the ionic conduc-
tivity of the plasticized electrolytes can be ex-
plained with the help of the Vogel-Tamman—Ful-
cher (VTF) equation. As is evident from the
figure, the activation energy is decreased as the
conductivity of the samples is increased. Regard-
ing the relation of conductivity with the concen-
tration of liquid electrolyte in the measured range
of temperature and up to a liquid electrolyte con-
centration of 75 wt %, conductivity was found to
increase with an increase in liquid electrolyte con-
centration. The reason for such increase in con-
ductivity with liquid electrolyte concentration is
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Figure 4 Temperature dependence of conductivity of sample 3 containing different
amounts of 1M Li-perchlorate/PC: (1) 25%, (2) 50%, and (3) 75%.

the increased number of charge carriers and
higher mobility at higher liquid electrolyte con-
centration.

Because the conductivity of the electrolytes is
not high enough (ca. 107* S/cm at 85°C), an at-
tempt was made to see whether conductivity can
be increased by increasing the salt concentration,
while maintaining good mechanical strength by
keeping the plasticizer concentration constant at
75 wt %. Figure 5 presents the variation of con-
ductivity with LiClO, content at two different
temperatures (5 and 85°C). It was found that
the conductivity is increased with an increase in
LiClO, concentration to a maximum value when
the salt concentration is 1.0 mmol/g of the blend,
and then decreased with an increase in salt con-
centration. The reason for the increase in conduc-
tivity with salt concentration (up to 1.0 mmol/g) is
the increase in the number of charge carriers. The
decrease in conductivity at a salt concentration
higher than 1.0 mmol/g of the blend may be the
result of the formation of charge-neutral contact
ion pairs!”!® at higher salt concentration. Being
neutral in nature, the ion pairs do not contribute
to the conductivity and hence the electrolytes

having a higher concentration of LiClO, show
lower conductivity.

It is quite well known that addition of inor-
ganic fillers leads to an improvement in the me-
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we T,

-5.00 —

. /

log(cond.) (S/cm)

-8.00 \ . \
0.40 0.80 120 1.60

Li-perchlorate conc. (mmol/g blend)

Figure 5 Variation of conductivity of sample 3 plas-
ticized with 75% PC against Li-perchlorate concentra-
tion at (1) 5°C and (2) 85°C.
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Figure 6 Variation of conductivity of sample 3, plas-
ticized with 100% liquid electrolyte, with silica content
at 25°C.

chanical and electrochemical characteristics of
polymer electrolytes.’®2? To enhance the me-
chanical property of the gelled electrolytes and,
hence, to increase the concentration of liquid elec-
trolyte in the host composite, fumed silica was
added in different ratios to the blend system. The
effect of fumed silica on the conductivity of the
electrolytes is shown in Figure 6. It is evident
from the figure that conductivity is maximum at
about 10 wt % (with respect to the weight of the
polymers) of silica. Beyond that, conductivity is
decreased with an increase in silica concentra-
tion. The increase in conductivity with an in-
crease in silica concentration (up to 10 wt % level)
is associated with the increase in ability of the
composite to hold the liquid electrolyte, because it
has a high adsorption capability resulting from
the very high surface area (380 m?%g). Further
addition of fumed silica may lead to the formation
of aggregates, which restrict the movement of the
ions, resulting in a decrease in ionic conductivi-
ty.23 At a concentration of about 10 wt %, the
finely divided silica particles remain homoge-
neously dispersed in the liquid electrolyte and
form a three-dimensional network, thus increas-
ing the mechanical strength of the electrolyte.
Introduction of 10 wt % fumed silica increases
the ability of the blend to retain liquid electrolyte
higher than 100 wt %, where the composite elec-
trolytes are obtained in the form of freestanding
film with reasonably good mechanical property.
Beyond 100 wt % liquid electrolytes, the compos-
ites become soft and hence difficult to handle. The
conductivity variation of one of the polymer-
fumed silica composites containing 120 wt % lig-
uid electrolyte against reciprocal temperature is
shown in Figure 7. It is to be noted that conduc-

tivity of the order of 10™* S/cm at room tempera-
ture is achieved for the composite electrolyte
based on a 1: 1 blend of PSAN and PMMA, 10 wt
% of fumed silica, and 120 wt % of liquid electro-
lyte.

Interfacial Behavior and Electrochemical Stability

After attaining acceptable ionic conductivity and
mechanical properties of the composite electro-
lytes, we attempted to investigate the interfacial
behavior of the electrolyte in contact with Li elec-
trodes under prolonged exposure, to check their
compatibility with Li metal. For successful per-
formance of a polymer electrolyte in Li batteries,
good compatibility of the electrolyte with Li metal
is essential. For this purpose ac impedance of
Li/polymer electrolyte (PE)/Li cell under open cir-
cuit potential conditions at 25°C was measured at
different time intervals. Figure 8 presents the
time-evolution response of ac impedance of one of
the composite electrolytes containing 10 wt %
fumed silica and 100 wt % liquid electrolyte at
ambient temperature. From these ac impedance
spectra, the electrolyte resistance (R,) and the
interfacial resistance (R;) were calculated and
plotted against time in Figure 9. It is evident from
Figure 9 that the electrolyte resistance remains
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-3.20 T T T T T T T T

Log(cond.) (S/cm)
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2.80 3.20 3.60
1000T (1/K)

Figure 7 Temperature dependence of conductivity of
sample 3 containing 120% liquid electrolyte and 10%
fumed silica.
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Figure 8 Time evolution ac impedance spectra of a
Li/PE/Li cell at 25°C; the PE consists of sample 3, 100%
liquid electrolyte, and 10% fumed silica.

unaltered with time. This indicates good compat-
ibility of the liquid electrolyte with the polymer
blend, which prevents loss of any liquid electro-
lyte with time. The interfacial resistance of the
Li/PE/Li cell is found to increase with time. How-
ever, the rate of increase is appreciably decreased
with time. The initial increase in R; may be at-
tributed to the formation of a passive layer result-
ing from the reaction of Li with the composite
electrolyte. The composite electrolyte contains an
aprotic solvent (PC), which reacts with Li met-
al?*?% and consequently passivates the Li elec-
trode. The decrease in the rate of increase of R,
with time indicates very slow growth of the pas-
sivating layer and hence the stability of the inter-
face.

To ascertain the electrochemical stability of the
composite electrolyte, LSV of the laminated three
electrode cells were performed at ambient tem-
perature. The linear sweep voltammogram of one
of the composite electrolytes is presented in Fig-
ure 10. The working electrode potential of the cell

Resistance (Kohm)
N
\

0 1 T I ‘

0 40 80 120
Time (hr)

Figure 9 Variation of R, and R, of the Li/PE/Li cell
with storage time at 25°C.
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Figure 10 Electrochemical stability window of the
PE by LSV method; the PE consists of sample 3, 100%
liquid electrolyte, and 10% fumed silica.

was varied from 2.0 to 8.0 V (versus Li) at a sweep
rate of 5 mV/s. It is evident from Figure 10 that
there is no electrochemical reaction in the poten-
tial range 2.0 to 5.3 V. The onset of current flow at
5.3 V is associated with the decomposition of the
electrolyte. The anodic stability limit of the elec-
trolyte is 5.3 V versus that of Li. Hence it may be
concluded that the polymer blend (PSAN/PMMA)
does not have any effect on the electrochemical
stability of the electrolyte. This can be safely used
as a composite polymer electrolyte in recharge-
able lithium batteries.

The financial support of this work by the National
Science Council of Taiwan under schemes NSC 88-
2622-E006-008 and NSC 89-E006-012 is gratefully ac-
knowledged.

REFERENCES

1. For overviews on polymer electrolytes, see (a) Mac-
Callum, J. R.; Vincent, C. A. Polymer Electrolyte
Reviews, Vol. 1; Elsevier Applied Science: New
York, 1987; (b) MacCallum, J. R.; Vincent, C. A.
Polymer Electrolyte Reviews, Vol. 2; Elsevier Ap-
plied Science: New York, 1989; (¢) Gray, F. M. Solid
Polymer Electrolytes: Fundamentals and Applica-
tions; VCH: New York, 1991.

2. Alamgir, M.; Abraham, K. M. in Lithium Batteries;
Pistoia, G., Ed.; Elsevier: Amsterdam, 1994; Chap-
ter 3 and references therein.

3. Watanabe, M.; Kanba, M.; Nagaoka, K.; Shinohara,
I. J Polym Sci 1983, 21, 939.

4. Abraham, K. M.; Alamgir, M. J Electrochem Soc
1990, 137, 1657.

5. Croce, F.; Gerace, F.; Dautzemberg, G.; Passerini,
S.; Appetecchi, G. B.; Scrosati, B. Electrochim Acta
1994, 39, 2187.



1328

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

DIGAR, HUNG, AND WEN

Bohnke, O.; Rousselt, C.; Gillet, P. A.; Truche, C. J
Electrochem Soc 1992, 139, 1862.

Tsuchida, E.; Ohno, H.; Tsunemi, K. Electrochim
Acta 1983, 28, 833.

Alamgir, M.; Abraham, K. M. J Electrochem Soc
1993, 140, L.96.

Iijima, T.; Toyoguchi, Y.; Eda, N. Denki Kogaku
1985, 53, 619.

Bohnke, O.; Frand, G.; Rezraki, M.; Roussellot, C.;
Truche, C. Solid State Ionics 1993, 66, 97.
Bohnke, O.; Frand, G.; Rezraki, M.; Roussellot, C.;
Truche, C. Solid State Ionics 1993, 66, 105.
Appetecchi, G. B.; Croce, F.; Scrosati, B. Electro-
chim Acta 1995, 40, 991.

Rhoo, H. J.; Kim, H. T.; Park, J. K.; Hwang, T. S.
Electrochim Acta 1997, 42, 1571.

Wang, C.; Liu, Q.; Cao, Q.; Meng, Q.; Yang, L. Solid
State Ionics 1992, 53-56, 1106.

Wang, Z.; Huang, B.; Xue, R.; Huang, X.; Chen, L.
Solid State Ionics 1999, 121, 141.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Kim, D. W,; Kim, Y. R.; Park, J. K.; Moon, S. I.

Solid State Ionics 1998, 106, 329.

Kakihana, M.; Schantz, S.; Torell, L. M. J Chem
Phys 1990, 92, 6271.

Schantz, S.; Torell, L. M.; Stevens, J. R. J Chem
Phys 1991, 94, 6862.

Weston, J. E.; Steele, B. C. H. Solid State Ionics
1982, 7, 75.

Wieczorek, W.; Such, K.; Wycislik, H.; Plochanski,
dJ. Solid State Ionics 1989, 36, 255.

Croce, F.; Scrosati, B.; Mariotto, G. Chem Mater
1992, 4, 1134.

Fan, J.; Fedkiw, S. J Electrochem Soc 1997, 144,
399.

Kim, D. W.; Kim, Y. K. J Electrochem Soc 1998,
145, 1958.

Thevenin, J. G.; Muller, R. H. J Electrochem Soc
1987, 134, 273.

Aurbach, D.; Weissman, I.; Zaban, A.; Chusid, O.
Electrochim Acta 1994, 39, 51.



