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Abstract

A new plasticized composite polymer electrolyte (PCPE) based on poly(ethylene oxide)4\i§pi€rsed with a ceramic filler (SpD
and plasticized with polyethylene glycol (PEdg) is reported. The effect of plasticizer concentration on changes in structure/microstructure
and their correlation with physical properties has been investigated and reported. A substantial enhancement in the electrical conductivit)
by two orders of magnitude at room temperature, of the PCPE has been noticed when compared with that of composite polymer electrolyt
(CPE) films without any plasticizer. This enhancement in electrical conductivity of the PCPE films agrees well with the changes in the local
microstructure/structure on plasticizer addition. Grain boundary resistRagead glass transition temperatufig have been observed
to decrease with increasing concentration of Bdg@Plasticizer addition has resulted in the suppression of crystallinity as observed from
differential scanning calorimetry (DSC) and X-ray diffraction (XRD) studies. The DSC results indicate enhancement in the volume fraction
of the amorphous phase, which appears to be consistent with the broadening in the polymer host peaks observed in X-ray diffractogram
The improvement in electrical conductivity has been achieved without any sharp deterioration in the thermal, electrochemical or mechanica
stability of the PCPE thin films. These observations have been interpreted in terms of the action of plasticizer as a diluent/co-solvent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of filler particles, and (vi) the nature of the interaction in a
heterogeneous polymer—salt—filler systgi8—24] The en-
lonically conductive solid polymers have recently re- hancement in mechanical properties is normally explained
ceived considerable attention in view of their technological on the assumption that the filler particles act as a support-
importance in a wide variety of energy storage/conversion ing matrix for the conductive polymer electrolyte so as to
devices such as batteries, fuel cells, supercapacitors, andetain an overall solid structure, even at elevated temper-
hybrid power sourceld—8]. The essential requirements of a ature. The chemical nature (acidic/alkaline/amphoteric) of
material for such applications are: high ambient ionic con- the filler particles also plays a major role in governing the
ductivity, thermal, chemical, electrochemical, mechanical nature of interaction in a heterogeneous composite system.
and interfacial stability in addition to dimensional flexibility Investigations on the mechanical properties of CPEs, us-
of design[2—6]. Composite polymer electrolytes (CPESs) sat- ing vibrational spectroscopy techniques, has indicated the
isfy these criteria. The CPEs can be prepared by dispersingpossibility of polymer—ion—filler interaction and consequen-
ceramic fillers (AbOs, SiO,, y-LIAIO 2, NaSiOz, SNG, tial stiffening of the polymeric network on filler addition
etc.) into the matrix of polymer—salt compleX@s-18]. The [25-27] Although this approach appears to be attractive,
new idea of composite formation by dispersing inert ce- the enhancement in mechanical stability of CPEs occurs at
ramic fillers is an attractive approach to enhance the stabil-the cost of their electrical conductivif{3]. In general, the
ity properties by modifying: (i) local structure/morphology, electrical conductivity of CPEs lies normally in the range
(i) degree of crystallinity, (iii) glass transition temperature, of 10~ to 10-°Scnt! at ambient temperature. Almost all
(iv) flexibility of polymeric segments, (v) chemical nature the CPEs possess this inherent drawback which arises out
of their partial crystalline nature that hinders their overall

_— ionic conductivity and thereby imposes limitations on their
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In order to overcome these limitations and to bring a de- of the microstructure/local structure of the host polymer on
sirable enhancement in the electrical conductivity of CPEs plasticizer addition.
without affecting their stability properties to an undesirable
level, various approaches are currently in vogue such as
copolymerization and plasticizatiojf28—36] The essence 2. Experimental
of plasticization is to enhance the conductivity of solid
polymer electrolytes by means of additives of low molec- 2.1. Materials preparation
ular weight and high dielectric constant such as propylene
carbonate (PC), ethylene carbonate (EC) and polyethylene Plasticized composite polymer electrolyte (PCPE) films
glycol (PEG). These additives tend to dissociate ion-pairs of thickness {350um) were prepared by a standard
into free cations and anions, which leads to an overall en- solution-cast technique using AR grade precursor materials.
hancement in conductivity. The magnitude of conductivity Commercial grade polyethylene oxide, PEO (M/S Aldrich,
is governed by the intrinsic nature of the plasticizer and M.W. ~6 x 10°) was used as the polymer host matrix,
plasticizer/salt ratio. The dielectric constant of the plas- NaClOy (M/S Fluka) as the salt for complexation, and SnO
ticizer acts as a controlling factor in modifying the ionic (with purity M/S BDH) as the ceramic filler. The precur-
conductivity of the CPEs. A plasticizer is expected to in- sors were vacuum dried and then used without any further
duce important intrinsic modifications in the heterogeneous purification. The appropriate ratio of polymer host (PEO)
polymer composite system such as: (i) significant changesand salt (NaCl@) was dissolved in dehydrated methanol
in local structure/microstructure; (ii) enhancement in the (CH3OH) and the solutions were then stirred vigorously for
fraction of amorphous phase; (iii) increasing flexibility in 10h to facilitate proper mixing and complexation. Subse-
the polymeric segments; (iv) release of mobile charge car- quently, an optimized ratio (10 wt.%) of the ceramic filler
riers due to ion dissolution effect and (v) changes in the (SnQ) [25] was added followed by continuous stirring for
local electric field distribution in the composite polymeric 10 h. This was followed by the addition of a low molecular
matrix. The overall effect leads to an increase in the number weight polymer, polyethylene glycol (Pkgp) in differ-
of mobile charge carriers1 and results in an enhancement ent ratio by weight (in relation to polymer host) into the
of the net electrical conductivity in accordance with the polymer—saltfiller solutions. The resulting solution mixture
relation: was finally stirred for 10 h. It was then cast in polypropylene
(1) dishes and allowed to evaporate slowly at room temperature

(25°C) followed by vacuum drying. Next, the films were

where: o = electrical conductivity; @ = magnitude of heated at 45C under vacuum to remove residual solvent,
charge;u = mobility of the charge carrier. The mechanism if any. The entire operation was carried out in an inert
of conductivity enhancement and other related proper- atmosphere inside a glove-box. Finally, freestanding and
ties in crystalline—crystalline composite has been studied dynamically stable thin films of plasticized composite poly-
extensively and suitable models have been reported bymer electrolyte were obtained. The plasticizer composition
Maier et al.[37,38] and Bunde et al[39]. Recently, we may be expressed as: (PEe)NaClQy + 10wt.%SnQ
have also proposed a model to explain the changes in+ xwt.%PEG & =0, 5, 10, 20, 30, 40 and 50).
electrical and mechanical properties of CPEs in terms of
polymer—ion—filler interactiong§13,25,26] Several expla-  2.2. Materials characterization
nations relating conductivity changes in CPEs exist in liter-
ature[19-24] The enhancement in electrical conductivity The morphological features and surface properties of
in plasticized electrolytes has normally been explained in different plasticized composite polymer electrolyte (PCPE)
terms of ion association/dissociation effects and increase infilms were studied using an automated scanning electron
the amorphous content of the systéh®,40—42] A com- microscopy (SEM JOEL-JSM Model 5800). The film sur-
plete description of the effect of plasticizer concentration faces were gold coated under an argon (Ar) atmosphere at a
on the structure of conductive polymer films is not available vacuum of~10~2 Torr prior to being scanned in a high res-
in the literature except for one referenpkl] and this is olution, field emission, gun scanning, electron microscope.
restricted to a plasticized polymer—salt complex. The thickness of the gold coating was approximately 200 A.

In this paper, we report results of systematic investiga- The X-ray diffraction (XRD) pattern of the plasticized
tions of the effect of plasticizer concentration on the prop- polymer films was recorded at room temperature using an
erties of a new plasticized composite polymeric system: X-ray dififractometer (Philips, Model 1710) with CucK
(PEO)5—NaClQ; + 10wt.%SnQ + xwt.%PEGqo. The radiation ¢. = 1.5418 A) in the 2 (Bragg angles) range of
role of plasticizer concentration in changing the basic prop- 9° < 20 < 60° at a scan speed of Jer minute. Differ-
erties of CPEs such as electrical conductivity, ion transport ential scanning calorimetry (DSC) studies of the different
behaviour and stability (thermal, mechanical, electrochemi- plasticized polymer films were carried out with a DSC
cal) has been investigated. The observed change in physicaunit (Perkin Elemer-Pyris Diamond). Approximately 3mg
properties has been interpreted in terms of the modification samples of each composition was heated in the temperature

o = ngu
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range—100 to 150°C at a scan rate of 2(per minute un-
der an inert (helium) atmosphere. Thermal properties such
as glass transition temperatuiig), enthalpy changeXH) (e)
and crystalline meltingT(,,) were obtained for each sample.

Complex impedance measurements were performed with
a computer-controlled impedance analyzer (HIOKI LCR
Hi-Tester Model 3532, Japan) in the frequency range of
100 Hz to 1 MHz using a cell of configuration SS|PCPE|SS (d) PEG=30%
(SS stands for stainless steel) and at an a.c. signal level of
20 mV. The complex impedance spectrum was used to eval-
uate the bulk d.c. conductivity and other related electrical )
properties. The ionic transport numbég{) was measured

MWWMWJLMAWMkawwLNu_fNiif;iii_
using a polarization technique and evaluated using the rela-

tionship: (b) PEG=10%

(2)

PEG=50%

Intensity (a.u.)

iT—ie

iT

fion =

whereit = total ionic current ande = residual electronic (a) PEG=0%
current. The electrochemical stability of PCPE was deter- T - T T T —T —T
mined by a simple d.c. voltammetry technique in which the 10 20 30 40 50 60
variation of residual electronic current of the symmetrical  (a) Bragg Angle (26)

cell, SS|PCPE|SS was monitored as a function of applied

voltage. The current—voltage characteristics provide an esti-
mate of the maximum working voltage (i.e., decomposition (e) PEG=50%
potential) of the plasticized solid electrolyte films in terms

of the point of intercept of the suddenly rising current on

the voltage axis.
: (d) PEG=30%
3. Results and discussion ]
\/\/\(flze:zo"/o
The XRD patterns for PCPEs with different plasticizer
concentrations are shown ig. 1(a). The XRD pattern has
typical features, namely a background hump followed by
o ) . (b) PEG=10%
several characteristic diffraction peaks that are attributed to

the host polymer (i.e., polyethylene oxide, PEO). This agrees

well with the results of Takahashi et §3], and indicates
that the solid polymeric films are composed of a combina- /N%
I //
2

3.1. X-ray diffraction

Intensity (a.u.)

tion of crystalline and amorphous phases, as demonstrated — A —
by Liquan and coworker§44] for a polymeric conductor 18.5 19.0 19.5 2 23 24 25
(Fig. 1). Further, the appearance of a small peak-36.5’
may possibly be related to the existence of Sr© a sep-
arate phas@45]. This suggests that the diffraction peaks of Fig. 1. (a) X-ray diffraction (XRD) pattern of PCPE thin films with
PCPE films are of composite nature. The addition of plas- dc;ﬁere”tscgf)jce””a“og‘g;f PEGA(a)XI? %%)v(éng :ttl‘)%' (Cf)xpz FZJEO/?H
t|C|zer.br|ngs. Su.bStantI?'I changes in .the XRD patFernS of lgilr)n;( v;ith d?f’fe(ree)r:(t ;once:;tr(at)ionxr;%:‘ Il‘iEG (a)xpi ((Jaor/zs(k?)x = 10%, )
CPE films with increasing concentration of plasticizer, as ¢y x = 20%, (d)x = 30%, (e)x = 50%.

observed irFig. 1(a) and (b). The main XRD peaks (due to

PEO) that appear at19° and 23 are characterized by a shift

in position and significant broadening on addition of plasti- Comparison of the Scherrer lengths of the PEO peaks indi-
cizer. The peaks are sharp and well resolved for RE&% cates that the crystallite size of PEO has become smaller on
and have maximum broadening for PEC50% (Fig. 1(b)). increasing plasticizer concentration. This suggests a possi-
This suggests that the sample with PEG0% has maxi- ble decrease in crystallinity that results in an enhancement
mum disorder. This observation is also corroborated by the in the amorphous fraction in PCPE films on addition of
value of the Scherrer length of the PEO pedkife J. plasticizer.

(b) Bragg Angle (26)
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Table 1 enhancement in the overall amorphous fraction in the mate-
X-ray diffraction data for plasticized composite polymer electrolyte thin \ig|. This observation appears to be in good agreement with
i __| 0, 0, .

films (PEGs-NaClQ; + 10wt.%SnQ + xwt.%PEGqq) the XRD results Fig. 1(b) andTable J).

Composition (%PEG) Main PEO peak

d-spacing /o L (nm) 3.3. Differential scanning calorimetry
0 4.5996 100 38
10 4.5859 100 46 Differential scanning calorimetry (DSC) curves for
20 4.5859 98 40 PCPE with different plasticizer concentrations are shown
4318 j:gggg igg fo in Fig. 3(a) and (b) over a wide range of temperature i.e.,

50 4.6244 100 23 —95 to 150°C. The curves show two-step changé&sg(
3(a)) that can be attributed to glass transition temperatures
Tg1 at approximately—72°C andTg» in the range of-56
3.2. Scanning electron micrographs to —27°C. The Ty may possibly be related to the glass
transition temperature of the host polymer (PEO) and the
Scanning electron micrographs (SEM) of plasticized com- Ty, to the glass transition temperature of the composite
posite polymer electrolyte (PCPE) films (PESNaCIO polymer electrolyte (CPE) system. The step change in each
+ 10wt.% SnQ + xwt.% PEG) withx =0, 10, 30 and 50  DSC curve is followed by a predominant endothermic peak
are presented ifig. 2(@)—(d). A comparison of the surface (Fig. 3(b)) whose onset begins at approximately°66
morphology shows a marked change in the surface proper-(Table 2. This, in turn, is followed by a small but broad
ties and texture of the composite polymeric thin films on ad- endothermic peak at 12@ in the case of plasticizer-free
dition of plasticizer. Surface roughening, crystalline texture composite polymeric (CPE) system. With the addition of
and agglomeration of internal morphology appear to changeplasticizer, these endothermic peaks shift towards lower
gradually on increase of plasticizer concentration. These ef-temperatures. The two characteristic endotherms are as-
fects ultimately result in the appearance of a smooth texturesigned to the melting of the crystalline fraction of the
of the surface. Such changes may be attributed to the factuncomplexed and complexed PEO, respectively. The effect
that plasticization causes a reduction in the crystallinity of of plasticizer addition on the properties of CPE is clearly
the host polymer (i.e., polyethylene oxide) and subsequentvisible in the DSC datalgble 2. Further, it appears that the

ZBkU 1@ mm x1.088 8883 2z2Bkuy 18 um

x1, @@

L

PCS38 8012 28kU  18nm e@15 28kU 1Bum x1,008

Fig. 2. SEM micrographs of PCPE thin films with different concentratignof PEG (a)x = 0%, (b)x = 10%, (c)x = 30%, (d)x = 50%.
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Fig. 3. (a) Variation of DSC pattern in temperature rang@5 to 0°C
with different concentrationxj of PEG (a)x = 0%, (b) x = 10%, (c)
X = 20%, (d)x = 30%, (e)x =50%. (b) Variation of DSC pattern in
temperature range 0 to 153G with different concentrationx] of PEG

Temperature (°C)

(a) PEG=0%

(b) PEG=5%

(c) PEG=10%

7

%

(d) PEG=40%

[ T

(e) PEG=50%

0 50 100 150

Temperature (°C)

() x = 0%, (b)x = 5%, (c)x = 10%, (d)x = 40%, (e)x = 50%.

PEG is also indicated by the change in crystalline melting
temperatureT,) and enthalpy AHp,) value (Table 3. The
relative percentage of crystallinityy{) is calculated from
DSC data by taking pure PEO as 100% crystalline and
using the equationc = AHm/AH? (AH? = 1623gtis
heat of fusion of PEO|35]. The calculated crystallinity and
melting temperature are summarizedTiable 2 It appears
that there is a significant reduction in PEO crystallinity on
plasticizer addition. This observation is consistent with the
line-broadening effect in the XRD pattern with increasing
concentration of plasticizer.

3.4. Complex impedance spectrum

The impedance spectrum analysis of plasticizer-free
(pure CPE) and plasticized CPE has been carried out with
an aim to observe the role of plasticizer in governing the
electrical properties of solid PCPE films. The complex
impedance spectra of plasticized composite polymer elec-
trolytes with various plasticizer concentrations at room
temperature are presented kig. 4. Each spectrum com-
prises of a semi-circlex(= 0) in the high-frequency region
followed by a trend of another semi-circle or spike in the
low-frequency region. This feature appears to be com-
mon for plasticizer-free and plasticized composite polymer
electrolyte. The magnitude of the impedance appears, how-
ever, to be drastically reduced in plasticized CPE when
compared with plasticizer-free CPE. The high-frequency
semi-circle may be attributed to the bulk properties of
the material, whereas the low-frequency semi-circle to the
grain-boundary effect, which is representative of the pres-
ence of an inhomogeneous crystalline phase in the films
[13].

The intercept of the high-frequency semi-circle with the
real axis gives an estimate of the bulk (d.c.) resistance
(Rp), whereas the intercept of the low-frequency semi-circle
provides an estimate of grain-boundary resistariRg)(
There is a substantial reduction in the grain-boundary resis-
tance of the plasticized sample when compared with that of
plasticizer-free CPE. This provides a convincing evidence
of the role of plasticizer in the reorganization of the physical
structure of PCPE films and reduction of the crystallinity
of the polymer host that favours long-term stability of the
amorphous phase.

3.5. Electrical conductivity

The d.c. electrical conductivity of the plasticized com-
posite polymer electrolyte has been evaluated from com-

glass transition temperatuiig, decreases with increasing plex impedance spectrum data and expressed as a function
plasticizer concentration. Since the glass transition temper-of plasticizer concentration and temperature. The variation
ature is related to the flexibility in the polymeric segments, of the conductivity of (PEQE-NaCIQ; + 10 wt.%SnQ

the result may be related to a possible enhancement in the+ xwt.%PEG as a function of plasticizer concentration is

flexibility of polymeric chains of the PCPE films on ad-

shown inFig. 5a). Substantial enhancement in electrical

dition of plasticizer. The relationship between increase in conductivity of the PCPE films is observed on addition of
the elastomeric properties of the PCPE films on addition of up to 20wt.% of plasticizer. A maximum enhancement in
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Table 2
Differential scanning calorimetry data for palsticized composite polymer electrolyte thin films;6RPE&CIO; + 10wt.%SnQ + Xwt.%PEG
Plasticizer concentration (PEG%) Ty (°C) Tm (°C) AHp 3o Xc (%)
Tg1 Tg2 Onset Peak End
0 —72.5 -27.5 66.457 76.37 79.094 85.116 57.73
5 - - 60.450 70.275 73.411 75.694 53.73
10 —72.9 —415 59.756 68.913 71.354 - -
20 —72.98 —56.0 68.112 78.900 81.954 58.600 47.03
30 —72.76 —44.2 65.424 77.880 81.152 66.339 57.57
40 —72.7 - 60.015 67.715 72.775 60.427 55.91
50 —72.89 —44.9 57.213 63.300 67.357 47.081 46.5

electrical conductivity by two orders of magnitude at room phous phase transition in conductive polymeric films. The
temperature (RT) is found for films containing 20 wt.% PEG. electrical conductivity of the PCPE films changes drastically
This behaviour may be attributed to the combined effect of with substantial enhancement in conductivity (nearly two
several factors such as reduction in crystallinity, increase in order of magnitude), even at room temperature, on addition
the elastomeric amorphous phase of the host PEO, and low-of plasticizer. The temperature-dependent conductivity of
ering of theTy and grain-boundary resistance as observed PCPE films exhibits typical VTF (Vogel-Tamman—Fulcher)

in the present investigations. behaviour, as expressed by the empirical relation:
The variation of electrical conductivity of (PEG)}NaClQy [~ Eq]
+ 10Wt.%SnQ + xwt.% PEG as a function of temperature 0 = 00 €Xp—————— )

for different values ok is presented ifrig. 5(b). The tem- kg1 = Tol

perature dependence of the conductivity of plasticizer-free where: oq is the pre-exponential factoks = Boltzmann
films (i.e., CPE) displays typical Arrhenius behaviour with constantE, is the activation energyy is a reference temper-

a sharp jump in conductivity above the crystalline melt- ature identified as the glass transition temperature of the host
ing temperature (i.e.T > 65°C). The two distinct and  polymer (i.e., 216 K for PEO). It is clear that VTF behaviour
well-separated regions of electrical conductivity below and of electrical conduction extends to the low-temperature
above Ty, is characteristic of a semi-crystalline to amor- region on increase in plasticizer concentration. This may
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Fig. 4. Variation of real and imaginary part of impedance with different concentratjoof PEG (a)x = 0%, (b)x = 10%, (c)x = 30%, (d)x = 50%.
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Fig. 5. (a) Variation of d.c. conductivity (RT) as a function of plasticizer concentration. (b) Variation of d.c. conductivity as function of tiere peith
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different concentrationxj of PEG (a)x = 0%, (b)x = 10%, (c)x = 20%, (d)x = 30%, (e)x = 40%.

be interpreted as preferential interaction of plasticizer with 3.6. lonic transport properties
crystalline PEO, which thereby reduces the concentration of

crystalline phase and leads to an enhancement in the amor- The ionic transport behaviour of the polymeric film has
phous content. The last-mentioned effect has also been conbeen investigated using a polarization technigue. The results
have been used to evaluate the transport number of the ions
by usingEq. (2) The estimated values of the ionic transport

firmed by DSC and impedance spectrum analygables 2
and 3.
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Table 3
Effect of plasticizer concentration on electrical and stability properties of plasticized composite polymeric thin films{R&CQ; + 10 wt.%SnQ
+ Xwt.%PEG
% PEG Electrical properties Stability properties
d.c. conductivity §qc) Activation energy (eV) lonic transport Dimensional \oltage
at RT (Scn?t number f; stabilit stability (V
( ) Below T After T fon) y y (V)
0 7.73x 1077 0.69 0.39 0.99 Fairly godd 37
10 9x 107 0.76 0.26 0.99 Good 2.7
20 3x 10°° 0.52 0.25 - Good 25
30 1.5x 10°° 0.49 0.34 0.99 Good 25
40 1.8x 10°° 0.53 0.46 - Good 25
50 1.8x 10°° 0.63 - 0.99 Good 25

aDimensional stability observed in terms of tensile strength5 MPa and % elongation at breakage (approximately three times) confirms fairly good

mechanical propertieg 8].

numbers are shown ifable 3 These values indicate that
the polymeric films are predominantly ionic in nature with
tion = 099

3.7. Material stability

The stability properties of the plasticizer-free and plas-
ticized composite polymer electrolytes have been investi-
gated in terms of the electrochemical potential window (safe
working voltage limit). The dimensional stability of the
plasticizer-free composite polymer electrolyte (CPE) has

been studied by a static mechanical analysis method, as

reported elsewherfl8]. Freestanding films of plasticized

composite polymer electrolytes (PCPESs) also appear more

or less similar in toughness and flexibility when compared
with those of pure CPET@ble 3. A comparative visual ob-
servation suggests that even after addition of plasticizer the
mechanical stability of the PCPE films remains fairly good
and in an acceptable limit for all practical purposes.

The electrochemical potential window (break-down volt-
age limit) of PCPE films has been estimated by linear sweep
voltammetry. The result has been expressed in terms of vari-
ation of residual electronic current as a function of applied
voltage for different plasticizer concentratioddd. 6). It is
clear that the threshold voltage (above which the material
start breaking down) is higher for plasticizer-free (CPE)
films than for plasticized composite polymer electrolyte
(PCPE) films. Further, for plasticized films of different con-
centration (ranging from 5 to 50%), the sample break-down
voltage is nearly the same. This indicates that the poten-
tial window of the PCPE films, although lower than the
plasticizer-free CPE film, is still of interest and significance
in view of the high electrical conductivity of these films.

3.8. Effect of plasticizer concentration on
structure—property relationship

A composite polymer electrolyte comprising of polymer
host, inorganic salt and ceramic filler can be visualized as

talline, amorphous and an agglomeration of both. Such
systems normally have a spherulitic microstructure in which
grains are separated by dark-spaced amorphous regions
[13,14] The properties of such materials are governed by
both the bulk material (grain interior) and the grain bound-
ary, which ultimately depends on the fraction of crystalline
phase present in the material. The addition of plasticizer to
a composite polymeric (CPE) matrix is expected to bring
substantial modification in the properties such as (i) in-
creased ion solvation by interaction with the host polymer,
(i) increased flexibility in the polymeric chain by low-
ering the Ty, (iii) enhancement in the amorphous phase
of polymer matrix at the cost of its crystallinity, (iv) en-
hancement in the electrical conductivity of the amorphous
phase by acting as a co-solvent for the salt. These changes
are largely dependent on the chemical nature and intrinsic
properties of the plasticizer, such as molecular weight and
permittivity.

1000

—0—(a) =0%
—A—(b) =10%
—*—(c) =30%
600 J L (d) =40%
d
(c) A ()
—~ /
600 J
< 44/ (b)
c
3 /
3 400 4 /
1 iy (a)
200 /[/ ‘
b’
s
T T T T T
0 1 2 3 4
Voltage (V)

Fig. 6. Variation of residual electronic current as function of applied d.c.
voltage with different concentratiox)(of PEG (a)x = 0%, (b)x = 10%,

a multiphase heterogeneous system that consists of crys{c) x = 30%, (d)x = 40%.
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80 - meric segmentgl5]. This explains the enhancement of the
= e0df@) conductivity in accordance witkq. (1)
X 40 The variation of crystallinity (%), Tg andRgp matches
= 50] well with the pattern of conductivity as a function of plasti-
(= ] ’ — + o cizer concentration. It is generally believed that ionic motion
e . in the polymeric electrolyte takes place in the amorphous
. 564(®) . phase, so the increase in the volume fraction of amorphous
I~ phase (i.e. decrease in degree of crystallinity) and the re-
duction in grain-boundary resistivity that arises through sup-
484 i pression of the crystalline fraction is closely linked with the
i enhancement in ionic conductivity on plasticizer addition.
T, Aeqie) The enhancement in conductivity is permitted by increased
2 a5 yisp y
- -40 flexibility in the motion of the polymeric segments as in-
:}‘,3 : \—i.;/" dicated by the decrease ify on plasticizer addition. Fi-
-55 0 nally, the mechanical properties of the polymeric films have
7 B4 d) been more or less retained on plasticizer addititable 3.
€ e ' ¢ This may be attributed to the prevention of any substan-
o .///—\ tial degradation of mechanical properties by partial cross-
o1E-6 linking.
® sead : : : . . . The enhancement of ionic conductivity of CPEs may be

attributed to the action of plasticizer as a diluent/co-solvent.
This possibly brings substantial modification in the mi-
crostructure/structure in terms of the suppression of the
crystallinity, dilution in the rigidity of the polymeric chains
and ion dissociation paving the way for the release of more
mobile charge carriers.

PEG %

Fig. 7. Effect of plasticizer concentration on changes in: (a) grain-boundary
resistanceRyp), (b) % crystallinity ), (c) glass transition temperature
(Tg), (d) d.c. conductivity of plasticized composite polymer electrolyte
system (PE@—NaCIlQy + 10wt.%SnQ + x wt.%PEGo).

The variation of grain-boundary resistanégy) (as eval- 4. Conclusion
uated fromFig. 4), % degree of crystallinity X¢) of the

polymer host (PEO) and glass transition temperatligg (
(evaluated from the DSC data Bfg. 3(a)) as a function of

plasticizer concentration is shown ig. 7 and correlated

A plasticized composite polymer electrolyte (PCPE)
that has a heterogeneous composition (polymer—saltfiller—
plasticizer) is studied. The effect of plasticization on the
to the variation of electrical conductivity with the varying change in the electrical and the stability properties has been
concentration of plasticizer. Thigy, decreases monotoni- investigated. A substantial enhancement in the electrical
cally at low concentrations of PEG and reaches a saturationconductivity (about two orders of magnitude at room tem-
value at high PEG concentratiorBig. 7(a)). The decrease perature) has been found on plasticization. A maximum
in grain-boundary resistance with increasing plasticizer con- electrical conductivity of~3 x 10°>ScnT! at 27°C has
centration is testimony to a decrease in the crystallinity of the been observed for 20wt.% of plasticizer. The electrical

material with increase in PEG content. The variatioXoés

a function of plasticizer concentratidtg. 7(b)) also agrees
with the above observation. It is well established that the
broadening of XRD peaks corresponding to PE®@( 1(b))

conduction behaviour of the PCPE films is of the VTF type
in sharp contrast to the Arrhenius behaviour displayed by
unplasticized CPE films. The electrical transport is purely
ionic in nature. The substantial improvement in the elec-

is associated with enhancement of the disorder/amorphoudrical properties on plasticization has taken place without

phase in the material on plasticizer additid3].
Further, the glass transition temperatufg)(in a poly-

much loss of thermal, electrochemical and mechanical sta-
bility; the values are in the acceptable limits for application

meric system is associated with the motion of polymeric in energy-storage devices. The change in physical proper-
segments in the amorphous phase without any change in itdies of the CPE films on plasticizer addition is related to the
structure. It governs the flexibility of polymeric segments change in the local microstructure/structure of the films and
and chain motion. The addition of plasticizer in the present is governed by the chemical nature/intrinsic properties of
studies has resulted in substantial variatiofigr{Fig. 7(c)), the plasticizer. The effect of plasticizer on the CPE matrix
i.e., an initial linear decrease at low PEG concentration and manifests itself in terms of: (i) observed broadening of PEO
a plateau at high PEG concentrations. Since the valllg of peaks and hence decrease in crystallite size; (ii) decrease
is directly associated with the segmental motion of the poly- in the degree of crystallinity leading to enhancement in the
meric chains in the amorphous phase of the electrolyte, theamorphous fraction; (iii) decrease in the grain-boundary
lower the value ofTy the higher the mobility of the poly-  resistance resulting in more bulk conduction; (iv) a possible



D.K. Pradhan et al./Journal of Power Sources 139 (2005) 384-393

modification in the local electric field distribution causing
release of mobile charge carriers.
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