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Abstract

Ž .Polymer electrolyte films prepared from poly ethylene oxide and lithium hexafluoroarsenate with varying composition of dibutylph-
thalate, the plasticizing agent, are studied by X-ray diffraction and AC impedance. A film containing 0.09 mol of dibutylphthalate is an
optimum electrolyte composition by virtue of its free-standing ability with reasonably high conductivity. A film with this composition
exhibits an enhanced amorphous character and a reduced energy barrier to segmental motion which favours lithium-ion conduction
through the film. The temperature dependence of the complex film, with and without plasticizer, appears to obey the Arrhenius Law. The
activation energy is 0.578 kJrmol, which is considerably lower than the value of 10 kJrmol that is obtained for a film without a
plasticizer. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Polymer electrolytes are of considerable interest for
application in many electrochemical devices such as cellu-

w xlar telephones, smart credit cards, etc. 1–4 . These devices
require small, thin batteries which can be readily fabricated
from polymer-electrolyte-based cells. Ionically conducting
polymer electrolytes were first suggested by Fenton et al.
w x5 in 1973. These authors showed that complexes formed

Ž . Ž .with poly ethylene oxide PEO and alkali metal salts
exhibit high ionic conductivity at elevated temperature.
Subsequently, these complexes were proposed by Armand

w xet al. 6 as electrolytes for solid-state battery applications.
Extensive reviews discussing the formation, structure,

morphology and transport theory of PEO complexes have
w x w xbeen published 7,8 . Berthier et al. 9 , established that the

ionic conductivity in polymer electrolytes is related to the
amorphous phase of the samples. One of the most success-
ful approaches to increasing the amorphous nature, and

) Corresponding author.

hence, the ionic conductivity, is to incorporate a suitable
w xplasticizer into the polymer electrolyte film 10,11 . The

low viscosity and high dielectric constant of these plasti-
cizers effectively lower the potential barrier to ion trans-
port and tend to dissociate ion pairs into anions and

w xcations, resulting in higher conductivity 12 . A polymer
electrolyte consisting of PEO, an alkali metal salt and

Ž . Ž .poly ethylene glycol dimethylether PEGDME as plasti-
cizer exhibited an ionic conductivity of about 10y4 S cm

w xat 408C 13 . Conductivity data on PEO electrolyte with
PC as plasticizer were also reported by Munshi and Owens
w x w x14 . Ballard et al. 15 recently reported a conductivity of
8=10y4 S cmy1 for a polymer electrolyte containing
amorphous PEO and 50% PC. The conductivity of the

Ž .polymer electrolyte PEO –LiAsF has been consider-20 6

ably increased by incorporating esters such as Diethyl
w xphthalate and dioctyl sebacate as plasticizers 16 . Taras-

con et al. investigated a plastic rechargeable lithium-ion
Ž .battery employing, dibutylphthalate DBP as a plasticizer

w xin the copolymer electrolyte consisting of PVDF-HFP 17 .
This paper reports the effect of the concentration of DBP
as a plasticizer on the morphology and conductivity of a
Ž .PEO –LiAsF complex film by employing X-ray diffrac-8 6

Ž .tion XRD and AC impedance techniques, respectively.
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2. Experimental

Ž .PEO Aldrich, USA with an average molecular weight
of 4=106 was dried overnight at 508C under vacuum,

Ž .LiAsF Aldrich, USA was used without further purifica-6
Ž .tion. Acetonitrile Merck, Germany was purified and
˚ Žstored over dry 4 A molecular sieves Union Carbide,

. Ž .USA . DBP Merck was used without further purification.
The appropriate weights of the PEO and LiAsF in the6

Fig. 1. XRD patterns for pure PEO, and polymer electrolyte blended with
Ž . Ž . Ž .different plasticizer contents: a pure PEO; b PEO –LiAsF :0.08 mol8 6

Ž . Ž . Ž . Ž .DBP; c PEO –LiAsF :0.09 mol DBP; d PEO –LiAsF :0.1 mol8 6 8 6
Ž . Ž .DBP; e PEO –LiAsF :0.12 mol DBP.8 6

Ž .Fig. 2. AC impedance curve for PEO –LiAsF electrolyte.8 6

w xratio 8:1 18 were dissolved in acetonitrile with various
mole percentages of DBP. The solution was then stirred
continuously until the mixture took on a homogeneous
viscous liquid appearance. The mixture was then immedi-
ately cast on to a Teflon sheet container in a dry box and
the acetonitrile allowed to evaporate completely. This pro-
cedure provided mechanically stable, free-standing and
flexible films of thickness from 50 to 200 mm.

X-ray diffraction measurements were carried out on
film samples at room temperature using CuK a radiation
Ž .Jeol JDX 8030, X-ray diffractometer, Japan for 2u val-
ues between 3 and 658. Conductivity measurements were
made for the polymer electrolytes by an AC two-terminal
method using an EG&G Princeton Applied Research
Ž .PAR Model 6310 Electrochemical Impedance Analyzer
over a frequency range between 10 Hz and 100 KHz. The
polymer electrolyte film was sandwiched between stain-
less-steel, ion-blocking electrodes, each of surface area
0.95 cm2, in a spring-loaded Teflon holder. A thermocou-
ple was kept in close proximity to the electrolyte film for
temperature measurement. The cell assembly was inserted
into a wide-mouthed, glass reaction vessel. Film casting
and cell assembly were performed in a vacuum-controlled,
dry box. The ionic conductivity measurements were car-
ried out for films containing different weight percentages
of plasticizers and also for a film without plasticizer.

3. Results and discussion

3.1. XRD measurements

Ž .The XRD patterns for pure PEO and PEO –LiAsF8 6

films containing different contents of DBP are shown in
Fig. 1. The well defined crystalline peaks observed for
PEO show the presence of a significant proportion of a
crystalline phase compared to an amorphous one. The

Ž .Fig. 3. Structure of dibutylphthalate DBP .
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Ž . Ž .Fig. 4. Impedance plots for PEO –LiAsF :0.09 mol DBP I and8 6
Ž . Ž .PEO –LiAsF :0.1 mol DBP ` .8 6

Ž .patterns obtained for the electrolyte films PEO –LiAsF8 6

containing DBP also exhibit crystalline peaks, but the
intensity of the peaks decreases and a broad spectrum
appears as the plasticizer concentration is increased. This
implies that the amorphous nature of the film increases
with increase in concentration of DBP in the film. It is also

Ž .observed that the PEO –LiAsF complex with 0.09 mol8 6

of DBP is devoid of crystalline peaks and exhibits only a
broad spectrum which shows that its composition consists

w xpredominantly of an amorphous phase 19,20 .

3.2. ConductiÕity measurements

Ž .The AC response for the electrolyte film PEO –LiAsF8 6

is depicted in Fig. 2. The high frequency semicircle yields
information about the properties of the electrolyte such as
bulk resistance, R , and bulk capacitance, C , which ariseb b

from the migration of lithium ions and the dielectric
polarization of the polymer film, respectively. In the low
frequency response region, the appearance of the non-
vertical spike is attributed to the additional capacitance and
resistance contribution arising out of dielectric relaxation

Ž .and ion trapping in the PEO –LiAsF complex network8 6
w x19,20 . The structure of DBP, which has been chosen as a
plasticizing agent to the polymer electrolyte, is shown in
Fig. 3. It is a low molecular weight aprotic polar additive
with a high dielectric constant. The two oxygen sites in the

Ž .Fig. 5. Room temperature ionic conductivity of PEO –LiAsF with8 6

different contents of DBP.

Ž .Fig. 6. Impedance diagram for PEO –LiAsF at 408C.8 6

ester linkages can provide co-ordination sites for Liq ion
w xconduction through the film 16 . The impedance diagrams

Ž .for PEO –LiAsF complex electrolyte films containing8 6

various compositions of DBP were obtained at room tem-
perature; typical impedance plots for 0.09 and 0.1 mol of
DBP are shown in Fig. 4. Fig. 5 shows that there is a slow
rise in the conductivity value with plasticizer concentration
followed by a steep rise in the values up to 0.09 mol of
DBP with a maximum of 7.1=10y6 S cmy1 at 0.1 mol of
DBP and then a rapid decline. Even though the electrolyte
with 0.1 mol of DBP shows a high conductivity value, the
oily appearance and non-free-standing nature of the film
makes it unsuitable for any application. From this, it can
be concluded that the electrolyte film with 0.09 mol of
DBP is optimum from the point of view of its free-stand-
ing nature and reasonably high conductivity value of 6.4=

10y6 S cmy1.
The XRD and AC impedance studies can be combined

to explain the variation of conductivity with DBP concen-
tration. The studies reveal that the amorphous nature of the
film increases with increase in concentration of DBP up to
0.09 mol and, thereafter, the crystalline nature of the film
increases. The increase in the amorphous nature causes a
reduction in the energy barrier to the segmental motion of
the polymer electrolyte. The hopping of lithium-ions from
one polymer segment to another is further facilitated by
the presence of a liquid-like environment provided by the
DBP. The appearance of higher conductivity from 0.09 to
0.1 mol DBP may be due to a contribution arising out of
the fluidity caused by the DBP. Thereafter, the crystalline
nature of the film predominates and causes a sharp fall in
conductivity.

Ž . Ž .Fig. 7. Impedance diagrams for PEO –LiAsF at 558C I and at 658C8 6
Ž .` .
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Ž .Fig. 8. Impedance diagram for PEO –LiAsF :0.09 mol DBP at 408C8 6
Ž . Ž . Ž .^ , 558C ` and 658C I .

3.3. Temperature dependence of conductiÕity

Ž . Ž .Impedance diagrams for PEO –LiAsF and PEO –8 6 8
Ž .LiAsF – DBP were obtained at different temperatures,6 0.09

such as 40, 55 and 658C, see Figs. 6–8. The temperature
Ž .dependence of the conductivity s of these systems obeys

Ž .the Arrhenius Law. Curves of log s vs. 1rT Fig. 910

shows the temperature dependence of conductivity of
Ž . Ž .PEO –LiAsF without plasticizer and of PEO –LiAsF8 6 8 6

Ž .with 0.09 mol of DBP. The activation energy E for botha

systems is calculated from the slope of the corresponding
Ž .curves. The E for PEO –LiAsF is 10 kJrmol, whereasa 8 6

the value for the film with 0.09 mole of DBP is reduced
considerably to 0.578 kJrmol.

Ž . Ž . Ž .Fig. 9. Arrhenius plot for PEO –LiAsF ` and PEO –LiAsF :0.098 6 8 6
Ž .mol DBP v .

4. Summary

The polymer electrolyte containing 0.09 mol of DBP
plasticizer produces a free-standing film with optimum
conductivity. The increase in the conductivity with DBP
addition of the polymer electrolyte is explained in terms of
enhancement of the amorphous phase with concomitant
reduction in the energy barrier to the segmental motion.
This conforms with the observed low value of the activa-
tion energy calculated from the Arrhenius plot.
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