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ABSTRACT: Various compositions of TiO, dispersed
PVA-PMMA-LiBF,-EC based electrolytes were prepared
using solution casting technique. The prepared electrolytes
were characterized using AC impedance, XRD, SEM, FTIR,
etc. The ionic conductivity value is increased with the
increase in filler content (up to 8 wt %) and then decreased
with the increase in filler content. The results are described

using Vogel-Tamman-Fulcher theory. The thermal and
transport properties of the electrolyte exhibiting maximum
conductivity have also been studied. © 2006 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 103: 3950-3956, 2007
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INTRODUCTION

A lot of research into solid polymer electrolytes for
use in lithium (Li)-ion batteries has been carried out.
Ion conducting composites are a versatile class of
solid electrolytes."™ For polymer electrolytes to be of
practical use, Li-ion mobility must be high enough
to enable useful rate capabilities in Li batteries. In
the search for new polymer electrolyte systems, the
addition of inert oxide filler in continuation of salts
and plasticizers with the polymer matrix has been
hotly pursued in the past few years.”® Ceramics are
crystalline inorganic materials that are generally sta-
ble up to high temperature and remain chemically
unreactive. The idea is that these fillers may act as
solid plasticizers, capable of enhancing the compos-
ite polymer electrolyte’s transport properties without
affecting its mechanical and interfacial stability.” The
dispersion of ceramic fillers in polymer electrolytes
to improve their mechanical strength was first sug-
gested by Weston and Steele'®: also since then, a
number of ceramic additives have been reported in
literature.' '

The addition of ceramic fillers increases the con-
ductivity, which has been found to depend upon the
concentration and particle size of the inert phase ma-
trix, and the resulting electrolytes are known as com-
posite solid electrolytes. The increase in conductivity
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is generally explained"®'* to be either due to the
formation of a new kinetic path via a thin interface
layer along the interface itself, or due to a concentra-
tion enhancement due to space charges in the subin-
terface region. Thus, a combination of desirable char-
acteristics makes these materials highly promising
candidates for use in rechargeable lithium batteries.

PVA is a polymer that can be blended with
ceramics into thin and uniform slurries. This pro-
vides a new route for the dispersion of selected
ceramic powders in the polymer mass of desired
compositions to obtain ceramic composites showing
consistent improvements in both interfacial and
transport properties. With a view to obtaining high
ionic conductivity, an attempt has made to prepare
composite electrolyte by dispersing TiO, in PVA-
PMMA-LiBF4-EC system. The choice of PVA and
PMMA polymeric blend materials has already been
reported by Singh and Singh (who used ultrasonic
and viscometric techniques),'"* as they have good
compatible nature in solution, and also been
reported in our previous works.'>'® They were char-
acterized for their crystalline structure, surface mor-
phology, conductivity, thermal stability, etc., and the
results are discussed in detail.

EXPERIMENTAL

The various compositions of TiO,, (size of <5 pm,
from Aldrich, USA) such as 4, 8, 12, and 16 wt %,
were dispersed in PVA(15%)-PMMA (10%)-LiBE, (8%)-
EC(67%) system. The electrolyte films were prepared
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Figure 1 X-ray diffractions patterns of PVA(15)-

PMMA (10)-LiBF4(8)-EC(67)-TiO5(X) systems where X = (a)
4, (b) 8, (c) 12, and (d) 16 wt %.

using solvent casting technique,'®"” since it reduces

the energy for melting. After dispersing the TiO,
into the slurries, the mixture was stirred for 2 h. The
resulting slurries were cast on Teflon sheets and
glass plates. The samples were kept under vacuum
at 75°C for 5-7 h to get rid of traces of solvent.

Conductivity measurements were carried out by
sandwiching the electrolytes between two stainless
steel (SS) electrodes in a home made conductivity
jig, and AC impedance measurements were per-
formed using Keithley LCZ meter (model 3330) in
the temperature range of 302-373 K (with a signal
amplitude of 10 mV and the frequency range was
40 Hz-100 kHz). The lithium ion transference num-
ber measurements were carried out for the Li/SPE/
Li cells by applying a DC voltage of 10 mV across
the sample and the current was monitored with
respect to time using ECO CHEMIE PGSTAT 30.

The X-ray diffraction analysis was carried out
using JEOL JDX 8030 X-ray diffractometer. FTIR
studies were performed for the prepared electrolytes

in the range of 4000400 cm ™' using a PerkinElmer
577 IR spectrophotometer. Thermal history of the
samples was studied using thermogravimetric/dif-
ferential thermal analysis (TG/DTA) apparatus
(model STA 1500, PL Thermal Sciences, UK) at a
heat rate of 10°C/min up to 700°C. To investigate
the cyclability and reversibility of the electrolytes,
cyclic voltammetric (CV) studies were performed
using EG and G Impedance Analyzer model 6310.
Surface morphology of the electrolytes was eval-
uated by scanning electron microscopic (SEM) stud-
ies using S3000H scanning electron microscope.

RESULTS AND DISCUSSIONS
X-ray diffraction analysis

To examine the crystalline structure of electrolyte
films due to the influence of addition of TiO, in the
PVA(15)-PMMA(10)-LiBF4(8)-EC(67) system, X-ray
diffraction studies were performed. Figure 1(a—d)
show the X-ray diffraction patterns of 4, 8, 12, and
16 wt % of TiO, based complexes (films M2, M3,
M4, and M5) respectively.

The only peaks observed (26 = 25.3° and 48.0°) are
due to TiO,. No peaks pertaining to pure PVA and
LiBF, are present in the complexes, revealing the
complex formation in the polymer—salt matrices. In
addition to that, the plasticizer EC also provides
more amorphous phase and current carriers in the
polymer—salt matrix.'® The degree of crystallinity has
been estimated as 1.13, 0.95, 1.23, and 1.35% for the
films M2, M3, M4, and M5 respectively. The maxi-
mum conductivity value of the electrolyte M3 is in
accordance with the lowest degree of crystallinity
(0.95%) among the others. Even though the degree
of crystallinity (0.77%) of ceramic-free complex is
lower than that of film M3, it exhibits minimum con-
ductivity when compared with the ceramic filler
based complexes. This may be due to the free com-
plex in the amorphous phases and ionic paths cre-
ated in the polymer matrices. Thus, the complexa-
tion in the polymer matrices has been confirmed
from the above-mentioned analysis.

FTIR

The typical FTIR spectrum of 8 wt % of TiO, based
PVA(15)-PMMA(10)-LiBF4(8)-EC(67) system is shown
in Figure 2. The main feature of alcohols and phe-
nols is the appearance of OH (hydroxyl) vibrational
band at 3575 cm ™' in the range 3600-3400 cm ™. This
band of PVA gets displaced toward the lower wave-
number and appeared as broad hydroxyl band in
the complex. The absorption bands at 1726, 1410,
1260, and 851 cm ' are assigned to C=O stretching
of unhydrolyzed acetate portions, weak OH bending
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Figure 2 FTIR spectra of 8 wt % of TiO, based PVA(15)-
PMMA(10)-LiBF4(8)-EC(67) based complex.

deformation, C—O bend deformation, and CH rock-
ing mode of PVA. These bands are shifted to 1729,
1391, 1247, and 844 cm ™! in the complex. The C—C
stretching frequency of secondary alcohols of PVA at
1100 cm ™' is displaced to 1075 cm ™" in the film M3.
An asymmetric CH, stretching and CH bend of CH,
attributed to PVA at 2925 and 1465 cm ™' are found
to be absent in the complex.

The vibrational peak at 2954 cm ' is assigned to
CHj; asymmetric stretching of PMMA, which is shifted
to 2947 cm ! in the complex. The C=O stretching of
PMMA at 1736 cm ' disappeared in the complexes.
The characteristic vibrational peaks at 3010, 1452, 1389,
1280, 1173, and 750 cm™! are assigned to O—CH,
asymmetric stretching, CH; asymmetric bend, O—CHj
deformation, C—O stretching, CH, twisting, and rock-
ing modes of PMMA. These vibrational peaks are
shifted to 2996, 1435, 1391, 1278, 1191, and 749 cm™ ' in
the complex. The CHj scissoring (1483 cm ™), wagging
mode (947 ecm ™), and C—O—C stretching (874 cm )
of PMMA are found to be absent in the complex.

The characteristic vibrational peak of LiBF, at 510 cm ™"
is assigned to BF, , which is shifted to 520 cm ! in
the complex. This provides information about the
specific interactions in the polymer—salt matrices.
The vibrational frequency appearing at 1810 cm'is
assigned to vc_o region of skeletal breathing of
EC," which is shifted to 1804 cm ™' in the complex.
One of the important bands in vc_o region is due to
Fermi resonance of skeletal breathing around 1788
cm™!, which is shifted to 1775 cm ' in the complex
containing TiO,. This downward shift of vc_o region
1775 ecm ™! indicates the interaction of EC with LiBF,
salt on complexation. The absorption peak at
770 cm ', attributed to CH, group of EC, is shifted
to 775 cm ™' in the complex. The absorption peaks at
3891, 3810, 3788, 3698, and 3660 cm ' of PVA, 3446,
1508, 1056, and 990 cm™' of PMMA, 3563.1305,
and 1056 cm ™! of LiBF,, and 3566, 2775, 2659, and
2550 cm ! of EC are absent in the complexes. From
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the above-mentioned analysis, complex formation in
the polymer matrices has been corroborated.

Conductivity studies

The complex impedance plot of 8 wt % of TiO,
based PVA(15)-PMMA(10)-LiBF4(8)-EC(67) system is
shown in Figure 3, in the temperature range of 302-
373 K. Theoretically, for the symmetric cell contain-
ing SS electrodes, the impedance spectrum appears
as two semicircles; one is at higher frequencies corre-
sponding to the bulk electrolyte impedance and the
other at lower frequencies related to the interfacial
impedance. In the present case, the elimination of
high frequency semicircular portion suggests that
the current carriers are the ions and also the total
conductivity is mainly due to the result of ion con-
duction. This phenomenon is also found in many
plasticized systems in the literature.”

The ionic conductivity values of the electrolytes
have been determined and listed in Table I , in the
temperature range of 302-373 K. The maximum con-
ductivity value 2.3 x 107 S cm™! is obtained for
8 wt % of TiO, based complex (film M3). PVA and
PMMA blend without plasticizer exhibits a conduc-
tivity value of about 2.80 x 107> S cm 2! After
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Figure 3 (a) Complex impedance plot of 8 wt % of TiO,
based PVA(15)-PMMA(10)-LiBF4(8)-EC(67) system in the
temperature range of 302-373 K. (b) Enlarged portion of
the complex impedance plot of the above complex in the
higher frequency range.
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TABLE I
Ionic Conductivity Values of 0, 4, 8, 12, and 16 wt % of TiO,-Based PVA(15)-PMMA (10)-LiBF,(8)-EC(67)
System at 302 K
G Values of PVA(15)-PMMA(10)-LiBF,(8)-EC(67)-TiO,(X) system (102Sem™)

X 302 K 308 K 318 K 328 K 338 K 348 K 358 K 373 K

0 wt % (M1) 1.289 2.323 3.285 4.502 5.893 7.547 8.789 9.038
4 wt % (M2) 1.767 2.352 3.515 4.625 6.050 7.670 9.366 11.106
8 wt % (M3) 2.30 3.357 4.666 6.160 8.915 13.05 19.230 28.805
12 wt % (M4) 1.982 2.392 4.095 5.058 6.514 9.424 11.001 13.695
16 wt % (Mb5) 1.787 2.368 3.591 4.997 6.387 8.417 10.493 12.001

incorporating the plasticizer with a proper concen-
tration of LiBF, (i.e., 8 wt %), the conductivity is
improved by two orders of magnitude (1.28 x 10~°
S cm h).1e Although, TiO, itself facilitates higher
ionic conduction and mechanical strength for the
electrolyte, the plasticizer EC provides more flexibil-
ity with greater conducting pathways for mobile spe-
cies because of its high dielectric constant such as
89.6 at 40°C. Also this present work has been
discussed in the view point of improved perform-
ance in the parent blend electrolyte, viz. PVA(15)-
PMMA (10)-LiBF4(8)-EC(67) system. Actually, the
hydroxyl group in PVA also assists in hydrogen
bonding in the polymer network and it has been evi-
denced from the FTIR studies.

The incorporation of ceramic fillers enhances free
volume, which leads to higher salt dissociation, and
also the defects introduced while dispersing the
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Figure 4 Temperature dependent plots of (a) 0, 4, and 8
wt % and (b) 8, 12, and 16 wt % of TiO, based PVA(15)-
PMMA(10)-LiBF4(8)-EC(67) system.

composite particles. A new transport mechanism
develops because of an interaction of the polymer
and ceramic phases. This transport mechanism pro-
vides a path for the conduction of lithium ions.**>*
Therefore an appreciable enhancement in the con-
ductivity has been obtained for the heterogeneous
electrolyte. The improvement in conductivity can
also be attributed to the ceramic particles, acting as a
nucleation centers for the formation of minute crys-
tallites and the ceramic particles aiding in the forma-
tion of amorphous phases in the polymer electrolyte.
The maximum conductivity is obtained for 8 wt %
TiO, based complex (film M3). With further raise in
TiO, content, the conductivity value falls down. Sim-
ilar observations were already made by Qian et al.*
for PEO-based composite polymer electrolytes. This
behavior is a direct consequence of high concentra-
tions of TiO,, which leads to well-defined crystallite
regions, and the TiO, particles tend to impede ionic
movement by acting as mere insulators.

Figure 4 shows the temperature dependence of
ionic conductivity plots for 0, 4, 8, 12, and 16 wt %
of TiO, based PVA(15)-PMMA(10)-LiBF4(8)-EC(67)
system. For all the complexes, conductivity increases
with the increase in temperature and this can be
rationalized by recognizing the free volume model."
The curvature of the plots indicates that ionic con-
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Figure 5 Polarization current versus time plot for 8 wt %
of TiO, based complex at 302 K.
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Figure 6 TG/DTA curve of PVA(15)-PMMA(10)-LiBF4(8)-
EC(67)-8 wt % TiO, system.

duction probably obeys Vogel-Tamman-Fulcher
(VTEF) relation, which describes that the ion transport
in polymer electrolytes is dependent on polymer seg-
mental motion. Thus, the result may be effectively
represented by the empirical VTF equation.**2®

o =AT 2 exp(—E./k(T — Ty))

where A is the fitting constant proportional to the
number of charge carriers, E, is the activation energy
of ion transport associated with the configurational
entropy of the polymer chains, k is the Boltzmann
constant, and T is the temperature and T is the ref-
erence temperature approximately equal to the glass
transition temperature. Non linearity of the plots
(slightly exempted for the film M3) suggests that the
ion transport in the polymer electrolytes takes place
by the polymer segmental motion. Only film M3
seems to obey the VTF relation and probably fits the
linear line. The activation energy and fitting constant
A are estimated as 0.37 eV and 4.88 x 10’ respec-
tively. For the complex without TiO,, the curvature
of the plot is more and it is reduced by adding the
TiO, into it. This reaches to a reasonably linear line
for the complex containing 8 wt % of TiO,, after
which the curvature is again increased with further
addition of TiO,. Adding TiO, in the parent system
provides the conducting pathway for the mobile spe-
cies and enhances the ion hopping between the coor-
dinating sites and accompanied by local structural
relaxation and segmental motion of the polymer. It
is observed that for film M3, the sufficient disorder
or number of vacancies for the ions to hopping/
jumping from one site to other is more among the
other complexes studied, which is supported by the
results of SEM studies. Further addition of TiO,
minimized the dipoles in the polymer matrix and
maximized the coordination effect between the ce-
ramic particles and merely impedes the mobility of
ions. Thus the results may be described by the VTF
relation, which describes the transport properties in
a viscous matrix. The curvature of the plots suggests

Journal of Applied Polymer Science DOI 10.1002/app
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that the ion transport in the polymer electrolytes is
associated with the polymer segmental motion. Also
it indicates that the conductivity of polymer electro-
lyte is thermally activated.

Transference number measurements

The lithium ion transference number of the electro-
lyte sample that exhibits maximum conductivity was
determined for the symmetric cell with lithium metal
(Fig. 5) at 302 K. It was estimated as 0.51; it is due to
the reaction between lithium metal and hydroxyl
group in PVA and also due to the aprotic solvent EC
serving as a plasticizer. This value is quite obvious
to use in the lithium battery application in accord-
ance with Heitner.”

TG/DTA analysis

TG/DTA curve of 8 wt % of TiO, based PVA(15)-
PMMA(10)-LiBE4(8)-EC(67) system is shown in Figure
6. The host polymer (PVA) is known to decompose in
two stages and it is thermally stable up to 265°C.*°
The initial transition takes place before 100°C, which
may be due to the moisture. The actual decomposition
of the film takes place abovel65°C with weight loss of
about 9%; then, there is a gradual weight loss of 30%
up to 395°C. After that, there is a rapid weight loss
of 53% up to 420°C. The complete decomposition
occurred between 450 and 535°C with the correspond-
ing weight losses of about 55-68%. No effort has been
made to confirm the decomposition products, as it is
well known that the decomposition leads to evolution
of alkanes, alkenes, ketones, etc., and also acetalde-
hyde and acetic acid in case of pure PVA 3! Therefore,
it is confirmed that most of the residue in the sample
could also be from unhydrolyzed acetate portion of
PVA. In the DTA curve, there are two large exother-
mic peaks at 425 and 507°C concurrent with the
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Figure 7 Cyclic voltammogram of PVA(15)-PMMA(10)-
LiBF4(8)-EC(67)-8 wt % TiO, system with the SS electrode;
scan rate 5 mV/s.
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Figure 8 SEM images of PVA(15)-PMMA(10)-LiBF4(8)-EC(67)-TiO,(X) systems, where X = (a) 0, (b) 4, (c) 8, (d) 12, and
(e) 16 wt % with the magnification of (x1000).
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weight losses. Hence from the thermogram, it is con-
cluded that the thermal stability of the electrolyte film
(M3) is affected by the addition of TiO, when com-
pared with the parent blend electrolyte'® and also it is
thermally stable up to 165°C.

Cyclic voltammetry

Figure 7 represents the cyclic voltammogram of 8 wt
% of TiO, based PVA(15)-PMMA (10)-LiBF4(8)-EC(67)
complex. The cyclic voltammetry has been per-
formed for the SS/polymer electrolyte/SS cell couple
with a scan rate of 5 mV/s. CV studies employing
SS electrodes have already been carried out by
Kumar and Munichandraiah®* for the polymer elec-
trolytes based on PVAF and PMMA. The following
points are observed from the cyclic voltammogram.

The electrochemical window has been obtained
from —1000 mV to +1000 mV for PVA-PMMA-LiBF,-
EC-TiOx(8 wt %) polymer composite electrolyte. The
cathodic and anodic peaks are not observed, which
suggests negligible interaction of Lithium in the poly-
mer electrolyte with the SS electrodes. This voltammo-
gram strongly indicates that the polymer electrolyte
has excellent reversibility and cyclability.

SEM studies

Figure 8(a—e) shows the scanning electron micrographs
of 0, 4, 8, 12, and 16 wt % of TiO, based PVA(15)-
PMMA(10)-LiBF4(8)-EC(67) system. The addition of ce-
ramic filler provides sponge-like spherulites that favor
the fast ion transport. The 8 wt % of TiO, based complex
[Fig. 8(c)] shows that the ceramic particles present in the
sample are more dispersed when compared with
others. Further addition of TiO, causes the well-defined
crystallite regions and the ceramic particles tend to
impede ionic movement by acting as mere insulator,
and hence the decrease in conductivity.

CONCLUSIONS

1. PVA  (15)-PMMA(10)-LiBF4(8)-EC(67) hybrid
solid polymer electrolytes with 4, 8, 12, and 16
wt % of TiO, have been prepared using the sol-
vent casting technique. Complexation has been
vividly confirmed by FTIR analysis.

2. The maximum conductivity value (2.3 x 107> S
cm ! at 302 K) has been obtained for 8 wt % of
TiO, based complex. The conductivity values of
the electrolytes first increase and then decrease
with increase in TiO,. The oxide filler provides
additional pathways for transport inside the
matrix and acts as a “/solid plasticizer”.

Journal of Applied Polymer Science DOI 10.1002/app
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3. From the TG/DTA analysis, it is observed that the
8 wt % of TiO, based PVA(15)-PMMA(10)-LiBF4(8)-
EC(67) system is thermally stable up to 165°C.

4. The electrolyte having maximum conductivity
possesses reasonable transference number and
appreciable cyclability and reversibility.

Hence this electrolyte can be used as a potential
candidate in lithium battery fabrication.

One of the authors, M. Sivakumar, acknowledges the
postdoctor fellowship (NSC 93-2811-E-002-050) from the
National Science Council of Republic of China under con-
tract NSC 93-2214-E-002-015.
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