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ABSTRACT: The conducting and relaxation dynamics of
Ag" ions in poly(ethylene oxide) (PEO)-silver triflate
(AgCF3S0;) solid polymer electrolytes (SPEs) containing
nanosize SiO; filler and poly(ethylene glycol) (PEG) as a plasti-
cizer were studied in the frequency range 10 Hz to 10 MHz
and in the temperature range 303-328 K. The comparatively
lower conductivity of the plasticized (PEG) PEO-AgCF3SO5-
SiO, nanocomposite electrolyte system was examined by anal-
ysis of the Fourier transform infrared (FTIR) spectroscopy and
conductivity data. The electric modulus (M") properties of the
SPE systems were investigated. A shift of the M" peak spectra
with frequency was found to depend on the translation ion
dynamics and the conductivity relaxation of the mobile ions.

The value of the conductivity relaxation time was observed to
be lower for the PEO-AgCF;SO; system only with nanofiller
SiO,. The scaling behavior of the M” spectra showed that the
dynamical relaxation processes was temperature-independent
in the PEO-AgCF3505; and PEO-AgCF;505-5i0,-PEG poly-
mer systems, whereas they were temperature-dependent for
the PEO-AgCF;S05-SiO, system. However, the relaxation
processes of all of theses systems were found to be dependent
on their respective compositions. © 2012 Wiley Periodicals, Inc. J
Appl Polym Sci 125: 1513-1520, 2012

Key words: amorphous; composites; modulus; nanopar-
ticle; relaxation

INTRODUCTION

The development of solid polymer electrolytes
(SPEs) has drawn much interest from researchers.'™
High-molecular-weight poly(ethylene oxide) (PEO)-
based composite polymer electrolytes have emerged
as the best candidates for use as polymer matrices
because of their solvation power, complexation abil-
ity, and ion-transport mechanisms directly connected
with the alkaline cell. SPEs have many advantages,
namely, a high ionic conductivity, high specific
energy, wide electrochemical stability windows, light
weight, and easy processability.* However, the low
ionic conductivity of SPEs at ambient temperature
limits their application.” Thus, considerable efforts
have been devoted to improving the ionic conductiv-
ity of SPE. A common approach is the addition of
nanosized fillers to the host polymer matrix; this has
recently become an attractive approach because of
the improved mechanical stability and enhanced
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ionic conductivity.*'" The fillers affect the PEO
dipole orientation by their ability to align dipole
moments, whereas the thermal history determines
the flexibility of the polymer chains for ion migra-
tion. The approach generally improves the transport
properties, resistance to crystallization, and stability
of the electrode—electrolyte interface.'”> Another alter-
native approach is the addition of low-molecular-
weight plasticizers to the nanocomposite polymer
electrolyte system. Plasticization is the conventional
way to reduce the crystallinity and increase the amor-
phous phase content of polymer electrolytes. Usually,
both crystalline and amorphous phases are present in
polymer electrolytes, but conductivity mainly occurs
in the amorphous phase. The coupling between the
polymer electrolytes is fascinating, and although it is
not completely understood, it still holds the key to
the development of new energy sources."?

From the physical point of view, the electrical
modulus corresponds to the relaxation of the electric
field in a material when the electric displacement
remains constant.'* It has been reported that the
frequency-dependent conductivity and relaxation
dynamics are both sensitive to the motion of charge
species and dipoles of the polymer electrolytes.'® For
the close inspection of the relaxation dynamics, the
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electric modulus (M”) formalism can be studied.'®
This modulus representation has been motivated by
M" displaying a peak and thereby associating a
timescale [relaxation time (t)] with the extent of con-
ductivity. On the other hand, the modulus represen-
tation is still a matter of debate,!” although the rela-
tions among the different quantities are well defined.
The usefulness of modulus representation is to sup-
press the signal intensity associated with electrode
polarization or to emphasize small features at high
frequencies.'” Thus, M" spectra provide an opportu-
nity to investigate the conductivity and its associated
relaxation in ionic conductors and polymers.'®

It is quite interesting to study the relaxation
dynamics because of the combined effect of a ceramic
filler and a plasticizer on PEO-AgCF;50; salt-based
polymer electrolytes. To our knowledge, only very
few reports are available in the literature that discuss
the combined effect of a plasticizer and a ceramic
filler. Therefore, in this work, we studied the effect of
a nanofiller and plasticizer on the relaxation dynam-
ics of Ag" ions in a PEO-AgCF;S0; polymer electro-
lyte system in the light of modulus studies. Also, the
interaction of the electrolyte systems {polymer—salt
(PS; PEO-AgCF;S03), polymer—salt-nanofiller (PSN;
PEO-AgCF;505-5i0,), and polymer-salt-nanofiller—
plasticizer [PSNP; PEO-AgCF;SO;-SiO,—poly(ethyl-
ene glycol) (PEG)]} was analyzed by FTIR
spectroscopy.

EXPERIMENTAL

In the first step, we prepared polymer films by mix-
ing proper weight percentages of PEO and various
proportions of silver triflate AgCF;S0; (weight per-
centages; PS system), using acetonitrile as a solvent.
In the second step, various proportions of nanopo-
rous filler SiO, were added to the aforementioned
system, that is, PEO-AgCF;50;-5i0, (weight per-
centage; PSN system), and in the final step, the plas-
ticizer PEG was added in different quantities to the
nanocomposite system that is, PEO-AgCF;50;-5i0,-
PEG (weight percentage; PSNP system). The solu-
tions thus obtained were stirred constantly for 48 h
at room temperature. We carefully prevented any
contamination with the external ambient environment
by performing all of the preparation steps in a con-
trolled environment. The homogenized and viscous
solution was cast in polytetrafluoroethylene Petri
dishes. Solvent evaporation was carried out in a
closed apparatus for 24-30 h at room temperature.
Homogeneous membranes having thicknesses rang-
ing from 20 to 50 um with good mechanical strengths
were obtained.

For the impedance measurement, the circular
polymer electrolyte film was sandwiched between
two silver electrodes 1 cm in diameter under spring
pressure. Impedance measurements were carried out
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Figure 1 Plot of log o versus different concentrations of
AgCF3;50; (wt %) in the PS system. ¢ = conductivity.

with a Solartron 1260 impedance gain phase analyzer
(Berkshire, UK) in the frequency range 10 Hz to 10
MHz. The cell temperature was controlled in the tem-
perature range 303-328 K. Vibrational spectroscopy
(IR) was carried out with a Jasco 4100 series FTIR
spectrophotometer at wave numbers ranging from
500 to 4000 cm ™.

RESULTS AND DISCUSSION
Conductivity

Conductivity is an important factor to be considered
in the production of better polymer electrolytes.
Figure 1 shows the variation in the ionic conductiv-
ity with the addition of AgCF;50; salt. The composi-
tion of the highest conducting sample was observed
to be PEO-7 wt % AgCF350;, and its conductivity at
room temperature was 7.2329 x 10~7 S/cm. Further
addition of salt (11 wt % AgCF;S0;) resulted in a
sharp decrease in the conductivity values due to
mechanical instability. From the conductivity stud-
ies, we observed that the conductivity value of the
sample increased with increasing AgCF3;SO; concen-
tration until it reached optimum value, and then, the
conductivity decreased. These variations could be
explained in terms of the number of free charge car-
riers or mobile ions. Therefore, region I, where the
conductivity showed the increasing trend, was due
to the dissociation of AgCF;50; salt producing more
ions in the samples and resulting in an increase in
the conductivity.”” The decrease in the conductivity
at concentrations greater than 7 wt % AgCF;50;
(region II) may have been due to the higher rate of
ion reassociation compared to the rate of ion dissoci-
ation,1 or when ion dissociation dominated, too
many ions were produced; this might have caused
blocking of the conducting pathways.

Figure 2 shows the effect of SiO, nanofiller on the
conductivity in the conducting PS sample. It was
observed that the conductivity did not vary linearly
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Figure 2 Plot of log o versus different concentrations of
the nanofiller SiO, (wt %) in the PSN system. ¢ =
conductivity.

with the amount of the filler. Generally, ion move-
ment is obstructed by the crystalline region present
in composite polymer electrolytes by a blocking of
the ion paths. The amorphous region, on the other
hand, favored the conduction of Ag™ ion because of
its greater free volume. The addition of SiO, nano-
particles as a filler increased the ionic conductivity
of the PSN composite polymer electrolytes through
inhibition of the recrystallization of the PEO chains
and by providing Ag" conducting pathways at the
filler surface. According to the Lewis acid-base
model,® the interaction among different species in a
composite polymer electrolyte and nanofiller eases
the conducting pathways to promote conduction.
The incorporation of a nanofiller causes local PEO
chain reorganization and leads to a high degree of
disorder; this enhances the ionic conductivity.

The effect of the plasticizers on the polymer
mobility and conductivity depends on the specific
nature of the plasticizer, including its viscosity,
dielectric constant, polymer—plasticizer interaction,
and ion-plasticizer coordination. The effect of the
plasticizers on the conformation and mobility of the
host polymer depends on the plasticizer structure
and the molecular weight, which influence the
degree of mixing and the polymer—polymer or poly-
mer-plasticizer interaction. Figure 3 shows the effect
of PEG on the conductivity of the PSN sample. The
plasticizer did not supply ions to the electrolyte sys-
tem but helped to dissociate more salt into ions and
had a low viscosity that could increase the ionic
mobility. It was observed that the conductivity
increased with up to 20 wt % PEG. This may have
been due to the existence of separate ionic pathways
for the migration of free Ag™ ions through the plasti-
cizer. The Ag" ions may have preferred to conduct
through these new paths because the medium was
less viscous, which enhanced the mobility of the
ions. On the other hand, the plasticizer structure
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Figure 3 Plot of log o versus different concentrations of
the plasticizer PEG (wt %) in the PSNP system. ¢ =
conductivity.

could influence the polymer plasticizer interactions by
increasing interchain and intrachain separation and,
hence, the free volume of the system. The decrease in
the polymer-polymer interaction and the increase
in the polymer—plasticizer interaction, in turn, influ-
enced the glass-transition temperature (Tg) behavior.”!
However, a dilution effect predominated with further
addition of the plasticizer to the system, and conse-
quently, the conductivity dropped. This may have
been due to the formation of linkages between the
plasticizer itself, which caused it to recrystallize.

The impedance plots of the PS, PSN, and PSNP
system at 303 K are shown in Figure 4. It is shown
in the complex impedance plots that the semicircle
of the PSN system shifted toward the origin,
whereas that of the PSNP system shifted away from
the origin, compared to the PS system. The second
arc, which was observed only in the PSNP system,
was due to the interfacial phenomenon on the

-7.50x10°
-6.8
5 -7.2
~.-5.00x10°- %‘
E B e
e - i
IS PS PSN PSNP
N .2.50x10°- Electrolyte systems
PSN i “\‘“
‘.‘M M
0.00 «—PS PSNP
0.00 2.50x10° 5.00x10° 7.50x10°
Z' (ohm)

Figure 4 Plots of the impedance and log o for different
electrolyte systems: PS, PSN, and PSNP. ¢ = conductivity;
Z' and Z" = real and imaginary parts of complex imped-
ance, respectively. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5 Scanning electron micrographs of the (a) PS
and (b) PSNP electrolyte systems.

boundary of the polymer-silver electrode because of
the presence of PEG. The bulk resistance of the PSN
system compared to the PS system decreased,
whereas for the PSNP system, the bulk resistance
increased. This change in the bulk resistance is
shown by the variation in the conductivity of these
systems in the inset of Figure 4.

The decrease in the conductivity due to the addi-
tion of PEG in the PSNP system could be ascribed to
the dielectric constant of the plasticizer, which
played an important role in the modification of the
conductivity of the polymer electrolytes.”” It was
reported® that the difference in the dielectric con-
stant between PEO and PEG raised the possibility of
chemical interaction; thus, the chemical bonds and
linkages in the polymer complex were expected to
be affected by the addition of the PEG plasticizer.
PEO has strong solvating properties because of the
high donating character of its numerous ether oxy-
gens. The low dielectric constant arises from the
high ratio of alkyl segments and a strong crystalliza-
tion correlated with the high organization and rigid-
ity of segmental units in PEO.** This crystallization
is avoided by the addition of silver salt and nanofil-
ler to inhibit regular packing and, thereby, modify
the polymer structure to facilitate the conduction
process. However, the addition of PEG must have
promoted the organization of segmental units
because of its similar nature to PEO. Consequently,
the conductivity was observed to decrease with the
addition of plasticizer (PEG) instead of increase.

Figure 5 shows the scanning electron micrographs
of PSN and PSNP samples. It can be seen that the
surface morphology of the PSN was a bit smooth and
homogeneous. However, when the plasticizer PEG
was added, the surface became uneven and rough.

FTIR spectroscopy

The FTIR spectra of the PEO, PS, PSN, and PSNP
complexes are shown in Figure 6.

Pure PEO

For pure PEO, we observed the C—H stretching
mode at 2876 ¢cm~!, CH, scissoring mode at 1466
cm™!, CH, wagging mode at 1360 and 1341 cm ™',
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CH, twisting mode at 1279 and 1241 cm ™!, and CH,
rocking at 960 and 841 cm '. The semicrystalline
phase of PEO was confirmed by the presence of the
triplet peak of C—O—C stretching.”?** C—O—C
stretching was found at 1145, 1095, and 1059 cm !
vibrations, with the maximum intensity of the peak
at 1095 cm ™.

Suthanthiraraj et al.,”” in their FTIR spectra of pure
AgCF;S0s3, reported that the peak at 634 cm ™' was
due to & (SO;), and those at 1028 and 1112 cm™!
were due to v, (503).2%%° In this PS electrolyte sys-
tem, the complexation of AgCF;SO; with PEO was
confirmed by the appearance of peaks at 638 and
1032 em ™! belonging to & (503) and vy, (5O3) vibra-
tions, respectively. Also, the shifting of peaks, which
were observed in pure PEO, from 1457 to 1454, 2330
to 2335, 2360 to 2375, and 2877 to 2882 cm ™! was in-
dicative of the complexation of the polymer PEO
and AgCF5;50;

PEO-AgCF;505-5i0, (PSN)

New peaks around 1646 and 1716 cm ' were
observed in the complexed (PS) PEO-AgCF;50; sys-
tem after the addition of the SiO, nanofiller. The
complexation between PEO-AgCF;S0; and SiO, in
the polymer matrix was proven by the change in in-
tensity, the appearance of a new peak, changes in
the existing peaks, and the broadening of the IR
bands with the addition of SiO, in the polymer elec-
trolytes; these also confirmed the increased amor-
phous nature of the sample.
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Figure 6 FTIR spectra of the pure PEO, PS, PSN, and
PSNP electrolyte systems.
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Figure 7 Differential scanning calorimetry curves of the
PS, PSN, and PSNP systems. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

PEO-AgCF;50,-Si0,-PEG (PSNP)

From the IR spectra (Fig. 6), it was quite evident that
the intensities of the peaks at 1028, 1054, 1093, and
1146 cm™ ! decreased and broadened. The addition of
nanofiller increased the amorphous phase of the sys-
tem and, thereby, decreased the intensity of the IR
spectrum. However, with the addition of plasticizer
(PEG) in the nanocomposite system, the peaks that
were shouldered due to the incorporation of nanofil-
ler reappeared; this indicated the degeneration of the
amorphous phase in the system. This may have been
due to the short branching or side-chain group of
PEG, which produced a regular helical coil, which
favored crystallization. The crystallization of polymer
molecules into a crystalline lattice, that is, an organ-
ized structure, reduced the mobility and resulted in
an increase in the rigidity and stiffness modulus.

Differential scanning calorimetry

The T, and melting temperature (T,,) values of the
PS, PSN, and PSNP systems were —59, —53.8, and
—56.8°C and 68.9, 73.0, and 72.9°C, respectively. As
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depicted in Figure 7, the T, value of the PSN system
shifted toward the higher temperature side; this may
have been due to the increase in the free volume
with the incorporation of nanofiller, which resulted
in an increase in the ionic mobility. With the addi-
tion of the plasticizer PEG, the glass transition
shifted back to the lower temperature side; this may
have been due to the linkage of PEO-PEG chains,
which confirmed the segmental mobility of the
chains or increased the crystalline content in the sys-
tem. Similarly, T,, of the PSN system increased
slightly compared to the PS system, but with the
addition of PEG (in the PSNP system), no noticeable
shift was observed.

Modulus

The dispersion behavior of the conductivity in the
frequency domain is more conveniently interpreted
in terms of the conductivity t© with the electrical
modulus formalism. This is now widely used to ana-
lyze ionic conductivity by the association of the con-
ductivity t© with the ionic process.

Figure 8(a—c) shows the imaginary part of the
modulus of PEO-AgCF;S0;, PEO-AgCF;505-5i0,
(PSN), and PEO-AgCF;50;-5i0,-PEG (PSNP) at dif-
ferent temperatures. The peak frequency range
revealed the feature that all three systems were ionic
conductors. This observed peak in all of the samples
shifted toward the higher frequency side with
increasing temperature. The frequency (fmax) of the
modulus peak was assumed to represent a charac-
teristic frequency of the conductivity relaxation.
From Figure 8(a), it was clear that the M" peak
height nearly remained the same at all temperatures
for the PS system. The constancy of the height of
the modulus plots suggested the invariance of the
dielectric constant and the distribution of t© with
temperature.’® In Figure 8(b), the peak height varies
with temperature with the nanofiller, whereas in
Figure 8(c), peaks with equal height were also
observed when PEG was added.
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Figure 8 Imaginary

part of the modulus versus the log frequency at different temperatures of (a) PS (7 wt %), (b) PSN

(15 wt %), and (c) PSNP (20 wt %). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9 Normalized plot of M"/M" yax versus 10g(f/fmax) for the (a) PS (5 wt %) system at different temperatures and
(b) PS system at different salt compositions. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

To observe the scaling behavior, we plotted the
imaginary part of the dielectric modulus (M"/
M"ax) as a function of the frequency log(f/fmax)
(where f is frequency) for PEO-AgCF;SO; (PS) at
different temperatures. From Figure 9(a), it is clear
that the data points for the modulus plots coalesced
very well for all temperatures, and the superimposi-
tion of plots indicated that the dynamical processes
of ion transport were the same throughout the range
of temperatures studied. The scaled spectra of M"/
M ax at different compositions for the PS system at
303 K are shown in Figure 9(b). The plot of M" for
all of the compositions exhibited different relaxation
mechanisms. The nonmerging of the normalized
plots indicated that the dynamical process of ion
transport was not the same through the composition;
in other words, the relaxation mechanism was com-
position-dependent.

A plot of M"/M".x as a function of 10g(f/fmax)
for PSN at different temperatures is shown in
Figure 10(a). It was observed that with the incorpo-

303K
308K
313K
318K
323K
328K

vAdq4dpoan

log(fffmax)(Hz)

ration of the SiO, nanofillers, the data points in the
modulus plots did not coalesce for temperature or
different compositions of SiO,, as shown in Figure
10(b). This indicated the different dynamical proc-
esses of ion transport.

However, in PSNP samples with the incorporation
of plasticizer (PEG) in the PSN system, the data
points for the modulus plots coalesced for all tem-
peratures but did not coalesce for different composi-
tions, as shown in Figure 11(a,b), respectively.

Figures 12 and 13 show the plots of the real and
imaginary parts, respectively of the modulus versus
log f for all three systems, namely, PS, PSN, and
PSNP. The peak M". shifted toward the higher
frequency side in PSN and PSNP with the addition
of filler and plasticizer. The peak was assumed to be
related to the translational ion dynamics and the
conductivity relaxation of mobile ions. The shape of
the spectrum was identical for all systems and
showed a single relaxation peak. The observed long
tail at low frequency was due to the large

—u— Swit%
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o ]
—&— 15Wt% o
v 20wWt%
< 25wt% ]

0.0 T T T
-3 -2 -1 0 1
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Figure 10 Normalized plot of M"/M" . Versus 10g(f/fmax) for the (a) PSN (15 wt %) system at different temperatures
and (b) PSN system at different compositions. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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for the (a) PSNP (20 wt %) system at different temperatures

and (b) different PEG compositions in the PSNP system. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

capacitance associated with the electrolytes. The
broad and asymmetrical shape of M" is generally
described by the stretched exponential function of
the electric field as follows:

d(t) = exp(~/7)"]

where ¢ is the stretched exponential function of the
electric field, t is time, 0 < B < 1 and B is the Kohl-
rausch exponent, respectively. The values of log
for all three systems (PS, PSN, and PSNP) are given
in Figure 14. It is shown in the figure that the con-
ductivity t decreased with the incorporation of the
nanofiller. This indicated that the dispersion of
nanosized filler strongly influenced the polymer
backbone and immobilized it by repeatedly forming
conducting pathways. These conducting pathways
promoted the localized amorphous region. The

1.2 “.J
e
AA
-0.8- -=-PS A
) + PSN 7
p— A PSNP "4
-0.44 A
0.0
1 2 3 4 5
log f(Hz)
Figure 12 Real part of the modulus versus the log fre-

quency for PS, PSN, and PSNP at room temperature.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

increase in the amorphous region with the incorpo-
ration of filler was also evident from FTIR spectros-
copy. This led to an increase in the ionic conductiv-
ity, as shown in Figure 4. However, with the
addition of plasticizer (PEG) into the nanocomposite
systems, T was observed to increase. This was attrib-
uted to the suppression of the effect of the nanofiller
with the addition of plasticizer. The addition of the
plasticizer may not have been able to further reduce
the recrystallization process, but it must have pro-
moted it. Hence, a decrease in the ionic mobility
with reduced ion transport was expected in the
polymer electrolyte films.

CONCLUSIONS

The conductivity of pure PEO was enhanced by the
addition of up to 7 wt % AgCF;SO;; more salt

‘“‘
o F Y
0.4+ -=-PS [ S
+ PSN £ L4
—a- PSNP % A

log f(Hz)

Figure 13 Imaginary part of the modulus versus the log
frequency for PS, PSN, and PSNP at room temperature.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 14 Variation of t for the PS, PSN, and PSNP elec-
trolyte systems.

resulted in diminished conductivity. A further
enhancement in the conductivity was observed with
the addition of the nanofiller SiO, to this PS system.
However, the addition of the plasticizer PEG into
this PSN composite electrolyte system resulted in a
drop in the conductivity. The increase in the amor-
phous phase in the PEO electrolyte system having
nanofillers resulted in the enhancement of the con-
ductivity, whereas the reverse was observed with
the decrease in the amorphous phase when the plas-
ticizer PEG was added to this system. The addition
of the plasticizer enhanced the recrystallization pro-
cess in the nanocomposite system, which led to an
increase in t and, hence, a decrease in the mobility
of the silver ions.
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