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Abstract Thick films of pure polyvinyl alcohol and
polyvinyl alcohol doped with silver nitrate with different
compositions have been prepared by solution cast
technique. The FT-IR spectrum confirms the complex-
ation process. The conductivity of the pure polyvinyl
alcohol is of the order of 1077 Sm~' at 90 °C, and its
value increases by two orders of magnitude when doped
with 20 wt% of AgNO;. The activation energy, calcu-
lated from the Arrhenius plot for all compositions of the
poly vinyl alcohol doped with silver nitrate, is between
0.24 and 0.35 eV. The migration energy for the ion in
polymer electrolyte has been calculated from the mod-
ulus spectrum, and is in good agreement with the acti-
vation energy calculated from the Arrhenius plot. The
modulus spectra indicate the non-Debye nature of the
material.

Keywords Polyvinyl alcohol - Modulus analysis -
Transport properties - Polymer electrolytes - Ionic
conductivity

Introduction

Ion conducting polymers have received considerable
attention as an electrolyte materials due to their tech-
nological implications in the development of solid
polymer electrolyte batteries, super capacitors, electro-
chemical sensors and electro-chromic windows [1, 2].
Wright et al [3] and Armand [4] have reported that alkali
metal salt association complexes with polyethylene oxide
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have significant ionic conductivities. Apart from alkali
metal salt-based polymer electrolytes, silver ion con-
ducting polymer electrolytes based on host polymers
such as polyethylene oxide [5-8], polyacrylamide [9] and
polyvinylpyrrolidone [10] have also been reported. These
silver ion conducting polymers have high ionic conduc-
tivities, of the order of 107> S cm~! at ambient tem-
perature, which may lead to new advances in
rechargeable batteries. However, a literature survey re-
veals that there are only a few reports on polyvinyl
alcohol complexed with silver ion, and investigations
into the detailed mechanism of ion transport in these
materials remain scarce. However, Armand has sug-
gested that in crystalline polymer-salt complexes the
cation migrates in a helical tunnel [I11], and in the
amorphous materials the cation moves from one site to
the next by a free volume mechanism [4]. The AC
impedance spectroscopic technique is an excellent tool
for characterizing the electrical properties of the mate-
rials, and it may also be used to investigate the ion
dynamics of bound or mobile charges of the materials
[12, 13]. In the present work, a polymer electrolyte based
on polyvinyl alcohol doped with silver nitrate is reported
on, and ion dynamic studies have been carried out using
AC impedance spectroscopic studies, and the results
from these are presented in this paper.

Experimental

Thick films of polymer electrolyte (400 pm) of pure
polyvinyl alcohol (Merck, M, =1,25,000) and polyvinyl
alcohol doped with silver nitrate (Merck) with different
compositions were prepared in the weight ratios (90:10),
(80:20) and (70:30) by solution cast technique. Aqueous
solutions of polyvinyl alcohol and AgNO; mixtures
were thoroughly stirred for 10-12 h to obtain homoge-
neous mixtures. The mixtures were then poured on to a
glass plate and evaporated slowly at room temperature.
The final product was then vacuum dried. The IR
spectrum was recorded for a polymer film in the range
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of 4004000 cm™' at room temperature using a
SHIMADZU-8000 FT-IR Spectrophotometer. The
electrical conductivity study of the polymer electrolyte
was carried out in the temperature range of 303-373 K
over a frequency range of 42 Hz—5 MHz using a com-
puter-controlled HIOKI 3532 LCR meter with a cell
with aluminum electrodes.

Results and discussion
FT-IR spectroscopy analysis

FT-IR spectroscopy is important to the investigation of
polymer structure, since it provides information about
the complexation and interactions between the various
constituents in the polymer electrolyte. FT-IR spectra of
the starting materials PVA, AgNOj; and of the polymer
complex are shown in Fig. 1. The absorption peaks of
PVA at 3372, 2925, 1430 and 1326 cm ™' are assigned to
O-H stretching, C-H stretching, CH, wagging, and
C-OH plane bending, respectively. The absorption
peaks of PVA at 3372, 2925, and 1430 cm ™! get shifted
to 3415, 2949, and 1454 cm™! in the polymer complex,
respectively. This implies a specific interaction of the salt
in the polymer matrix. The characteristic band appear-
ing at 1080 cm ™' is assigned to the C—-OH stretching of
PVA, which is shifted to a lower wavenumber
(1051 cm™") in the polymer complex system. The
absorption peak of AgNO5 at 800 cm ™' gets shifted to
775 cm™! in the polymer complex. The vibrational
bands pertaining to PVA at 835, and 917 cm ™' are as-
signed to C-OH wagging and CH, rocking, respectively.
They are shifted to 882, and 1018 cm ™' in the polymer
complex. The characteristic peaks of AgNO; at 1800,
and 1430 cm ™! are absent in the polymer complex sys-
tem. The vibrational frequencies at 1153 and 414 cm™!
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Fig. 1 FT-IR spectrum of (a) AgNOs, (b) pure PVA and (c)
80%PVA +20%AgNO;

in the polymer complex have been assigned to C-C
stretching and —CH,-stretching (chain expansion)
vibrations, respectively [14]. The above analysis confirms
the complexation of Ag™" ions in the host polymer.

Conductivity analysis

The ionic conductivity of the polymer electrolyte as a
function of salt concentration at room temperature is
presented in Fig. 2. The ionic conductivity increases
with increasing silver nitrate concentration, up to
20 wt%. The conductivity obtained at a salt concen-
tration of 30 wt% indicates that the ionic conductivity
decreases at higher salt contents. The increase in the
ionic conductivity with increasing salt concentration can
be related to an increase in the number of mobile charge
carriers. The possible decrease in the ionic conductivity
at salt concentrations greater than 20 wt% can be
attributed to either incomplete dissociation of the salt or
to the formation of ion multiples [15].

The conductivity as a function of temperature for
pure polyvinyl alcohol and for different compositions of
polyvinyl alcohol doped with silver nitrate with weight
ratios 90:10, 80:20, 70:30 over the temperature range
303-373 K is shown in Fig. 3. The sample polyvinyl
alcohol doped with 20 wt% silver nitrate exhibits the
highest conductivity, as shown in Fig. 3. This can be
attributed to the mobility of the Ag™ ion in the elec-
trolyte. The activation energy for this system is found to
be 0.35 eV. The variation of conductivity with temper-
ature can be elucidated with the help of the Arrhenius

equation, given below.
o = (00/T)exp (—Ea/KT). (1)

The experimental data indicate that the ionic conduc-
tivity is enhanced with increasing temperature. This
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Fig. 2 Effect of the concentration of silver nitrate on the
conductivity of polyvinyl alcohol at room temperature (303 K)
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Fig. 3 Conductivity as a function of temperature for polyvinyl
alcohol + AgNOj; complexes

increase of conductivity with temperature can be
explained on the basis of the ionic transport mechanism
between coordinating sites, local structural relaxation
and segmental motion of the polymer chain [16, 17].
When the temperature is increased, the mobility of the
polymer chain is enhanced, and the fraction of free
volume in the polymer electrolyte system increases
accordingly, which facilitates the transitional motion of
ions [18]. Thus the segmental motion either allows the
ions to hop from one site to another site, or it provides a
pathway for ions to move. Hence, the ionic motion in
the polymer electrolyte is due to the hopping of ions
from one site to another and the dynamic segmental
motion of the polymer, which leads to an increase in the
ionic conductivity of the polymer -electrolyte. The
transport parameters for the polymer electrolyte systems
are summarized in Table 1.

The frequency dependence of the ac conductivity of
the 20 wt% silver nitrate doped with PVA at different
temperatures is shown in Fig. 4. The ac conductivity
spectrum in Fig. 4 reveals that the conductivity is fre-
quency-independent in the low frequency region, and is
equal to the dc conductivity [19]. In the higher frequency
domain, the conductivity increases as the frequency in-
creases. However, at high frequencies, the conductivity
is observed to be much less temperature-dependent than
the dc conductivity. It is clear from Fig. 4 that the
conductivity spectra obey Joncher’s power law [20]:

Table 1 Transport parameters for the polymer electrolyte
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Fig. 4 Conductance spectra for the PVA + AgNOj; (80:20) system
at different temperatures

Gac(w) = (04c) + A”, (2)

where o is the power law exponent. Both g4, and A are
thermally-activated quantities.

According to the jump relaxation model reported by
Funke [21], the power law exponent « relates the back-
hop rate to the site relaxation time:

. (backhop rate) 3)

(site relaxation time)

If the ratio o is less than one (so the backward hopping is
slower than the site relaxation time), it results in trans-
lational motion of the Ag™ ion. However, if the ratio
exceeds one, the backward hopping is faster than the site
relaxation time. The conductivity spectra of the polymer
electrolyte were fitted with Eq. 2 using a non-linear
least-squares fitting procedure and the parameter o was
extracted and tabulated in Table 1. The a value was
found to be greater than one (1.24 and 1.06) for 10 and
30 wt% silver nitrate-added samples. This may be due to
either the presence of a bad site for the next hop or to
the columbic repulsion between the mobile ions. The
decrease in o« (=0.93) for the 20 wt% silver nitrate-
doped sample may be due to the formation of free sites
for Ag” ion transport, which indicates that the ions
have a good site for their next hop and backward motion
is slower due to less columbic interaction between the
ions [22].

Sample Conductivity () (S m™") Activation p o Relaxation time t (s)
energy (eV)
303 K 363 K En E,
PVA 4.35x1078 4.17x1077 - -
90%PVA +10% AgNO; 2.34x1077 3.20x107¢ 0.29 0.27 0.75 1.24 4.8x107°
80%PVA +20% AgNO; 7.56x1077 3.00x1073 0.37 0.35 0.70 0.93 4.1x107°
70%PVA +30% AgNO; 7.15x1077 1.48x107° 0.30 0.24 0.72 1.06 1.0x1073
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Modulus analysis

Conductivity relaxation parameters have been calcu-
lated from the complex modulus formalism M =1/j (w
Co) Z', where C, is the capacitance of the cell in vacuum.
Plots of normalized modulus (M”/M” ,.x) versus log f
at different temperatures for the composition corre-
sponding to the 80:20 system are given in Fig. 5. The
imaginary part of the electric modulus (M”) as a func-
tion of frequency shows an asymmetric peak whose
position is shifted towards higher frequencies with rising
temperature. This behavior suggests that the relaxation
is activated thermally, and charge carrier hopping is
taking place. The angular frequency w.,,x which corre-
sponds to M” .. gives the relaxation time, ., from the
condition wy,x Tc=1 [23]. The migration energy E,, is
estimated [24, 25] using the following equation:

Wm = W GXp(—Em/kT), (4)

where E,, is the ionic migration energy.

The temperature dependence of the peak frequency
®max 18 shown in Fig. 6. The migration energy for the
ion in polymer electrolyte was calculated using the
least-squares method and found to be 0.37 eV, which
is in good agreement with the dc conductivity activa-
tion energy F,. This result suggests that the charge
carriers responsible for both conductivity and relaxa-
tion are the same, and that the enthalpy of carrier
formation is negligible in this system. The non-sym-
metric curve is in agreement with the non-exponential
behavior of the conductivity relaxation, which is de-
scribed by the Kohlrausch function [26] ¢ ()= ¢ exp
(—t/7)P. (0<p<1), where © and f are the conductivity
relaxation time and the Kohlrausch exponent, respec-
tively. The fp parameter corresponding to all of the
composition was calculated using the formula f=1.14/
FWHH. The f values indicate the non-Debye nature

log f (Hz)

Fig. 5 Normalized modulus spectra of the electrolyte at various
temperatures
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Fig. 6 Temperature dependence of log ¢7 and log f,

of the materials. The low value of f for the 80:20
system indicates lower columbic repulsion between the
charge carriers than in the other systems, which gives
the high conductivity of the sample. This is in good
agreement with the results from the conductance
spectra analysis of the sample.

Dielectric analysis

The dielectric properties of any system may be charac-
terized by frequency-dependent parameters that can be
defined by the complex permittivity €. The complex
permittivity or dielectric constant of a system is defined
by

e=¢ —jé'. (5)
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Fig. 7 Dielectric spectra for the polymer electrolyte (80:20) at
various temperatures



The real and imaginary part of complex permittivity
are of particular significance for an ion conducting
polymer. Figure 7 shows the frequency dependence of
the real part of the complex permittivity at different
temperatures of the polymer electrolyte system (80:20).
This shows that the low frequency dispersions are very
strong and can be associated with space charge polari-
zation effects arising from the electrodes. In the high
frequency region, due to high periodic reversal of the
field at the interface, the contribution of charge carriers
towards the dielectric constant decreases with increasing
frequency. Hence, & decreases with increasing fre-
quency.

Conclusion

Thick polymer electrolyte films of pure polyvinyl alcohol
and PVA doped with silver nitrate with different com-
positions were prepared by a solution cast technique.
The FT-IR spectrum confirms the complexation of the
polymer electrolyte. It has been observed that the system
comprising polyvinyl alcohol doped with 20 wt% silver
nitrate has the highest conductivity. The activation en-
ergy of the dc conductivity is very close to that of the
migration energy, suggesting that the enthalpy of carrier
formation is negligible in the present system. From the
modulus and conductance spectra it may be concluded
that the charge carrier responsible for both conductivity
and relaxation are the same. Modulus analysis shows the
non-Debye nature and distribution of relaxation times.
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