CHAPTER D

ELECTRICAL PROPERTIES

The present chapter describes the electrical properties of
prepared gel polymer electrolyte in terms of impedance, DC
conductivity, AC conductivity, dielectric and electric modulus at
different compositions and temperatures. The ion conduction

mechanism is explained as well.

5.1 Introduction

As discussed in Chapter 1, the gel polymer electrolyte (GPE) consists of a polymer
matrix in which low molecular weight solvent or plasticizers and a lithium salt are mixed
[1]. The lithium salt provides free ionic species that take part in the conduction process.
The GPEs have shown enhanced ionic conductivity, better electrochemical stability window
(ESW), and good compatibility with electrodes. A polymer matrix in which the addition of
plasticizers results in a swollen polymer matrix is termed as gel polymer electrolyte [2].
GPE possesses properties of both liquid and solid i.e. diffusive properties and cohesive
properties. The plasticizer supports the diffusion of ions and the polymer matrix provides
mechanical strength [3]. Many gel polymer electrolytes have been reported based on
poly(acrylonitrile) (PAN), poly(methyl methacrylate) (PMMA), and poly(vinylidene
fluoride) (PVDF), poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) [4]. The
choice of polymer electrolyte plays a crucial role and mainly depends on two factors: (i) the
existence of polar function group with electron donor group which can form coordination
with cations (ii) low interruption to the rotation of bond [5]. The PVDF-HFP got attention

from many researchers owing to the high dielectric constant (¢ = 8.4) and the existence of
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C—F group (electron-withdrawing functional groups) aid for the greater dissociation of salts
subsequently increase the number of free charge carriers and induces net dipole moment [6].
Due to this high ionic conductivity close to liquid electrolyte can be achieved. The blending
of semi-crystalline PVDF-HFP polymer with amorphous PMMA polymer has been
considered in the present work to introduce the amorphous phase for transportation of free
charge carriers and to provide mechanical integrity to GPE. It is also reported that the
PMMA based PE enhances the interfacial stability when used in device. Moreover, the ester
functional group in the PMMA containing carbon oxygen atom (C=0) as an electron donor
make it for suitable for fabrication of gel polymer electrolyte system. Hence, the presence
of the carbonyl group (C=0) makes the active coordination of it with cation due to which
easier dissociation of alkali salt takes place ultimately aid for conductivity enhancement [7].
Ramesh et al. reported enhancement in ionic conductivity when Poly(vinyl chloride) (PVC)

copolymerized with polymethyl methacrylate PMMA [8].

The proper choice of polymers and salt can provide better electrical properties because
the interaction between the host polymer and salt plays a crucial role to achieve desirable
ionic conductivity, chemical stability, and mechanical strength [9]. It is believed that the salt
with low lattice energy and a polymer having high dielectric constant results in the
dissociation of doping salt could provide high ionic conductivity as well as better stability.
The polymer electrolyte with different lithium salt like LiPF¢ [10], LiCF3SO3 [11], LiTFSI
[12], LiClO4[13] as a charge carriers have been reported by different research group [14].
Among all, LiClO4 is a good choice as a dopant salt comprised of large size anions and small
size cations [15]. The appreciable properties of LiClO4 are low interfacial resistance with
the lithium metal anode. In addition to these, this salt easily can make complexation due to
high dissociation energy as it shows good solvability in most of the solvents [15]. Due to
the interaction between the polar group of polymers and lithium ions, the lithium ion can be
easily dissolved in the polymer matrix [16]. In this chapter, we aim to provide the electrical
properties of the PVDF-HFP:PMMA - PC:DEC - x wt.% LiClO4 where x =2, 4,5, 7.5,

10 (Series (a)) has been carried out using electrochemical impedance spectroscopy (EIS).

Next, we aim to enhance the ionic conductivity and electrochemical properties of the
GPE system. It can be enhanced by increasing the ion mobility by making the host polymer
more flexible and free charge carriers. One of the approaches is to the addition of a proper

amount of plasticizers into the host polymer which leads to enhancement of electrical
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properties by enhancing the flexibility of the polymer chain. The plasticizers such as
ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), dimethylformamide (DMF), etc. have been used to improve overall
properties [17]. Das et al. [18] reported the effect of different plasticizers on the conductivity
and relaxation in blend polymer electrolytes. This low molecular weight plasticizer
facilitates dissociation of the salt and upholds the liquid state within the polymer matrix
[19]. Apart from this, it increases the amorphous nature of the polymer and softens the
polymer backbone resulting in high segmental motion of polymer chains which assists the
easy movement of ions through the polymer matrix. By keeping all in mind in the present
study, a mixture of PC: DEC has been taken. PC has high dielectric constant (¢ ~ 64.4,
viscosity n = 2.53 mPa S) aid for higher dissociation whereas DEC (g ~ 2.82, viscosity n =
0.748 mPa S) has lower viscosity assist for the easier movement of charge carriers through
matrix [20]. Hence, the effect of plasticizers variation in PVDF-HFP:PMMA - LiCIlOa - x
wt.% PC:DEC where x = 20, 30, 40, 50, 60 (Series (b)) on electrical properties is
investigated.

A large amount of plasticizers present in the gel polymer electrolyte creates attractive
force with the polymer chain and reduces the cohesive force among the polymer chain, as a
result, the ion moves easily through the polymer matrix and leads to enhancement in ionic
conductivity. But, the mechanical strength becomes poor which is not suitable with the
electrodes. Apart from losing mechanical strength, It is also reported that the addition of
plasticizers into host polymer promotes the formation of the passive layer at the surface of
metal lithium electrode and electrolyte surface while using as an electrolyte in battery
applications [21]. The researchers have adopted a few methods to improve ionic
conductivity such as blending, adding nanoparticles, and crosslinking, etc [22]. It is reported
in the literature to improve the properties of GPE such as ionic conductivity, high
mechanical and thermal stability, the addition of nanoparticles into the polymer matrix is an
effective approach [23]. Nanofiller in the matrix, due to the high surface area of
nanoparticles enhances surface area to volume ratio which aids in the better conduction
pathway for the ion transport [24]. One of the pragmatic and simplest approaches is to the
dispersion of nanofillers (inert insulating ceramic filler) such as SiO», TiO2, ZrO», BaTiO3
into the polymer matrix. Yamamoto et al [25] reported the enhancement in ionic
conductivity and decrease in interfacial resistance between the lithium anode and polymer

electrolyte by the addition of BaTiOs. Nano-composite gel polymer blend electrolytes have
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been of great interest to researchers due to their potential application in electrochemical
devices such as batteries, supercapacitors, fuel cells, etc [24]. In the present chapter, the
electrical properties of the PVDF-HFP:PMMA - LiClO4- PC:DEC - x wt% Al203 where
x=0.5,1, 2, 3, 4 (Series(c)) have been discussed. The effect of Al.O3 nanofiller in GPE on
the electrical properties such as impedance, DC conductivity, AC conductivity, dielectric,
modulus, ion transport behavior of PVDF-HFP:PMMA based gel polymer electrolyte has
been reported.

In the present study, the electrochemical impedance spectroscopy (EIS) which is a
versatile and powerful technique is adopted to carry out electrical properties and their
interfaces with electrodes over a wide range of frequency and temperatures. It is used to
carry out bulk properties, interfacial properties, and the ion conduction mechanism of all
samples in the system. In the present chapter, the electrical properties, and ion conduction
mechanism has been elaborated in terms of impedance (Z*), temperature-dependent DC
ionic conductivity (ouc), AC conductivity (o), dielectric permittivity (¢7) and electric
modulus (M"). AC conductivity (frequency-dependent conductivity) has been a powerful
tool to understand ion conduction mechanisms where the motion of the ions and dipoles are
very sensitive to change in the frequency of the applied field. The frequency-dependent
complex permittivity and loss tangent are influenced by the ion dynamics and the dipoles
present in the polymer backbone [26]. The hopping mechanism and segmental relaxation of
polymer chain result due to ion dynamics [18]. The dielectric relaxation behavior of dipoles
in the polymer electrolyte and electrode polarization effect at low frequency can be
understood by using frequency-dependent complex permittivity. The electric modulus (M")
highlights the high-frequency region explains the phenomena of conductivity relaxation. To
investigate bulk effect and conductivity relaxation in the polymer electrolyte with varying
particular constituent of composition and at different temperatures, modulus formalism is
used. The scaling has also been carried out to attain better understanding on ion dynamics.
It is time-temperature superposition principle/ thermorheological simplicity is used to
observe whether the conduction mechanism involving ion dynamics is temperature-
dependent or not. The scaling of conductivity spectra at different temperatures results in a
single master curve (time-temperature superposition) if the conduction mechanism is

temperature independent. For scaling, Ghosh, and Summerfield scaling is approached [27].
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5.2 Complex Impedance Analysis

+ Kramers-Kronig relationship

Electrochemical impedance spectroscopy is an important technique used to measure the
electrochemical impedance of the system with the application of the AC field. The
parameter electrochemical impedance plays an important role while using materials in the
application. Hence, the validity of data obtained from electrochemical impedance
measurements of polymer electrolyte should be evaluated before any interpretation of the
experimentally measured data [28]. The EIS measurement is generally represented as a
Nyquist plot which can be analyzed by using an equivalent circuit [29]. Kramers-Kronig
(KK) relationship is a tool that is applied to check the validation of impedance data [30].
Before equivalent circuit fitting, the validity of the EIS data must be carried out using
Kramers - Kronig relations. The Kramers - Kronig relationship relates the real and
imaginary part of the frequency obtained from EIS data and is used to check internal
consistency between the real and imaginary part of complex variables. The residual between
calculated and measured impedance is used to determine consistency with the K-K
relationship. In the present study, the residual values obtained from the Kramers-Kronig
relationship for GPE containing 4 wt.% and 7.5 wt.% LiClOg are plotted in Figure 5.1. It is
evident from the figure; the real and imaginary parts do not show deviation from the zero-

error axis. It is a clear indication of data comply with linear K-K behavior.
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Figure 5.1 Residuals plots obtained from Kramers- Kronig relationship for GPE containing (a) 4
wt.% LiClO4(b) 7.5 wt.% LiClO4 - Series (a).
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From series b, the attained residuals data from the K-K test are plotted as a function of
frequency for GPE holding 40 wt.% and 60 wt.% PC: DEC in Figure 5.2. Less deviation
between real and imaginary data from the zero-axis except very low and high frequency
indicates it comply with linear K-K behavior. Whereas, data are sensitive to non-K-K
behavior and show distinct deviation from the zero-error axis for GPE having 60 wt.% PC:
DEC. The reason for this is the presence of only low-frequency data and may be due to
inhomogeneity between the electrode-electrolyte surface.
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Figure 5.2 Residuals plot obtained from Kramers-Kronig relationship for GPE containing (a) 40
wt.% PC:DEC (b) 60 wt.% PC:DEC —Series (b).

From series C, the residual plots obtained from the K-K relationship are plotted for the
NGPE containing 3 wt.% and 4 wt.% Al2Osz in Figure 5.3. The obtained data shows the

stability except high-frequency region is an indication of satisfying Kramer-Kronig
relationships.
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Figure 5.3 Residual plot obtained from Kramer-Kronig relationship for NCGPE containing (a) 3
wt.% Al;Os (b) 4 wt.% Al,O3 - Series (C).
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+ Complex Impedance Plots
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Figure 5.4 The complex impedance plot for different concentrations of LiClO4 in the GPE system

at different temperatures — Series (a).
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Figure 5.5 (a) The complex impedance plot for different concentrations of LiClO4 in the GPE system
at 303 K (b) Equivalent circuit fitting of impedance plot of GPE with 4 wt.% LiClO, at 303 K -
Series(a).

Series (a): The electrical properties of the gel polymer electrolyte films with different
amounts of LiClO4 have been examined using the AC technique of complex impedance
spectroscopy (CIS) analysis. Figure 5.4 shows the complex impedance plot for different
concentrations of LiClIO4 in the GPE system in the temperature range 303 K to 348 K. The
plot shows high-frequency depressed semicircle and low-frequency non-vertical spike. The
high-frequency semicircle corresponds to a parallel combination of bulk resistor Ry, and a
constant phase element (CPE) and low-frequency spikes are attributed to double-layer
formation at the electrode (blocking electrode)-electrolyte interface due to accumulation of
charges [31]. A typical complex impedance plot of GPE containing 4 wt.% of LiClIO4 at 303
K along with their equivalent electrical circuit model (inset) fitted with experimental values
by using EIS spectrum analyzer software is shown in Figure 5.5(b). The intercept on the real
axis (z”) of the plot at the low frequency of semicircle end and high-frequency end of spikes
gives the value of bulk resistance (Ry). From the temperature-dependent complex impedance
plot, the intercept of the real axis shift towards the origin i.e. bulk resistance decreases as
temperature increases from 303K to 348 K. The decreases in resistance might be due to an

increase in the segmental motion of the polymer chain with increasing temperature.

Figure 5.5(a) represents the complex impedance plot of GPE containing different
concentrations of LiClO4 at 303 K. The intercept of the semicircle on the real axis is found
to decrease as the amount of salt is increased from 2 wt.% to 7.5 wt.% means bulk resistance

decreases and the reverse trend has been observed for the sample having 10 wt.% LiClOa..
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Figure 5.6 Variation of ionic conductivity as a function of LiClO4 salt concentration at 303 K- Series

@).
From the measured value of bulk resistance (Rb), the conductivity (o) has been calculated

using the following relation,

t
- R,A (5.1)

(o2

The variation in conductivity as a function of wt.% of LiClO4 at 303 K is plotted in Figure
5.6 and tabulated in Table 5.1. The increase in conductivity with increasing the amount of
LiClO4 can be attributed to an increase in charge carriers. From the theoretical aspect,
conductivity is dependent to charge carriers, mobility, and charge on ion which can be
formulated as [32]

Og = D, N0, (5.2)
where n; denotes the charge carrier density, 44 is the ion mobility and g; is the charge of the
i ion. From Eq. 5.2, DC conductivity depends on three factors i.e. concentration of free
charge carriers and mobility of the charge carrier. The increase in the amount of salt leads
to an increase in the number of mobile lithium ions which results in enhancement of ionic
conductivity reported by Ngai et al.[33]. The increased charge carriers disrupt the crystalline
nature of the polymer and lead to an increase in the amorphousity which is also in good
agreement with the XRD results [34]. The mobility of the ion is, therefore, increased due to
this amorphous nature. Maximum ionic conductivity of the order of 2.83x 10*S cm™ is
achieved for the sample having 7.5 wt.% LiClO4. However, the ionic conductivity is found
to decrease at 10 wt.% LiCIlO4 concentration. This is due to the aggregation of charge carrier

formation, which, consequently reduces the available path for the movement of ions. Apart
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from this, the tendency of ions pair formation on the addition of more amount of salt also

the reason of this reduced the ionic conductivity.
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Figure 5.7 The complex impedance plot for different concentrations of PC:DEC in the GPE system
at different temperatures - Series(b).
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Series (b): In order to elucidate the influence of varying amount of PC:DEC plasticizer on
electrical properties, the complex impedance plots for the GPE with different concentrations
of PC:DEC plasticizers at different temperatures from 303 K to 348 K are depicted in Figure
5.7. The plots show the same features as discussed for the previous series but if we look at
the complex impedance plot of GPE containing 60 wt.% PC:DEC, the semicircle diminishes
and only a long tail is obtained implies this GPE system is the mainly ionic conductor. A
similar type of behavior has also been reported for PEO based polymer electrolytes system
by Kruppasamy et al. [35]. It is also observed from the figures that the intercept of high-
frequency semicircle shifts towards origin indicates the decrease in the bulk resistance (Rp)

of GPE as temperature increases.
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Figure 5.8 (a)The complex impedance plot for different concentrations of PC: DEC plasticizers in
the GPE system at 303 K (b) Equivalent circuit fitting of the impedance plot of GPE with 40 wt.%
PC:DEC at 303 K - Series (b).

The complex impedance plot for the GPE with variable concentrations of PC:DEC at 303 K
is shown in Figure 5.8 (a). More clarity about the features can be examined using an
equivalent circuit. Hence, the present GPE data is fitted with an equivalent circuit model
and is depicted in Figure 5.8 (b) for the GPE system with 40 wt.% PC:DEC at 303 K. In the
equivalent circuit, a high-frequency semicircle is represented by the parallel combination of
a bulk resistor and a constant phase element (CPE1), and low frequency inclined and long-
tail spikes are represented by constant phase element (CPE2) in series, where CPE is a leaky
capacitor (i.e. hybrid between a capacitor and a resistor) [36]. CPE element in the circuit
accounts for a non-ideal electrolyte system. The present system shows the depressed

semicircle which has a wider distribution of relaxation time [37]. Such depressed semicircle
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due to the presence of a distribution of relaxation time within the bulk electrolyte system
has been reported by Patro et al. in their study [38]. With increasing the amount of PC: DEC,
the reduction in the diameter of semicircle is observed, and complete disappearance
semicircle at 60 wt.% of PC: DEC has been seen. The disappearance of the semicircle is an
indication of the GPE system is a highly ionic conductor [39]. From the obtained bulk
resistance, the ionic conductivity is calculated using Eq. 5.1. The variation in ionic
conductivity with different concentrations of PC: DEC plasticizers at 303 K for
PVDF-HFP:PMMA-LiClO4-PC:DEC GPE system is shown in Figure 5.9. The values of
ionic conductivity are also listed in Table 5.1. The continuous increase in the value of ionic
conductivity from 1.24x10® S cm™ to 3.97x10* S cm™ as the concentration of plasticizers
increases from 20 wt.% to 60 wt.%. The observed behavior might be due to the addition of
a mixture of plasticizers with combined features such as high dielectric constant and lower
viscosity which leads to an increase in the number of charge carriers as a result of salt
dissociation in the polymer matrix. Sharma et al. reported that the plasticizers reduce the
inter-ion coulomb interaction and a large number of ions take part in the conduction process
[40]. And free charge carriers (Li* ions) migrate through a less viscous medium where
mobility of ions enhances. A similar effect is discussed by Johan et al. [41] in
PEO-LiCF3SO3:—EC complexations with different concentrations of EC plasticizer. It is
reported that when plasticizer is added to the system, it can interrupt polymer—polymer
interaction due to polymer plasticizer interaction and ion plasticizer coordination. This

process will create more free volume and a new path for the conduction of ions.

20 30 40 50 60
wt % PC:DEC plasticizers

Figure 5.9 Variation of ionic conductivity as a function of PC:DEC plasticizers concentration at
303 K - Series(b).

It is a well-known fact that when the plasticizers are added to the system, it helps the

conduction of ions through the polymer matrix because plasticizers are low molecular
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weight and help in dissociating charge carriers resulting in a higher ionic conductivity [42].
Apart from this, the crystallinity of the polymer reduces which provides more space for the
movement of ions. So, in general, the advantages of the addition of plasticizers are: (i) to
increase the amorphous nature of polymer electrolyte (ii) dissociation of the salt as to
increase the number of charge carriers for the participation in conduction process (iii) lower

the glass transition temperature (Tg) of the polymer matrix [43].

Series (c): The complex impedance plots of nanocomposite gel polymer electrolyte systems
at different temperatures are shown in Figure 5.10. The diameter of the semicircle decreases
as the temperature increases. The intercept of semicircles on the real axis showing the bulk
resistance (Rp) of the system shifts towards origin with an increase in temperature. At higher
temperatures (almost > 333 K), the high-frequency semicircle disappears indicating that the
present system is mainly ionic conductors [7]. For more clarification about the observed
pattern of complex impedance plot, the obtained experimental data have been fitted with an
equivalent circuit plotted in Figure 5.11 (b). In the diagram, open circles are experimental
data and the solid line is fitted one. The equivalent circuit is represented in the inset of Figure
5.11(b). It is comprised of a parallel combination of constant phase element (CPE1) and
bulk resistance (Rp) followed by constant phase element (CPE2) in series. A depressed
semicircle in impedance plot, whose center lies below the real axis indicates the presence of
a constant phase element. The CPE 2 corresponds to non-vertical inclined spikes. To
investigate the effect of variation of Al>Oz nanofiller in GPE, the complex impedance plot
of nanocomposite GPE with the variation of Al,Os at 303 K has been plotted in Figure
5.11(a). It can be seen clearly that on the addition of nanofiller Al.Os3, the bulk resistance
(Rb) decreases with increasing the amount of nanoparticle from 0.5 to 2 wt.%, and a reverse

trend has been observed beyond the 2 wt.% Al>0s.

The obtained ionic conductivity (ouc) (EQ. 5.1) values are plotted as a function of
Al>03 variation in Figure 5.12. The figure shows the increasing trend in ionic conductivity
with increasing the amount of Al2Os nano-particles in GPE up to an amount of 2 wt.%,
however, beyond 2 wt.% the ionic conductivity drops. The increment and decrement in ionic
conductivity can be explained by space charge enhancement and blocking effect. The
change in DC conductivity with the variation of Al>O3 nanofiller can also be explained by
the relation using Eq. 5.2. From that relation, one can say that DC conductivity depends on

concentrations of charge carriers and mobility of charge carriers as gi is a constant term.
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Figure 5.10 The complex impedance plot for different concentrations of Al,Osin the GPE system
at different temperatures — Series (c).

The addition of nanofiller enhances the amorphous nature as well as the conduction

path for the transportation of Li* ions. Prasanth et al.[44] reported the enhancement in ionic

conductivity by incorporating nano clay in poly (vinylidene fluoride) based nanocomposite
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porous polymer membranes. He discussed in his study that the incorporation of nano clay
in host polymer increase dissociation of lithium salt as well as provide conduction pathway
for the transportation of Li* ion through the polymer matrix. However, on the other hand, as
seen in the XRD study, the crystalline phase decreases with increasing the amount up to 2
wt.% due to dispersion of Al,Oz in the polymer matrix. The increasing amorphous phase
with more free space favors the increase in ionic conductivity. The highest conductivity of
the order of 1.62x10* S cm™ is achieved for GPE having 2 wt.% Al,Os. On further addition
of nanoparticles, cause a reduction in ionic conductivity might be due to agglomeration of
nanoparticles into large particles inhibit the migration of the ion from one coordinating site
to another. A similar phenomenon has also been observed by Arya et al.[45]. However, the
ionic conductivity of all GPE systems containing nanoparticles is found to be of the order
of 10* Scm™.
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Figure 5.11 (a) The complex impedance plot for different concentrations of Al,O3 nano-particles in
the GPE system at 303 K (b) Equivalent circuit fitting of the impedance plot of GPE containing 1
wt.% Al,Os at 303 K - Series (c).
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Figure 5.12 Variation of ionic conductivity as a function of Al,Os concentration at 303 K - Series(c).
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5.3 Temperature-Dependent DC lonic Conductivity
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Figure 5.13 (a)Temperature dependence of ionic conductivity (log o4 versus 1000/T) of GPE with
different concentrations of LiClO.. (b) Variation of ionic conductivity and activation energy as a
function of LiClO4salt concentration — Series (a).

The ionic conductivity of polymer electrolyte depends on temperature, types of ions, amount
of salt, types of other additives, etc. The ionic conduction behavior or the conduction
mechanism in the polymer electrolyte can be evaluated from the temperature-dependent
ionic conductivity. Ratner et al.[46] reported that the temperature-dependent ionic
conductivity generally obeys two types of ion transport models i.e. Arrhenius behavior
and/or Vogel Tammann Fulcher (VTF) behavior. The linear relationship between the log
odc versus 1000/T signifies the Arrhenius behavior. This linear behavior indicates that the
conduction mechanism is via the temperature assisted hopping mechanism and decoupled
from the segmental motion of the polymer chain. Whereas, in VTF behavior, the non-linear
relationship of log oqdc versus 1000/T also suggests temperature dependent conduction

mechanism involves ion hopping coupled with the polymer segmental motion.

Series (a): The variation of DC conductivity (log odc) versus reciprocal temperature
(1000/T) of the GPE system with different concentrations of LiClIO4 salt is depicted in
Figure 5.13(a). The conductivity follows the linear behavior with increasing the temperature
from 303 K to 348 K for all LiClO4 salt concentrations. Arrhenius behavior conveys that the
ion conduction mechanism is thermally activated and ions acquire more energy for the faster
ionic motion. As a result, ions jump from one site to another empty site. This suggests that
lower activation energy is coupled with a high ionic conductivity [46]. Mathew et al.,[46]
reported in PVAC/PVDF/LICIO4/x, where x = DMC, DEC, PC, GBL system that the
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polymer expands and produces free volume with the rise in temperature so that mobile
carriers or polymer chain segments can move through the free volume. In order to give a
better understanding of the ionic conduction mechanism of the GPE films, the linear
behavior of (logodc) versus reciprocal temperature (1000/T) data have been fitted to the

Arrhenius relation expressed as

o =0, exp( KEiI' j (5.3)
B

where o is the pre-exponential factor, Ea is the activation energy, Kg is the Boltzmann
constant and T is the temperature in Kelvin. The linear plot of temperature-dependent
conductivity is fitted with a linear fit with an R? value ~ 0.99 and a slope is extracted from
it. From the values of the slope, activation energies for all GPE have been calculated. The
activation energies as a function of LiClO4 salt are plotted in Figure 5.13(b). It can be seen
from Figure 5.13(b), the highest conducting sample exhibits minimum activation energy.
The low activation energy (Ea) is required to energies the lithium-ion for physical
transportation through polymer matrix which is caused by the completely amorphous nature
[47]. According to Li et al. [48], ions or clusters of ions migrate in the pores of the polymer
via amorphous domains swelled by electrolytes and along the molecular chain of the
polymer. The migration of lithium-ion along the molecular chains of polymer is not
appreciable. Hence, it can be stated that an increase in conductivity may be due to filled
pores with electrolytes and swelled amorphous domain. Thereafter, ion clusters are formed,

which mitigate the process of conduction in the polymer electrolyte.
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Figure 5.14 (a) Temperature dependence of ionic conductivity (log cqc versus 1000/T) of GPE with
different concentrations of PC: DEC. (b) Variation of ionic conductivity and activation energy as a
function of PC: DEC concentration - Series (b).
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Series (b): The DC ionic conductivity as a function of reciprocal temperature for GPE with
different amounts of PC:DEC is plotted in Figure 5.14(a). It is observed that the ionic
conductivity increases with an increase in temperatures and linear behavior of cqc as a
function of reciprocal temperature. This temperature-dependent ionic conductivity follows
Arrhenius behavior. It suggests that it is a thermally activated process. According to Druger
et al [49]., the increase in ionic conductivity with temperature is due to the segmental motion
of the polymer chain. As a result of this, free volume in the polymer matrix increases with
an increase in temperatures which permits the hopping of ions from one place to another. It
causes an increase in the mobility of ions. It is also believed that with the progressive
enhancement of the amorphous region due to an increase in temperature, the polymer chain
acquires faster bond rotation, which produces polymer chain segmental motion. DC
conductivity plot is fitted with the Arrhenius equation (Eg. 5.3) and activation energy Ea is
calculated. The variation of ionic conductivity and activation energy versus concentration
of PC: DEC is shown in Figure 5.14 (b). It can be seen from the figure that the ionic
conductivity of the GPE system increases continuously with PC: DEC concentration and
activation energy values decrease. The lowest activation energy of conduction of 0.46 eV is
found for the highest conducting sample.

Series (c): The temperature-dependent DC ionic conductivity with a different weight
percentage of Al.Osz over a temperature range from 303 K to 348 K is plotted in Figure 5.15
(). The ionic conductivity increases with increasing temperature, because, the polymer
chains acquired faster internal modes of vibration and make polymer chain segmental
motion easier, which, in turn, enhances the hopping of ions through inter-chain and intra-
chain movement. The linear behavior of the temperature-dependent conductivity plot
suggests Arrhenius behavior and is fitted and activation energy is calculated. The calculated
activation energy for all samples is plotted as a function of Al>O3 variation and shown in
Figure 5.15(b). The lowest activation energy was found to be ~ 0.51 eV for the sample
having 2 wt.% Al>O3. The reason for decreased activation energy is attributed to the
increased mobility of the ions due to the presence of Al>Oz in the polymer. DSC results are
also agreeing with the fact that the melting temperature (Tm) of the composite gel polymer
electrolyte decreases with the addition of nanofiller into GPE. This results in an
enhancement of the polymer chain mobility and facilitates the migration of Li* ions through
the polymer matrix. Pan et al. found a decrease in the activation energy with increasing the

amount of TiO2 nanofiller in PEO-LiCIO4 system due to reduced crystalline nature [50].
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Figure 5.15 (a) Temperature dependence of ionic conductivity (log cqc versus 1000/T) of GPE with
different concentrations of Al,Os. (b) Variation of ionic conductivity and activation energy as a
function of Al,Os concentration - Series(c).

Table 5.1 Values of DC conductivity (o) and activation energy (E.) for all samples of Series (a),
Series (b), and Series (c).

Samples DC conductivity o4 (S cm™) Activation energy (eV)
(from Ry)

Series (a): PVDF-HFP:PMMA-LiCIO.-PC: DEC with different concentrations of LiClIO,
2 Wt.% LiClO4 5.94x10® 0.49

4 wt.% LiClO4 1.64x10° 0.42

5 wt.% LiClO4 5.73x10° 0.37

7.5 wt.% LiClO4 2.83x10* 0.34

10 wt.% LiClOq 5.24x10° 0.61

Series(b): PVDE-HFP:PMMA-LiClO4-PC:DEC with different concentrations of PC:DEC
20 wt.% PC:DEC 1.24x108 2.11

30 wt.% PC:DEC 2.61x10°7 0.79

40 wt.% PC:DEC 9.82x10° 0.73

50 wt.% PC:DEC 1.15x10* 0.56

60 wt.% PC:DEC 3.97x10* 0.46

Series(c): PVDF-HFP:PMMA-LIiCIO,-PC: DEC-AI,Ozwith different concentrations of
Al2Os

0.5 wt.% Al.0s 5.99x10° 0.57
1 wt.% Al20s3 1.09x10* 0.52
2 wt.% Al203 1.62x10* 0.51
3 wt.% Al203 1.01x10* 0.57
4 wt.% Al;O3 1.33x10* 0.55
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5.4 AC Conductivity

AC conductivity gives an understanding of electrical relaxation phenomena. This is
commonly used to characterize the ion transport phenomenon occurring in ion-conducting
material in the frequency domain [51]. To obtain this information, conductivity data has
been analyzed in terms of complex conductivity 6*(®) = ¢’(®) + ic’'(®), where ¢’ and "
is a real and imaginary part of AC conductivity. The formalism of AC conductivity is given
in Chapter-2.

Series(a): The effect of LiClO4 salt on the PVDF-HFP:PMMA-PC:DEC based gel polymer
electrolyte in terms of frequency-dependent conductivity at different temperatures has been

investigated.

Figure 5.16 shows the variation of conductivity as a function of the frequency of
GPE at different temperatures 303 K to 348 K. It can be seen from the figure that the AC
conductivity spectra show three different regions, (i) a low-frequency dispersive region, (ii)
an intermediate frequency plateau region, and (iii) a high-frequency dispersion region [52].
However, all three features are not observed in all systems. The low-frequency region is not
present in spectra of GPE with 2 wt.% LiClO4 due to low conductivity whereas the
disappearance of the high-frequency region in the spectra of GPE contains 7 wt.% LiClO4
due to high conductivity. At the lower frequency region, the polarization starts at the
electrode-electrolyte interface cause decrease in conductivity o’ [53]. This feature of
polarization is due to the accumulation of charges at electrode-electrolyte. In the mid-
frequency range, the values of o’ remain almost independent (constant) of frequency up to
a certain value of frequency. This plateau region at the mid-frequency range corresponds to
DC ionic conductivity. At the intermediate frequency range, the ion jumps from one vacant
site to another and travels much faster which contributes towards DC conductivity. The
conductivity o’ continues increasing with the increase in frequency. This crossover from
DC conductivity to the dispersive conductivity is also termed as ac conductivity ¢’ . The
frequency at which a transition from DC conductivity (plateau region) to conductivity
dispersion is called crossover frequency (Hopping frequency) wp [54]. It is further affirmed
that the hopping frequency shifts towards a higher frequency region with increasing
temperature. A similar behavior of AC conductivity as a function of frequency for GPE with

different concentrations of LiClO4 content at 303 K is observed as shown in Figure 5.17.
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Figure 5.16 Variation of AC conductivity as a function of frequency (log ¢’ versus log f) for
different concentrations of LiClO, in the GPE system at different temperatures — Series (a).
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Figure 5.17 Variation of AC conductivity as a function of frequency (log o’ versus log f) of GPE
systems with different concentrations of LiClO, at 303 K - Series (a).

The behavior of AC ionic conductivity with frequency in the higher frequency region

follows Jonscher’s power law given by [55],

o, =0, +AD" (5.4)
where ozc is ionic conductivity at a particular frequency, ouc is frequency independent
conductivity. A is the pre-exponential constant, o is the angular frequency, and n is the
power-law exponent. Since this behavior of power-law has been observed in a wide range
of materials, it is also known as “Universal Power Paw” or “Universal behavior” [56].
Frequency exponent (n) measures the degree of interaction between mobile ions and the
host polymer matrix. The values of n usually lie in the range, 0 < n < 1. Frequency exponent
(n) may also exceed unity reported elsewhere [57] In the present study, we have observed
the values of n > 1 also [58]. The ionic conductivity is also ascribed by the factors like the
concentration and the hopping frequency of mobile charge carriers [53] which can be
estimated by the following Eqg.5.5. Almond and west [59-61] have suggested a simple way
to estimate hopping frequency from Eqg. 5.4 by knowing the values of oy, A, and n.

Rewriting Jonscher’s empirical equation

-1 n,-1
o'(w)xw R (55)
@p @p

where n; and n, are empirical constant and ay is the hopping frequency. for frequency-

independent conductivity n,= 0 and n, = n. Assuming a proportionality constant K, we have
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o'(w)=Kw (ﬁj +££] (5.6)
a)p a)p

o'(®) =Ko, + Ka)pl‘”a)” (5.7)

On comparing Eq. 5.7 with Eq.5.4, one gets

O-dc = Ka)p (58)
A=K, (5.9)

On Comparing Eqg. 5.8 and Eq. 5.9,

— n _ O-dc
04 =Aw," or A_a)_p" (5.10)
Substituting Eq. 5.10 in Eq. 5.4,
O-ac = Udc 1+[£j (511)
a)P

It is assumed that at a particular frequency i.e. the hopping frequency (), ac conductivity
becomes double of DC conductivity cac = 204c When o = @y (using Eq. 5.11). Substituting

oac = 204c In Eq. 5.4., the expression for the hopping frequency @, becomes

1
w, = [‘%“j 5 .12)
and K = Gacl (5.13)
(42}

p
The hopping frequency has been calculated for all gel polymer electrolytes using Eg. 5.12
at different temperatures. On a close inspection of the AC conductivity spectra, the
frequency at which transition occurs from the plateau region to the dispersive region shifts
towards a higher frequency side with an increase in temperature. Because an increase in
temperature results in the expansion of polymer which facilitates the local empty spaces and
expands the free volume. The hopping movement of ions is favored and the ions can hop

with a higher frequency with shorter relaxation time.

To understand whether hopping frequency is a thermally activated process or not, the
calculated hopping frequency (ap) versus inverse temperature(1000/T) has been plotted and

shown in Figure 5.18(a). In the thermally activated hopping process, the hopping of ions
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from one vacant site to another site takes place with increasing temperature. Linear behavior

of this plot fitted using Arrhenius relation represented by

o o, exp[ E, j (519
K,T

where ax is the effective attempt frequency and Eo is the energy required for hopping. The
activation energies have been extracted using slope values of linear fit and tabulated in Table
5.2. Hopping frequency could not be obtained for the GPE having 7.5 wt.% LiCIO4 at all
temperatures due to the absence of a high-frequency dispersion region. It may be noted that
the activation energies for hopping are lower than the activation energies for conduction
which suggest that the ions which are participating in conduction process have to overcome
different potential barrier due to localized electrons in the amorphous polymer matrix.

Similar results are also reported by Manish in his study for Pbl, conducting glasses [62].

The mobile carrier concentration factor K is calculated using Eq. 5.13. Figure 5.19 shows
the variation of mobile ion concentration K as a function of temperature. Carrier
concentration increases slightly with an increase in temperature. The inset of Figure 5.19
illustrates that the carrier concentration term K is following the same trend as conductivity

data with increasing salt concentration at 303 K.

The ion conduction mechanism can be determined based on the behavior of the
frequency exponent (n) as a function of temperature. Mechanisms such as correlated barrier
hopping (CBH) in which frequency exponent (n) decreases with temperature, in quantum
mechanical tunneling (QMT), n is independent of temperature, the small polaron tunneling
(SPT) shown an increases of n with temperature and the overlapping large polaron (OLP)
in which frequency exponent(n) decreases with temperature and again increases [63]. In the
CBH model, the conduction mechanism is associated with the charge carrier hopping
process. QMT model is applicable to the system in which frequency dependent conductivity
arises from the tunneling of charge carriers between the sites separated by a potential barrier.
In the SPT model, small polarons are formed when a charge carrier deforms the surrounding
lattice and a tunneling process is responsible. In this model, the charge carriers and lattice
are strongly coupled. The variation of frequency exponent as a function of temperature for
all GPE systems with different concentrations of LiClOa is shown in Figure 5.20. At higher
temperatures, the frequency exponent(n) could not be obtained for GPE with 7.5 wt.% and

10 wt.% LiClO4 due to the absence of a high-frequency dispersion region. The frequency
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exponent n increases with temperature except for the GPE system with 7.5 wt.% LiCIlOa.
The SPT model can be applied in which small polarons are formed due to deformation of
the surrounding structure by a charge carrier and conductivity rise might be due to the
tunneling process. In our system, n decreases with temperature for the GPE system with 7.5
wt.% LiClOg, hence, the applicability CBH model has been observed. For the GPE system
with 7.5 wt.% LiClOg, the conduction mechanism is associated with the hopping process of
Li* charge carriers. This is due to the high amorphous nature of GPE, where hopping of
charge carriers easily takes place.
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Figure 5.18 (a) log wp versus 1000/T for different concentrations of LiClO4 in the GPE system. (b)
Variation of hopping frequency as a function of LiClO4 concentration at 303 K — Series (a).
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Figure 5.19 Variation of mobile ion factor K as a function of the temperature of GPE with different
LICIO4 content (inset: Variation of K with LiClO4 content at 303 K) — Series (a).
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Figure 5.20 Frequency exponent as a function of temperature for all GPE system with different
LiClO4 concentration — Series ()

Series(b): The effect of PC: DEC plasticizer concentrations in PVDF-HFP: PMMA based
gel polymer electrolyte in terms of AC conductivity at different temperatures ranging from
303 K to 348 K is studied. Figure 5.21 shows the variation of ionic conductivity as a function
of frequency at different temperatures with different concentrations of PC: DEC plasticizers.
Similar features are observed for AC conductivity data as discussed in series (a). At lower
frequency, the dispersive region is due to space charge polarization i.e. buildup of charges
at the interface of electrode-electrolyte due to blocking electrode [52]. A plateau region in
the mid-frequency range is ascribed to DC conductivity as a result of the hopping of
charges/ions due to long-range diffusion from one site to another vacant site [53]. A
dispersion region in the high-frequency range, where ionic conductivity continues to
increase with increasing frequency and represents bulk phenomena [64]. According to Arya
et al., in the high frequency region, short-range motion of ions or a correlated forward-
backward motion of the ion occurs which is because of the fast periodic reversal effect of
the applied field, and diffusion of ions in a longer path is not feasible [65]. Variation of AC
conductivity with frequency obeys Jonscher’s power law (Eg. 5.4). For the GPE system with
60 wt.% PC: DEC, the high-frequency dispersive regions are not seen at any temperatures
because of the high conducting nature of the GPE where the bulk region is absent. The high-
frequency dispersive region is not visible in the experimental frequency range due to the
fast ion transport dynamic of the electrolytes system as reported by Bandara et al. in his
study [66].
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Hopping frequency is found to shift towards high frequency side with increasing

temperatures. Shifting towards the higher frequency side is attributed to an increase in the

polymer chain’s flexibility at high temperatures and hopping process gets faster with

temperature.
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Figure 5.21 Variation of AC conductivity as a function of frequency (log o’ versus log f) for
different concentrations of PC: DEC in the GPE system at different temperatures - Series (b)
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Figure 5.22 Variation in AC conductivity as a function of frequency (log o’ versus log f) of GPE
system with different concentrations of PC: DEC at 303 K - Series (b).

Figure 5.22 shows the AC conductivity as a function of frequency for the GPE having
different wt.% of PC: DEC at 303 K. Two features are revealed from the AC conductivity
spectra as the content of PC: DEC increases from 20 wt.% to 60 wt.% PC: DEC (i) the
conductivity increases due to an increase in the free charge carriers as a result of salt
dissociation (ii) the hopping frequency shift toward the higher frequency side may due to an
increase in the amorphous nature of the GPE system. In addition to these, the experimental
data of AC conductivity spectra are fitted (black solid lines) with Eq. 5.4. and fitted as well

as calculated parameters are tabulated in Table 5.2.

The hopping frequency (ayp) as a function of inverse temperature for the GPE with
different concentrations of PC: DEC is plotted in Figure 5.23(a). An increase in the hopping
frequency with the rise in temperature is an indication of the thermally activated process. It
means the rate of hopping of ions from one site to another available vacant site increases
with the temperature. The linear behavior of the plot is fitted with the Arrhenius relation
(Eq. 5.14) and activation energy for the hopping of ion is calculated which is listed in Table
5.2.

The mobile carrier concentration factor K is calculated using Eq. 5.13. Figure 5.24
shows the variation of mobile ion concentration K as a function of temperature for the GPE
with different wt.% PC. DEC plasticizers. Carrier concentration term K almost remains
invariant with changing temperature for GPE system containing a low amount of PC: DEC
plasticizers i.e. 20 and 30 wt.% PC: DEC. The inset of Figure 5.24 shows that the carrier
concentration term K increases with increasing the amount of the plasticizer in the polymer

matrix.
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The variation of frequency exponent as a function of temperature for all GPE systems with
different concentrations of PC: DEC is shown in Figure 5.25. The GPE system with 20, 30,
and 40 wt.% PC: DEC shows an increase in frequency exponent (n) indicates the small
polaron tunneling (SPT) model is applicable. The decreasing trend of n indicates the CBH
model is appropriate to probe the ion conduction mechanism in the GPE system with 50
wt.% PC: DEC. For a high conducting sample (GPE containing 60 wt.% PC: DEC), n could
not be evaluated due to the absence of high-frequency regions in AC conductivity spectra.

Table 5.2 Fitting parameters oqc, A, n from the Jonscher’s power law and calculated ayand = for all
GPE systems of Series (a), Series (b), and Series (c).

Samples Odc A n Hopping Relaxation E, (eV)
(Scm?) frequenc time
y 40
@ (Hz)

Series (a): PVDF-HFP:PMMA-LIiCIO.-PC: DEC with different concentrations of LiClO,4
2 Wt.% LiClO4 5.94x10%  1.55x101! 0.91 1.30x10°  7.68x107 0.33

4 wt.% LiClO4 1.65x10°  1.04x10™ 1.22 5.25x10°  1.91x10” 0.11
5 wt.% LiClO4 5.73x10°  6.06x107® 1.61 6.83x10°  1.46x107 0.08
7.5 wt.% LiClOq4 2.83x10*  4.98x107® 1.69 8.98x10°  1.11x10” -

10 wt.% LiClO4 5.12x10°  1.05x10** 1.40  7.73x10°  1.29x107 0.18

Series (b): PVDF-HFP:PMMA-LIiCIO4-PC:DEC with different concentrations of
PC:DEC

20wt.% PC:DEC  1.53x10®  3.45x10! 0.70 5.39x10°  1.85x10* 1.74
30 wt.% PC:DEC  3.96x107 2.52x101° 0.64  859x10*  1.16x10° 0.80
40 wt.% PC:DEC  1.01x10° 1.86x10%3 1.23 1.95x10°  5.13x10” 0.31
50 wt.% PC:DEC  1.34x10* 6.24x10% 1.49 8.40x10°  1.19x107 0.26
60 wt.% PC:DEC  3.91x10* - - - - -
Series (¢): PVDF-HFP:PMMA-LICIOs-PC: DEC-AI,Oz with different concentrations of
Al;,O3

0.5 wt.% Al.03 5.72x10°  2.92x10 1.35 7.74x10°  1.29x107 0.18

1 wt.% Al.O; 9.73x10°  5.64x10™ 146  9.08x10°  1.10x107 0.12
2 wt.% Al,O; 1.34x10*  6.85x10™° 1.47 1.01x10"  9.90x10°% 0.10
3 wt.% Al:O3 9.46x10°  2.48x1013 123  8.71x10°  1.15x107 0.14
4 wt.% Al>O3 1.13x10*  8.00x10% 145  9.86x10°  1.01x107 0.11
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Figure 5.23 (a) log wp, versus 1000/T for different concentrations of PC: DEC in the GPE system
(b) Variation of hopping frequency as a function of PC: DEC concentration at 303 K - Series(b).
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Figure 5.24 Variation of mobile ion factor K as a function of the temperature of GPE with different
PC: DEC content. (inset: Variation of K with PC: DEC content at 303K) — Series (b)
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Figure 5.25 Frequency exponent as a function of temperature for all GPE system with different PC:
DEC concentrations — Series (b)
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Series(c): Figure 5.26 represents the ac conductivity plot for the NCGPE system with Al>O3
nanofiller at different temperatures from 303 K to 308 K which shows similar behavior as
discussed earlier. The AC conductivity increases due to the rapid ion migration with the
increasing frequency of applied AC voltage. Also, with an increase in temperature, it
increases. However, the high-frequency dispersion region corresponds to bulk phenomena
has not been observed at higher temperatures for all NCGPE systems. This might be due to
an increase in conductivity for which the frequency falls outside the measured frequency
range. Another interesting feature is visible that the crossover frequency (a region where
plateau to frequency dispersion region occurs) is shifting towards the higher frequency side
with an increase in temperatures. Figure 5.27 shows the AC conductivity for NCGPE with
different concentrations of Al.Oz nano-filler. The ¢’ shows all three distinct regions at room
temperature as discussed earlier. AC conductivity increases with the incorporation of Al,O3
amount up to 2 wt.% thereafter it decreases and again at 4 wt.% increases. The data were
fitted to Jonscher’s power law shown by solid lines in Figure 5.27. The fitted and calculated

parameters are given in Table 5.2.

The variation of the logarithmic value of hopping frequency versus 1000/T plot is shown in
Figure 5.28(a). The increase in the hopping frequency with temperature shows the thermally
activated process. The linear behavior of the plot is fitted with the Arrhenius relation (Eq.
5.14) and activation energy for the hopping of ion is calculated which are tabulated in Table
5.2. It has been observed from Figure 5.28(b), the rise in the hopping frequency(ayp) with
the incorporation of Al2Oz nano-filler amount from 0.5 wt.% to 2 wt.% may be due to
increased amorphous nature which is in good agreement with our XRD result of the series
(c). At 3 wt.% Al20s3, the fall in wp is detected might be due to cluster formation of Al>Os

nanofiller or aggregation of free ions.

The variation of mobile carrier concentration factor K as a function of temperature for all
NCGPE systems and as a function of Al,O3 variation at 303 K (inset) is represented in
Figure 5.29. A slight increment in carrier concentration with changing temperature is seen
whereas the inset shows that the ion concentration factor K is in accordance with
conductivity data with Al>Os at 303 K. The variation of power-law exponent (n) as a
function of temperature for the NCGPE system is plotted in Figure 5.30. The values are
observed between 1.23 to 1.86. The increasing value of n with temperatures suggests that

the small polaron tunneling model is applicable for the present system.
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Figure 5.26 Variation of AC conductivity as a function of frequency (log ¢’ versus log f) for
different concentrations of Al,Os in the GPE system at different temperatures — Series (c).
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Figure 5.30 Frequency exponent as a function of temperature for all NCGPE system with different
Al,O3 concentration — Series (c).

+ Scaling of AC Conductivity

To gain an insight into the temperature and composition dependence of the ion
dynamics, the scaling behavior of the conductivity spectra has been studied. The scaling
(time-temperature superposition principle/thermorheological simplicity) is a tool that helps
us to examine whether the conduction mechanism involving ion dynamics is temperature-
dependent or not. Various scaling laws have been proposed for scaling the AC conductivity
data by Summerfield [67], Roling [68], Sidebottom [69], and Ghosh [70].

We have used Ghosh scaling, according to that the scaling of AC conductivity follows the

following relation [70]

o' f
o F [f_J (5.15)

c p

where F is the scaling function which is independent of temperature.

Series(a): Figure 5.31 shows the scaled ac conductivity spectra by using Ghosh scaling
relation at different temperatures for the GPE containing 2 wt.%, 4 wt.%, and 5 wt.%
LiClOa.
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Figure 5.31 Scaled conductivity spectra for different concentrations of LiCIO, in the GPE system
at different temperatures (using Eqg. 5.15) — Series (a).

It is observed that the scaled spectra merges on a common master curve. The nearly perfect
overlapped scaled data suggests that the present GPE system follows the time-temperature
superposition principle. Pal et al. observed this behavior for the lithium salt-based
plasticized polymer electrolyte system [71]. However, the scaling for the GPE system with
7.5 wt.% and 10 wt.% LiCIlO4 could not be achieved due to the unavailability of hopping
frequency at higher temperatures as the high-frequency dispersion region is not observed in
these samples. In such a situation, another scaling known as Summerfield scaling is adopted

[70]. Summerfield scaling method for ac conductivity scaling which can be given as
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o _ F{L.X} (5.16)

O-dc O-dcT

where ¢’ is ac conductivity, oqc is dc conductivity at a particular temperature, T is absolute
temperature, f is the frequency and, x is concentration factor. Assuming the constant value
of charge carrier concentration with temperature for the sake of simplicity, rewriting the

above equation as [68]

o e[ (5.17)
Oy Oyl

The main advantage of the above-mentioned scaling law is direct utilization of available
quantities which is present in Eg. 5.17. Scaling of the GPE sample containing different wt.%
LiClO4 at different temperatures is shown in Figure 5.32, from which we note that the scaled
spectra at different temperatures for all gel polymer electrolytes almost merge on a common
master curve except at higher frequencies dispersion region where it deviates slightly at all
temperatures. Interestingly, the GPE with 7.5 wt.% shows the perfect overlapping in the
entire frequency range which indicates that Li* ion experiences same environment to relax
following same ion dynamics in the entire temperature range indicating the existence of the
time-temperature superposition (TTS) principle. Thus, we can conclude that the relaxation
dynamics of charge carriers in the electrolyte follow a common mechanism throughout the
entire temperature range which indicates the temperature-independent nature of the ion

conduction mechanism.
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Figure 5.32 Scaled conductivity spectra for different concentrations of LiClIO, in the GPE system
at different temperatures (Using Eq. 5.17) — Series (a).

Scaling of o’ of GPE with different concentrations of LiClO4 at 303 K is shown in Figure
5.33. This scaling aims to show whether there is any effect of variation in LiClIO4 salt
concentration on charge carrier as well as structural change. The spectra clearly show that
the scaling does not result in any single master curve. As the scaling does not follow the
‘Time-concentration superposition principle’, one can conclude that structure of the GPE
system considerably changes with variation of LiCIO4 salt concentration, stating the
relaxation mechanism of the present GPE system composition dependent. Das et al. [72]
also reported a similar behavior in PEO-PVDF-HFP-LiCIO4 blend polymer electrolytes
where relaxation dynamics of charge carriers do not follow the common mechanism at

different salt concentrations.
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Figure 5.33 AC conductivity scaling spectrum of GPE containing different concentrations of
LiClO4 at 303 K (Using Eq. 5.17) — Series (a).

Series (b): The scaled spectra of GPE with 20, 30, and 40 wt.% PC:DEC at different
temperatures are shown in Figure 5.34. All conductivity data at different temperatures merge
into a single master curve. However, such scaling could not be achieved for the GPE system
containing 50 and 60 wt.% PC:DEC because of the values of f, are not known. This
indicates the system obeys the time-temperature superposition principle. This type of scaling
has also been attempted by Ghosh et al. in lithium-ion conducting glass systems [70].

According to Patro et al., crossover frequency corresponding to each temperature is
activated by the thermal energy of oucT, hence fo= ouc T can be chosen as a scaling parameter
and one major advantage of it to utilize direct available quantities rather than calculating
hopping frequency [38]. Hence, another approach for scaling known as Summerfield
scaling is adopted for which directly available data can be utilized to scale the data. The
scaled spectra with different concentrations of PC: DEC plasticizer at different temperatures
are shown in Figure 5.35. It can be seen that AC conductivity spectra at different
temperatures have successfully collapsed to a common master curve indicating the time-
temperature superposition principle. This means the ion dynamics of the system do not
change with an increase in temperature. The scaling has been achieved for all the systems
except 60 wt.% PC:DEC in the low-frequency region where accumulation of charges at the
electrode-electrolyte surface or the presence of inhomogeneity is observed. Now the scaled
spectra for GPE having a different amount of PC: DEC at 303 K is shown in Figure 5.36.
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All data also show perfect merging except slight deviation in polarization region due to the

different carrier concentration with the variation of PC: DEC amount.
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Figure 5.35 Scaled conductivity spectra for different concentrations of PC: DEC in the GPE system
at different temperatures (Using Eq. 5.17) — Series (b).
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Figure 5.36 AC conductivity scaling spectrum of GPE containing different concentration PC: DEC
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Figure 5.37 Scaled conductivity spectra for different concentrations of Al,Os in the GPE system at
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Figure 5.38 Scaled conductivity spectra for different concentrations of Al,Os in the GPE system at
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Figure 5.39 AC conductivity scaling spectrum of GPE containing different concentrations of Al,O;
at 303 K (Using Eqg. 5.17) — Series (c).

Series (c): Figure 5.37 represents scaled ac conductivity spectra according to Ghosh scaling
of all NCGPE samples in the temperature range 303- 348K. Spectra in Figure 5.37 shows
overlapped or perfectly merged onto the master curve except at the low-frequency
dispersion region for all compositions. The perfect merging of all data onto the master curve
is an indication of obeying the time-temperature superposition principle. The present
nanocomposites follow the common nature of the relaxation dynamics of charge carriers at
all temperatures. Chaurasia et al. in their PEO-LiPFe-BMIMPFs system also reported the
similar nature [73]. However, due to the absence of a high-frequency region and hence
unavailability of the Jonscher’s fitting parameters for the as conductivity spectra at higher
temperature > 338 K, scaling is not achieved for that data. To overcome this problem, the
Summerfield relation (Eq. 5.17) is adopted for the scaling and shown in Figure 5.38. It
shows less perfection in terms of overlapping as compared to the Ghosh Scaling method
[74].

The scaled data for the NCGPE system at 303 K using Summerfield relation is shown in
Figure 5.39. It nearly follows the perfect Time-concentration superposition principle which
leads us to conclude that there might be no change in the carrier concentration and structure

of the NCGPE system with a variation of Al,O3 nano-particles.
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5.5 Dielectric Analysis

The dielectric response of polymer electrolyte is commenced from the application
of the AC field due to which dipoles are able to orient themselves in the direction of the
applied field. This builds up the polarization at the electrode-electrolyte interface due to the
different dipoles present in the polymer backbone. The built-up polarization depends on the
ability of dipole in the polymer chain as well as the temperature of the system. Temperature
alters the arrangement of the polymer chain and hence polarization. To get insight into
dielectric properties, it is well explained in terms of energy storage and energy dissipation
in the gel polymer electrolyte. In the present study, the dielectric analysis is used to
investigate dipolar relaxation in the dipolar materials. Arya et al. [26] have investigated the
influence of NaPFg salt concentration on the dielectric properties of PEO-PVP-based solid
polymer electrolyte and found an increase in the dielectric constant of the salt added polymer
matrix and lowering the relaxation time compared to the salt-free system. In the present
study dielectric analysis has been carried out to observe the effect of composition and
temperature variation for the GPE systems.

The dielectric study has been analyzed in terms of dielectric constant (¢') and dielectric loss

(€'"). The complex dielectric formalism can be written as

Z" : Z (5.18)
12 n2 + J 12 n2
oCy(Z"+2") ~a@Cy(Z"+Z™)

e¥=¢c'+ je"=

where £”and &”are real part (dielectric constant) and imaginary part (dielectric loss) of the
complex dielectric. Z”and Z " are real and imaginary parts of the complex impedance plot,

respectively. Co is the vacuum capacitance [1].

Series (a): The dielectric constant as a function of frequency at different temperatures from
303 K to 348 K are shown in Figure 5.40. All plots show a decrease in the dielectric constant
with increasing frequency. At lower frequency region, the high value of dielectric constant
(¢") is ascribed to the dominance of space charge polarization (electrode polarization) which
is caused by blocking of mobile ions at the interface of the electrode-electrolyte due to
blocking metallic electrode where ions are not permitted to transfer into external circuit [75].
As aresult, Li* ions get piled up near electrodes which leads to the building of space charge

polarization. At lower frequencies, the ions generally show a slow periodic reversal, while
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at a higher frequency region, diffusion, as well as dipole orientation in the direction of the
applied field, is not feasible due to the high frequency of the applied field [76]. Hence, the
dielectric constant decreases and show an almost constant value [26].
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Figure 5.40 Dielectric constant (&") as a function of frequency for different concentrations of LiClO4
in the GPE system at different temperatures — Series (a).
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The temperature-dependent dielectric constant (g') at 10 Hz, 10 Hz, 10% Hz, and 10* Hz
frequencies for the GPE with 4 wt.% and 7.5 wt.% is shown in Figure 5.41. From the figure,
it can be seen that the dielectric constant & also increases with an increase in the temperature
because of greater freedom of movement of the dipole molecular chain. As temperature
increases, the free volume increases, and a decrease in viscosity of GPE. Bhargav et al.[77]
reported that for non-polar, €' is independent of temperature whereas in the case of polar
polymer ¢’ increases with increasing temperature and for their study on PVA-NAI system,

he found to increase in ¢’ as an increment in temperature due to dipole facilitation.
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Figure 5.41 Temperature dependent dielectric constant (¢’ ) at different frequencies for GPE
containing (a) 4 wt.% LiClO4 (b) 7.5 wt.% LiCIO, — Series (a).

Figure 5.42 (a) shows the dependence of dielectric constant with frequency for different
concentrations of salt. The increase in dielectric constant with increasing the amount of salt
up to 7.5 wt.% may be due to an increase in density of charge carriers as a result of salt
dissociation in the polymer matrix [78]. At 10 wt.% LiClOs content, due to coulomb
interaction between Li* cations and ClO4~ anions form ion pairs. Hence, the dielectric
constant decreases at 10 wt.% of LiClOs, At a lower frequency i.e. 10 Hz, the dielectric
constant is found to be maximum as shown in Figure 5.42(b). With the incorporation of
LiClO4 salt content, an increase in dielectric constant from 9.9 x10* for 2 wt.% to 9.1x10°
for 7.5 wt.% is observed which is due to increase in charge carrier density but its value drops
beyond 7.5 wt.% LiCIO4 concentration.
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Figure 5.42 (a) Dielectric constant (') versus log f for different concentrations of LiClO, salt in
the GPE system at 303 K. (b) Variation of ¢ as a function of LiClO4 concentrations at different

frequencies at 303 K — Series (a).
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Figure 5.43 Dielectric constant (&') as a function of frequency for different concentrations of PC:
DEC in the GPE system at different temperatures — Series (b).
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Figure 5.44 Temperature dependent dielectric constant (¢') at different frequencies for GPE
containing (a) 40 wt.% PC:DEC (b) 60 wt.% PC:DEC — Series (b).
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Figure 5.45 (a) Dielectric constant (¢') versus log f for different concentrations of PC:DEC in the
GPE system at 303 K. (b) Variation in &' as a function of PC: DEC concentration at different
frequencies at 303 K — Series (b).

Series (b): The dielectric constant (¢') versus log f for different amount of PC: DEC in

polymer electrolyte at different temperatures is depicted in Figure 5.43. In the low-
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frequency region, the value of the dielectric constant is high due to the ability of orientation
of dipoles with the frequency of the applied field while the dielectric constant decreases
with increasing frequency. The dielectric constant (&") also increases as temperature varies
from 303 K to 348 K as shown in Figure 5.44. According to free volume theory, at higher
temperature, an increase in amorphous nature with free volume causes dipoles to orient
easily through this phase. Apart from this, the rise in temperature can cause a decrease in
viscosity of GPE which in turn facilitates the movement or jiggling of dipoles through the
polymer matrix. Thakur et al.[79] reported that the rise in temperature enhances the
Brownian or molecular motion of the polymer chain resulting in increase of dielectric

constant of PMMA based system.

The variation of the dielectric constant with different amount of PC:DEC plasticizers at
303K is shown in Figure 5.45(a). Fast periodic reversal effect of applied AC field at higher
frequency does not allow dipoles to orient, hence &’ decreases but at low frequency, space
charge polarization leads to an increase in dielectric constant. It can be seen from Figure
5.45(b), the value of the dielectric constant increases with increasing the concentrations of
PC:DEC plasticizers. When low molecular weight PC:DEC plasticizers are added to the
polymer, free charge carrier density increases as a result of ion dissociation [80]. At 10 Hz,
the value of dielectric constant is 42.39 for 20 wt.% whereas, 3.18x10° for 60 wt.% PC:DEC

is observed.

Series (C): To understand the effect of Al.Os nano-filler on dielectric properties, the
dielectric constant is analyzed. The dielectric constant (¢') as a function of frequency is
plotted in Figure 5.46 for all nanocomposite gel polymer electrolyte system at different
temperatures from 303 K to 348 K. The value of ¢’ is high at low frequency due to the
contribution of polarization at the electrode-electrolyte surface. The dominance of electrode
polarization is mainly due to the accumulation of charges at the blocking electrode.
Localized dipoles are able to reorient themselves in the direction of the applied AC field at
low frequency whereas it unbales to follow the direction of the field at a higher frequency.
Hence dielectric constant decreases as frequency increases. However, the dielectric constant
increases with increasing temperature shown in Figure 5.47. The increase in the free volume
and flexibility of the polymer chains takes place with a rise in temperature. As a result of

this, &’ increases with increasing temperatures.
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The dielectric constant as a function of Al,Oz variation at 303 K is plotted in Figure 5.48(a).
Similar features are observed as discussed earlier in this section. The dielectric constant as
a function of Al,Os at different frequencies i.e. 10* Hz, 10? Hz, 102 Hz, and 10* Hz is shown
in Figure 5.48(b). Two prominent features can be seen (i) high dielectric constant at low
frequency (10! Hz) (ii) high value of dielectric constant at 2 wt.% Al.Os. As the amount of
Al>,Oz3 nanoparticles is increased from the 0.5 wt.% to 2 wt.%, the dielectric constant
increases which might be due to increased amorphous nature which can be seen from the
XRD pattern of this NGPE as discussed in Chapter 4 and it is also worthwhile to mention
that the available oxygen atom at the surface of the Al.O3 nanoparticles which act as Lewis
acid sites having a tendency to attractions which result in increased conductivity [81]. The
effect of ZrO, nanoparticles on ionic conductivity in PEO-NaClO4 polymer electrolyte
system is principally due to Lewis acid-base interaction between polymer chain and
nanofiller as reported by Arup Dey et al.[82]. Croce et al. also reported and demonstrated a
model to show the effect of AlOs nanofiller [22]. According to him, the interactions
between surface groups of nanoparticles and polymer chain segments results in a rise in
ionic conductivity due to increase in the fraction of free ions and available new conduction
pathway for the transportation of ion. Hema et al. reported that the incorporation of TiO>
nano-filler in PVA: PVDF based polymer electrolyte increases the dielectric constant due

to increase in the number of charge carriers[83].
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Figure 5.46 Dielectric constant (&") as a function of frequency for different concentrations of Al,O3
in the GPE system at different temperatures — Series (c).
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Figure 5.47 Temperature dependent dielectric constant (&) at different frequencies for NCGPE
containing (a) 2 wt.% Al,O3 (b) 4 wt.% Al.O; — Series (c).
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Figure 5.48 (a) Dielectric constant (¢') versus log f for different concentrations of Al,O3; nano-filler
in the GPE system at 303 K (b) Variations in ¢’ as a function of Al.O3; concentration at different
frequencies at 303 K — Series (c).

+ Tangent Loss (Tan d)

The electrode polarization in dielectric loss is at a lower frequency is so prominent so that
another relaxation process is masked. Hence further analysis of dielectric behavior has been
done using tangent loss formalism (tan 3). Tangent loss is the ratio of energy dissipation to

energy storage also called the dissipation factor. Mathematically, it can be expressed as

& 5.19
tand =— (5.19)
&
where ¢” and ¢’ is dielectric loss and dielectric constant respectively.
35
602 wt.% LiCIO, —a—303K 1 —*—303K 4 wt.% LiClO
o 30_ ——308 K 4
25
20
© 15
C 4
©
=10
5
0

log f (Hz)

log f (Hz)

178 | Page



Chapter 5 Electrical Properties

40 60
—=—303K  5wt%LiClIO, s —=—303K 7.5wt.% LiCIO,
—e— 308 K L3 —e—308 K
—a—313K
—v— 318 K
—e— 323 K
——328K
——333K

338K
2090 ——343K
—o— 348 K

304
40 ~

20 1

tan &
tan

101

log f (Hz) log f (Hz)

30

—=—303K 10wt % LiCIO,
—e— 308 K

—— 313 K
—— 318 K
209 4—323K
——328K
154 5—333K

254

tan 3

10{ —=—343 K
—— 348 K

,,,,,
300
---------------------------

0 1 2 3 4 5 6 7
log f (Hz)

Figure 5.49 Variation of loss tangent (tand) versus log f for different concentrations of LiClO, salt
in the GPE system at different temperatures — Series (a).

Series (a): Variation of loss tangent for the GPE system contains different wt.% LiClO4 at
different temperatures 303 K to 348 K is shown in Figure 5.49. From the plot of tangent
loss, it is clear that tan & value is lower at very low and very high frequency. This is due to
polarization or accumulation of charges near the electrode-electrolyte surface at a lower
frequency and the inability of the dipole in the direction of the applied field at a higher
frequency. At mid-frequency region, tand attain maximum value in all the GPE systems
with different LiClO4 salt concentrations. The tangent loss shows the characteristic peak at
a particular frequency is called relaxation frequency. It is also observed to a shift in
frequency corresponds to maximum loss towards the higher frequency side with an increase
in temperatures. The peak in tand and shifting with temperature suggest the occurrence of
the dielectric relaxation process. Similar behavior is also reported by many researchers. This

indicates the relaxation time decreases according to the relation between frequency and
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relaxation time are given as omt=1, where w=2xnf. The observed phenomena might be due to
increasing the polymer chain segmental motion as well as an increase in the free volume of

polymer matrix where ion of the dipole can easily orient and diffusion takes place.

The tangent loss of the GPE system at different concentrations of LiClO4 salt at 303
K is depicted in Figure 5.50. At the mid-frequency range, the value of tand is maximum
indicates dissipation of energy where diffusion of ions takes place. Apart from this, an
increase in the amount of LiClO4 to GPE from 2 wt.% to 4 wt.% causes to shift in peak
towards the higher frequency side, whereas a reverse trend has been observed for the GPE
system containing 10 wt.% of LiClO4 salt. The reduction in the relaxation time with an
increase in the amount of LiClO4 salt may be due to increasing the amorphous nature. The

polymer chains easily orient through the amorphous regions.

A

Figure 5.50 Variation of loss tangent (tand) versus log f for different concentrations of LiCIO, salt
in the GPE system at 303 K — Series (a).
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Figure 5.51 Variation of loss tangent (tand) versus log f for different concentrations of PC: DEC at
different temperatures — Series (b).
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Figure 5.52 Variation of loss tangent (tand) versus log f for different concentrations of PC: DEC in
the GPE system at 303 K — Series (b).

181 |Page



Chapter 5 Electrical Properties

Series (b): Tangent loss for the GPE with a different weight percentage of PC: DEC
plasticizers at different temperatures from 303 K to 348 K is shown in Figure 5.51. At very
low and high frequency, the value of the tangent loss is low whereas at mid-frequency the
value is high. The high values indicate the dominance of the ohmic component over the
capacitive component. At low frequency, the capacitive behavior of polymer electrolytes
grows whereas ohmic behavior is almost independent. The tand spectrum shows a well-
defined characteristic peak at a particular frequency called relaxation peak. However, this
peak is not observed for the sample with 50 wt.% PC: DEC at higher temperatures and 60
wt.% PC: DEC at all temperature range due to high ionic conductivity. Another feature of
spectra shows of shifting of peaks towards higher frequency side with increasing
temperatures which is an indication of the thermally activated relaxation process. The
characteristics peak is also observed to shift towards higher frequency with the increment in
the amount of PC: DEC from 20 wt.% to 60 wt.%, as shown in Figure 5.52. This behavior
indicates the decrease in the relaxation time. As more amount of plasticizers are
incorporated into the polymer matrix, it grows the higher number of amorphous regions and
the packing of molecules becomes loose. The polymer chain becomes more flexible to orient

through the amorphous region resulting in a decrease in relaxation time .

Series (¢): The variation of tangent loss as a function of frequency for nanocomposite gel
polymer electrolyte with different wt.% Al>Os at different temperatures from 303 K to 348
K are shown in Figure 5.53. One can notice that the tangent loss is very low at low
frequency, increases with an increase in frequency attaining maximum value (Peak), and
subsequently decreases with increasing frequency. Other conclusions are: (i) the height of
the peak increases (ii) the peaks shift towards the higher frequency side with a rise in
temperature. The peak at a different temperature is the relaxation peak that corresponds to
electrode polarization. With an increase in temperature, the peak shifts towards the higher
frequency side and the relaxation time is found to be decreased as temperature increases.
The relaxation process is thermally activated and similar behavior has been observed for all

samples.

To investigate the ion dynamics of the present electrolyte with the incorporation of Al.O3
nanofiller, the tangent loss as a function of Al,O3 concentration at 303 K is plotted in Figure

5.54. The feature observed is as discussed above. The addition of Al.O3 from 0.5 wt.% to 2
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wt.% the peak shift towards the higher frequency side. A shorter relaxation time has been

found for the highest conducting sample.
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Figure 5.53 Variation of loss tangent (tan &) versus log f for different concentrations of Al.Oz in
the GPE system at different temperatures — Series (¢).
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Figure 5.54 Variation of loss tangent (tand) versus log f for different concentrations of Al.Os in the
GPE system at 303 K — Series (c).
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Figure 5.55 Scaled spectra of tangent loss for GPE with 4 wt.% and 5 wt.% LiClO, (Series a), 40
wt.%, and 50 wt.% PC: DEC (Series b), NCGPE with 1 wt.% and 3 wt.% Al,O3 (Series c)

The scaling of tan & also provides ion dynamics behavior whether it is temperature-
dependent or independent. If it is temperature independent, the scaled data tend to merge
onto a master curve and one can say the ion dynamics follow the time-temperature
superposition principle (TTSP). In the present study, tangent loss data is scaled where x
characteristics frequency is used as a scaling parameter on the x-axis and tan dmax as scaling

parameter on the y-axis. The relation is given as

tano f (5.20)

tans . f_

The scaled spectra for the particular GPE system from each series are shown in Figure
5.55. The spectra at a different temperature almost merge to a single master curve except
for data at the low-frequency side. This suggests that the ion dynamics are temperature
independent. The deviation at the lower frequency side may be due to the electrode-

polarization effect.

5.6 Modulus Analysis

The ac response of the electrolyte can also be analyzed in terms of the electric
modulus. In the low-frequency region, dielectric permittivity data are concealed by
interfacial and electrode polarization and the relaxation process is hardly observed. To
overcome these problems, a new formalism was developed by Macedo et al. [84] known as

modulus formalism used to investigate relaxation behavior. In modulus representation, the
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relaxation phenomenon becomes distinct as an electrode and interfacial polarizations are
suppressed. Electrical modulus formalism has been used to study conductivity relaxation in
a wide variety of materials [85-87]. The relaxation process is due to the distribution of

relaxation time in non-homogeneous and mixed-phase material.

The electric modulus can be given as [88],

M =M +jM"'= joC,Z" (5.21)
where M’ is a real part of modulus and M"" is the imaginary part of modulus. It is also defined

as the inverse of the dielectric function given below

M == (5.22)
Details of modulus formalism are also given in chapter 2.
Series (a): The M"” (imaginary part of the modulus) as a function of frequency for GPE with

different concentrations of LiClO4 at different temperatures 303 K to 348 K is shown in
Figure 5.56.
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Figure 5.56 Variations in the imaginary part of modulus (M) versus log f for different
concentrations of LiClO, salt in the GPE system at different temperatures — Series (a).

The M” tends to zero at low-frequency region whereas dispersion region at the high-
frequency region. The low-frequency plateau region is due to the accumulation of charges
at the electrode-electrolyte interface or polarization effect. M'’ spectra show a characteristic
peak at a particular frequency. With increasing the temperature, the peak is shifting towards
the higher frequency side and the height of the peak is also changes. This peak indicates a
relaxation phenomenon and confirms the ion-conducting nature of the system. Similar
features have been reported by Manindra et al. [76] in their biopolymer containing NHal
salt. The shifting of the peak towards the higher frequency side with increasing temperature
indicating faster ionic motion leads to a decrease in the relaxation time and the charge
carriers are thermally activated, reported by Das et al. [54]. The frequency corresponds to
peak maxima M is conductivity relaxation frequency. From which conductivity relaxation
time zm, can be obtained using relation wz = 1. Another feature is observed here that the peak
M'" is broader than the ideal Debye peak and asymmetric. It can be interpreted as being the

consequence of the distribution of relaxation time [89].
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Figure 5.57 (a) M" versus log f for different concentrations of LiClO4 in the GPE system at 303 K
(b) Variation of conductivity relaxation time and DC conductivity as a function of LiClO,
concentration at 303 K — Series (a).

The M"" versus log f at 303 K for gel polymer electrolyte containing different amounts of
LiClO4 salt is shown in Figure 5.57(a). The spectrum shows a characteristic peak at a
particular frequency called conductivity relaxation peak/frequency, below which the ions
have long-range mobility, and above it, ions are confined in a narrow potential well [88].
Another feature is drawn from the spectra that the peak shift towards the higher frequency
side with an increase in salt concentrations up to 7.5 wt.% LiClO4. This behavior suggests
that the charge carrier hopping is taking place which might be due to an increase in
amorphous nature with increasing the amount of salt up to 7.5 wt.% LiClO4. At 10 wt.%
LiClOg4, the peak shift towards the lower frequency side indicates slow relaxation time. It
might be due to a decrease in charge carriers due to aggregation of charge carriers which
causes a decrease in the amorphous nature of the film. This is in good agreement with the
XRD pattern of GPE having 10 wt.% LiClO4. The obtained conductivity relaxation time zm
is using relation oz =1 and DC conductivity as a function of wt.% of LiClOg is plotted in

Figure 5.57(b). The lowest relaxation time is found for the highest conducting sample.

In addition to these, the asymmetric nature of peak in M’’ spectra can be interpreted as being
the consequence of the distribution of relaxation time and non-exponential behavior of the
conductivity relaxation. The complex electric modulus in the form of a Fourier transform is

given by the following relation

M'=M, {1—Texp(—iwt)%} (5.23)
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M, = i, where gxis the limiting high-frequency real part of permittivity and the function
&

o0

d(t) is the relaxation function or Kohlrauch-Williams—Watts (KWW) function.

Due to ion-ion and ion-lattice correlation in the ion-conducting materials, it gives rise to
non-Debye behavior which can be explained using stretched exponential functions of the
Kohlrausch-Williams-Watts (KWW) [90]

p(t) =" (5.24)
where [ is the nonexponential parameter, 0 < 3 < 1 is an exponent indicating departure from
the Debye relaxation (f=1), and t is the relaxation time. The parameter 3 for all the samples
can be evaluated by knowing the full width at half maximum (FWHM) from M"’ spectra

which are calculated using the following formula

5o LU (5.25)
FWHM

and are listed in Table 5.3. From Table 5.3, the deviated values of B (8 #1) suggest a greater

departure from the ideal Debye response.

Table 5.3 B exponent values of KWW function for different concentrations of LiClO, salt in the
GPE system at different temperatures — Series (a).

Temperature 2 wt.% 4 wt.% 5wt.% 7.5 wt.% 10 wt.%
(K) LiClO4 LiClO4 LiClO4 LiClO4 LiClO4
303 0.28 0.57 0.79 0.89 0.75
308 0.32 0.62 0.80 0.91 0.77
313 0.34 0.66 0.83 0.90 0.85
318 0.39 0.70 0.88 - 0.91
323 0.45 0.77 0.94 - 0.93
328 0.48 0.81 0.99 - 0.99
333 0.55 0.87 1.04 - 1.06
338 0.60 0.94 1.10 - 1.08
343 0.65 0.96 1.13 - -
348 0.70 0.99 1.17 - -
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Series (b): The imaginary part of modulus (M"") as a function of the log of frequency for
the GPE system with different wt.% PC: DEC at different temperatures is plotted in Figure
5.58. The spectra attain a lower value of M” at lower frequencies which confirms the ion
conduction process in the polymer matrix whereas the maximum value (peak) at a particular
frequency(fmax) corresponds to the bulk effect. According to Druger et al., an increase in M"”
at a higher frequency is related to jumping of ion from one site to another site over a long
distance [49]. The frequency region where f < fmax corresponds to long-range mobility and
higher frequency (f > fmax) part is attributed to ions spatially confined in a narrow potential
well and the frequency range where the peak occurs indicates the transition between long-
and short-range mobility as reported by Sharma et al. [88]. It is also observed that the
position of the peak at fmax shifts towards the higher frequency side with the rise in
temperature indicates the occurrence of the relaxation phenomenon which is thermally

activated.

Figure 5.59(a) shows the M” versus log f for the GPE with different wt.% of PC:DEC
at 303 K. The conclusion is drawn from the spectra that the position of the peak maximum
is shifted to higher frequencies side indicates the occurrence of a relaxation phenomenon
with an increasing amount of PC:DEC. The frequency corresponds to peak falls outside the
measured frequency range for the GPE system contain 60 wt.% PC:DEC, hence, a peak is
not observed. The height of the peak at high-frequency changes with plasticizer PC:DEC
concentration. This behavior suggests that the charge carrier hopping has taken place due to
the addition of plasticizer might be due to the increase in the amorphous nature of GPE. The
relaxation time is observed to be decreasing with increasing the amount of PC:DEC

plasticizers as shown in Figure 5.59(b).

Moreover, the asymmetric and broad nature of conductivity relaxation can be explained by
Kohlrausch-Williams—Watts function (Eq. 5.24). B is calculated using Eg. 5.25 and
tabulated in Table 5.4. The observed values, if found other than =1 indicates the non-

Debye nature of the system.
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Figure 5.58 Variations in the imaginary part of modulus (M) versus log f for different
concentration of PC:DEC in the GPE system at different temperatures — Series (b).
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Figure 5.59 (a) M"" versus log f for different concentrations of PC:DEC in the GPE system at 303
K (b) Variation of conductivity relaxation time and DC conductivity as a function of PC:DEC
concentration at 303 K — Series (b).

Table 5.4 B exponent values of KWW function for different concentrations of PC:DEC in the GPE
system at different temperatures — Series (b).

Temperature 20 wt.% 30 wt.% 40 wt.% 50 wt.% 60 wt.%

(K)

303 0.06 0.25 0.38 0.79 1.05
308 0.13 0.30 0.46 0.80 1.06
313 0.16 0.32 0.56 0.86 1.10
318 0.24 0.33 0.66 - -
323 0.30 0.36 0.77 - -
328 0.36 0.40 0.91 - -
333 0.40 0.42 1.00 - -
338 0.45 0.53 1.10 - -
343 0.50 0.59 1.17 - -
348 0.51 0.64 1.24 - -

Series (C): Further, the incorporation of Al,O3 nano-fillers in terms of modulus has been
analyzed. Figure 5.60 shows the M" versus log f for the nano-composite gel polymer
electrolyte system containing different wt.% Al>Osz at temperature range 303 - 348 K. The
similar behavior has been observed in the modulus spectra as discussed for the previous
series. The long tail at low frequency is due to the large capacitance associated with the
system. The high-frequency region is the bulk region of electrolytes where the conductivity
relaxation phenomenon takes place. The peak at a particular frequency where long-range

motion is constrained to caged motion called conductivity relaxation frequency is shifted

192 | Page



Chapter 5 Electrical Properties

towards the higher frequency side as temperature increases[91]. This is because of the
upsurge in the flexibility of the polymer chain segment wherein movement of the ion within
the available site becomes faster and corresponds to decrease in relaxation time [92]. In
another word, we can say that that the relaxation process is thermally activated, where the
dominant process is the hopping of the charge carriers. At high temperatures > 328 K, the
peak is not observed due to the high ionic conductivity of the system. Another feature of
decreasing the height of the peak with a rise in temperature indicates that the bulk resistance
of the system is decreasing. The broader and asymmetric nature of the peaks predict the
present system are of non-Debye type. Verma et al.[93] also reported the similar behavior
of modulus and non-Debye nature for the PEO based polymer electrolyte system with
different amount TiO2 nano-filler. To explore more on non-Debye nature, we have extracted
[3 parameter from this M” spectra according to Eq. 5.25 and tabulated in Table 5.5 which is

departed away from the predicted value for the Debye nature.

Figure 5.61(a) depicts the M" versus log f for the NCGPE with different concentrations of
Al>03 nanofiller at 303 K. On the variation of Al.Oz nanofiller in the GPE system, the
position and height of the peak are varied. From the values of fmax corresponds to the peak
M “max, the relaxation time is calculated according to wt=1 and the log of relaxation time and
log ouc values are plotted against different wt.% Al>Oz in Figure 5.61(b). On comparing the
trend of relaxation time with conductivity, the relaxation time decreases whereas
conductivity increases as Al.Oz nanofiller concentration are varied from 0.5 wt.% to 2 wt.%.
This may be due to the provision of a facilitating path for the ionic transport and motion of
the polymer segment due to undissociated salt. The decrease in the relaxation time on the
addition of 3 wt.% Al,O3 could be explained on the basis of the ion aggregation or formation
of ion-pair which hinders the motion of the ion. Again, a small increase in conductivity and
simultaneous decrease in the relaxation time is observed for the NCGPE with 4 wt.% Al>O3
which can be explained by taking into account on percolation model and/or space charge
model also well-known as the two-phase effect [94]. This is also explained in Chapter 2 in
the section of “Theoretical models”. Many reports show this type of behavior [93,95]. For
higher conducting samples (NCGPE with 2 wt.% Al>03), a shorter conductivity relaxation

time has been observed.
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Figure 5.60 Variation in the imaginary part of modulus (M’") versus log f for different concentrations
of Al,Os in the GPE system at different temperatures — Series (c).
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Figure 5.61 (a) M"" versus log f for different concentrations of Al,O3 in the GPE system at 303 K
(b) Variation of conductivity relaxation time and DC conductivity as a function of Al,O3
concentration at 303 K — Series (C).

Table 5.5 B exponent values of KWW function for different concentrations of Al.Osin the GPE
system at different temperatures — Series (c).

Temperature 0.5 wt.% 1wt.% 2wt.% 3wt.% 4 wt.%

(K)

303 0.82 0.87 0.95 0.77 0.86
308 0.83 0.88 0.95 0.79 0.89
313 0.86 0.92 0.99 0.85 0.93
318 0.87 0.97 1.02 0.89 0.97
323 0.93 1.01 1.04 0.92 1.02
328 0.98 1.03 1.19 0.93 1.05
333 1.02 1.10 - 1.07 1.17
338 - 1.20 - - -
343 - - - - -
348 - - - - -

+ Spectroscopic Plots

Another approach to explore the Debye and non-Debye behavior of the
polycrystalline materials, the spectroscopic plot (Z'" and M"" versus log f) is believed to be
a convenient way. The spectroscopic plot, i.e., graphs of Z'" and M"" versus log f offers a
convenient way of presenting the data as suggested by Grant et al. [96]. They reported the

normalized modulus and impedance spectra for ideal solid electrolyte (single RC element
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with single relaxation time ®RC=1) were completely supposable, which can be interpreted

as ideal Debye Curve which is given by [96]

and

G

oRC
R 2
1+ (wRC)

oRC

" C 1+ (wRC)?

(5.26)

(5.27)

But for real solid electrolyte, there is a wide range of distribution of relaxation time with the

occurrence of peak maxima of Z"" and M"’ at a different frequency having non-Debye nature

wherein the peak of modulus and impedance no longer coincide. Hodge et al. [97] have

discussed the impedance and modulus spectroscopy for the ideal and real polycrystalline

solid electrolyte.

Series (a): The plot of Z'" and M"’ versus log f for the sample containing different wt.% of

LiClO4 at 308 K is shown in Figure 5.62. The maxima of Z" and M"* do not coincide at the

same frequency. The peak of Z" is at the lower frequency side, whereas the peak of M"" is

at higher frequency side having broadened nature indicating the wide distribution of

relaxation times which confirms non-Debye nature.
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Figure 5.62 Spectroscopic plot (Z" and M" versus log f) for different concentrations of LiClO4 salt
in the GPE system at 308 K — Series (a).

Series (b): Similarly, Figure 5.63 shows the spectroscopic plot for the gel polymer
electrolyte system with different concentrations of PC: DEC at 313 K. It can be seen from
the figure the peak occurring in Z"” and M" data is not supposable. The peak of Z' and M"
occurring at different frequencies revealed that the system is non-Debye which has wide
distributions of relaxation time. Similar behavior of non-Debye nature has been revealed for

the PEO-PMMA based polymer electrolyte system by Sharma et al. [98]

197 |Page



Chapter 5 Electrical Properties

8.0x10* 20 W% PC:DEC =21 Looa -1.0x10" {30 wt.% PC:DEC 004
. f“bo —o—M" : f“ﬁk’% oﬁq
‘ s % ®, 80x10 (=7 A 1
-6.0x10" 1 ¢ @ ° 0.03 y 09 ' L0.03
4 o" == g >
4 Q2 \ -6.0x10° 1 ¢ S0 o
LTS B G Lo ooy K s Y 002 -
N oo Y N _4.0x10* P 0 % 2
<}<} o (3 ' <}<} 0 P>
200 o 9 LN F0.01 N d 9% L0.01
OM -2.0x10° o %%
v 000 00 % 000
2 3 4 5 6 7 8 ; : : : ; T :
log f (Hz)
log f (Hz)
'500 5’ T T T T T 0025 —60« . v‘ . . . : 0012
| dwnpcDEC PR D7)} S0WM%PCDEC et
4004 Y 4 f‘% \ 0.020 o] o 85 oo
\ . ¢ a9 > 9
» |-z AR -40 e ¢ 1 \
»  |—e—M I IS 4 s 90 -0.008
U - FEPE 0,015 A 5
5 s 9 4 ", $ \ 0006
: \ * o > : s 20 N :
N -200 9 5 00105 N 9 S
% s 9 \ 3 0,004
Y, P °.° <‘ o
o
1004 J o 0005 01 9 0,002
0 10.000 rmmmj 10.000
ZOI T T T T T
2

N —
w
~
o
~
(e}

Figure 5.63 Spectroscopic plot (Z"" and M versus log f) for different concentrations of PC:DEC in
the GPE system at 313 K — Series (b).

Series (C): The spectroscopic plot (i.e. Z" and M” versus log f) of nanocomposite gel
polymer electrolyte with different concentrations of Al>Os at 308 K is shown in Figure 5.64.
The peak of Z" and M"” occurring at different frequencies indicates the non-Debye nature
of the present nanocomposite gel polymer electrolyte. Apart from it, the asymmetric nature
and broader nature than Debye peak point out to have a wider distribution of relaxation time

i.e. non-Debye nature. Similar behavior has been observed for all the samples.
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Figure 5.64 Spectroscopic plot (Z"" and M" versus log f) for different concentrations of Al,Os in the

GPE system 308 K — Series (c).
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+ Scaling of Modulus

The scaling is also known as the “Time-temperature superposition principle” is explored to
obtain a comprehensive depiction of the role of temperature on an ion conduction
mechanism. It provides an insight into the temperature dependence of the relaxation
dynamics. As seen in this section, with an increase in temperature, the peak corresponds to
conductivity relaxation shifts towards the higher frequency side. The purpose of the scaling
is to examine whether the mechanism of conduction is temperature-dependent or
independent. The scaled data have a tendency to collapse onto a single master curve if it is

temperature independent mechanism.

Ghosh’s scaling method is adopted to scale the imaginary part of modulus in which
the x-axis is scaled by frequency corresponds to a peak value and Y-axis is scaled by M" max

value i.e. peak maximum value. The scaling function can be defined as

M :F( f} (5.28)
M" f

max

Series (a): Figure 5.65 represent scaled spectra of M” for GPE having 4 wt.% and 5 wt.%
LiClO4 at different temperatures. The normalized plots show a single relaxation peak i.e.
merging of M" at different temperatures. The time-temperature superposition attributes

temperature-independent relaxation behavior.

104 —9— 303K 4wt.% LiClO, 104 730K  5wt% LiClO,
—o—308K ~9 308K
0.8 i

£06-

0.4 4

M*"/M ™

0.2

Ess
0.0 AT EAUAAAMEARUSIU
T T T T T

Figure 5.65 Scaled M spectra for GPE with 4 wt.% and 5 wt.% LiClO,at different temperatures
— Series (a).

Series (b): Next in the plasticizer variation GPE system, the scaled spectra for the GPE
system with 40 wt.% and 50 wt.% PC:DEC is plotted in Figure 5.66. Nearby overlapped
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data has been observed for the GPE with 40 wt.% and perfect overlapping of M” spectra is

seen which indicates the relaxation processes of Li* ion conduction in the present system is

independent of temperature.
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Figure 5.66 Scaled M" spectra for GPE containing 40 wt.% and 50 wt.% PC:DEC at different
temperatures — Series (b).

Series (c): The scaling of the nano-composite gel polymer electrolyte system containing 0.5
wt.% Al,Oz and 3 wt.% Al>Oz is shown in Figure 5.67. The scaling behavior shows that the

modulus spectra superimposed to each other making a master curve for all isotherm which

indicates the conductivity relaxation process is temperature independent.
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Figure 5.67 Scaled M" spectra for NCGPE containing 0.5 wt.% and 3 wt.% Al,Os at different
temperatures — Series (c).
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