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CHAPTER SIX

EIS Studies on the Nano-Composite Polymer Electrolgs (NCPES)

6.1 Introduction

The main aim of this chapter is to study the effedfcalumina (AbOs) nanoparticle on
electrical and dielectric properties of CS:AgTf, :N&Tf and CS:LiTf solid polymer
electrolytes. Polymer—inorganic filler composite terals have been extensively
studied for along time; these are called nano-camg® if they employ nano-sized
inorganic filler. They combine the advantages @& thorganic material (e.qg., rigidity
and thermal stability) and organic polymer (e.glexibility, dielectric and
processability) [Tripathi and Shahi, 2011]. Tillmmothe nanoparticles most used are
TiO,, Al,O3, SIG,, MgO etc. Adding these nanoparticles to SPE isdoto be one of
the most effective routes of achieving balancedasttaristics of ionic conductivity and
mechanical stability [Borgohain et al., 2010]. Thhe main objective of this chapter is
to demonstrate the role of A&; nanoparticles on DC conductivity and dielectric
constant enhancement and their correlation in NCPe. study of the Arrhenius and
compensated Arrhenius behaviors, relaxation prociespedance and AC plots in

NCPEs will also be investigated.
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6.2 Electrical/Dielectric properties of NCPEs basedon (1-x)(0.9CS:0.1AgTf)-

6.2.1 DC conductivity and Dielectric analysis of NEE based on (1-
X)(0.9CS:0.1AgTf)-xALO3(0.02< x < 0.1)

Figure 6.1 shows the DC conductivity variation o8:8gTf(CSA6) with various
concentrations of ADz nanopatrticles. It can be seen that the DC condtycincreased

on addition of 2 to 4 wt.% AD;3; nanopatrticle and thereafter decreased with further
addition of alumina nanoparticles. Compared to @IfA(CSA6) system the DC
conductivity of (1-x)(0.9CS:0.1AgTf)-xAD;(0.02< x < 0.1) compositions is one order
increased. The DC conductivity enhancement candoeb&d to the high dielectric
constant of AIO; (8-10) [Li et al., 2007], which is more than thieldctric constant of

pure chitosan and thus can dissociate more ions.
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Figure 6.1: The ionic conductivity of chitosan:ATf (CSA6) with various concentration of AbOa.
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Figure 6.2 shows the variation of DC conductivitythwtemperature for different

concentrations of alumina filler. It is clear titae DC conductivity of all the NCPE
compositions decreased at a particular temperathreh may be related to the phase
transition of alumina nanoparticles. The calculadetiation energ¥e, for the CSNA2
highest conducting sample is 0.998 eV with the essjon value &0.98 in the low

temperature (before drop in conductivity).
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Figure 6.2 Temperature dependence of ionic conducity of (1-x)(0.9CS:0.1AgTf)-xALO3 (0.02< X
< 0.1) nano-composite system.

In the previous chapter, the role of dielectricstant on conductivity behavior of solid
polymer electrolytes has been illustrated. It idl\weown that clays and ceramic filler
have high dielectric constant which is responsibtethe conductivity enhancement of
polymer electrolytes as a result of more salt disgmn [Deka and Kumar, 2010].
Figure 6.3 shows the frequency dependence of dielemonstant at room temperature
for different concentrations of alumina filler. Dt the high electrode polarization the

dielectric constant in the high frequency regiondth compositions almost collapsed to
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a single curve. By separation of the electrode fran the bulk part (high frequency)

one can understand that the bulk material alsob&sha response to the presence of

filler.
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Figure 6.3 Composition dependence of dielectric cetant for (1-x)(0.9CS:0.1AgTf)-xAbO5 (0.02< X
<0.1) NCPEs.

Figure 6.4 shows the bulk dielectric (high frequgnaconstant for different
concentrations of alumina. It is clear that thekbdielectric constant is almost
frequency independent and increased with increafiileg content until 4 wt.% and
thereafter decreased with increasing filler conegitn as occurred for DC
conductivity.

These results indicate the fact that DC condugtivét strongly dielectric constant
dependent as observed this phenomenon also far golymer electrolytes based on
CS:AgTf. Thus the increase of DC conductivity of REES based on CSNAs compared
to solid polymer electrolytes based on CS:AgTf ise do the dielectric constant

enhancement.

185



Chapter Six EIS syuzh NCPEs

24

22 A

o0l | ® CSNA1 = CSNA2 A CSNA3 xCSNA4  xCSNAS

18 -

10 | RR2ARANANGAGAN A
X X X X X&%
XXXXX><XXXXXXXXXXXXXXXXXXXX§§§§§§§

12
X X X X X X >K)K>K)K>K>K)KX)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K)K

10 -
8 T T T T
58 5.85 59 5.95 6

Log (f)

Figure 6.4 Composition dependence of bulk dielecti constant for (1-x)(0.9CS:0.1AgTf)-xAJO;
(0.02<x<0.1) NCPEs.

Figure 6.5 demonstrates further relationship betwledlk dielectric constant and DC
conductivity. It can be seen that the behavior wk ldielectric constant and bulk DC
conductivity almost similar with AD3; nanopatrticle concentration. This result reveal

that DC conductivity also is strongly depends alatitric constant in NCPEs.
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Figure 6.5 Dependence of Bulk dielectric constantra DC conductivity of chitosan:AgTf (CSA6) on
Al,O3 concentration.
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The frequency dependence of dielectric constant G&NA2 (highest conducting

sample) at different temperatures is presentedgn@=6. From the figure, it can be seen
that the dielectric constant decreases with inangasequency. The high value of at
low frequencies is due to the electrode polariratidowever, the high frequency region
of dielectric constant which represents the buikrifisic material property) properties is
almost frequency independent but temperature degmeras depicted in Fig. 6.7. It is
interesting to note that with increasing temperatiire dielectric dispersion shifts to
high frequency part. This can be ascribed to higharge carrier build up at high
temperature at the electrode/electrolyte interfmog thus the dominance of EP effect.
Compared to the CSAG6 solid polymer electrolyte, @8NA2 bulk dielectric constant is
higher at all temperatures for example at 333 Khthk dielectric constant of CSNA2

(24) is about two times greater than the bulk diele constant of CSA6 (12.9) .
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Figure 6.6 Frequency dependence of dielectric comstt at different temperatures for CSNA2
sample.
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Figure 6.7 Frequency dependence of bulk dielectriconstant at different temperatures for CSNA2
sample.

From the above results it can be understood thatbtilk DC conductivity and bulk
dielectric constant are strongly correlated as waehseen for solid polymer
electrolytes. Thus we can satisfy the Petrowsky fareth hypothesis (2009, 2010) on
nano-composites also. The smooth curve between @@luctivity and dielectric

constant at different temperatures can be see@3NA2 as shown in Fig 6.8.

This smooth curve in the temperature range canidaged as an empirical description
of the dependence of DC conductivity on the dielectonstant «') at different
temperatures. An increase in dielectric constananaean increase in charge carrier
concentration and thus an increase in DC condigtija =>gnu ). The concentration
dependence of bulk dielectric constant and DC cotidty (Fig.6.5) and the smooth
curve (Fig.6.8) completely reveal that DC conduttidependence on both temperature
and dielectric constant. One point of conductivagn be selected on this curve as a

reference to scale the DC conductivity.
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Figure 6.8 DC conductivity dependence on dielectriconstant at, (1) 303, (2) 308, (3) 313, (4) 318,
(5) 323, (6) 328 and (7) 333 K for CSNA2 sample.

Figure 6.9 depicts the compensated Arrhenius behém the temperature dependence
of conductivity for the scaled CSNA2 nano-compogitdymer electrolyte. It can be

seen that the temperature dependence is lineaawégression value of 0.97. The slope
gives an activation energy of 0.978 which is alntbetsame compared to the calculated
one from normal Arrhenius relation. This activatienergy was used to calculate the

pre-exponential factor.

1.5 4

0.5 - -

Log (Gdc/Cref)

-0.5 4 *

-1.5 T T T T T
2.3 2.5 2.7 2.9 3.1 3.3

1000/K-"

Figure 6.9 Compensated Arrhenius equation plotted gainst the reciprocal temperature for CSNA2
system.
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Figure 6.10 shows the temperature and dielectmstemt dependent of pre-exponential

factor for CSNAZ2. It is clear that the pre-expom@ntactor dose not exhibit a smooth
curve with dielectric constant as observed for @@ductivity with dielectric constant.

Thus, the NCPEs do not follows the Petrowsky arethypothesis. The pattern for
compensated Arrhenius and normal Arrhenius plat, samilar and again reveals that
nano-composite electrolytes based on chitosan tdéoitows the Petrowsky and Frech

hypothesis.
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Figure 6.10 Temperature and dielectric constant degndent of pre-exponential factor ¢,) at (1)303,
(2) 308, (3) 313, (4) 318, (5) 323, (6) 328 and 3B K for CSNA2 system.

Figure 6.11 depicts the variation of dielectric slowith frequency at selected
temperatures for CSNA2 system. Compared to diétectrnstant the dielectric loss
value is so large. The dielectric loss becomes l&ge at lower frequencies due to free

charge motion within the material [Malathi et 2010].
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Figure 6.11 frequency dependence of dielectric loss different temperatures for CSNA2 system.

6.2.2 Frequency dependence of tahfor NCPE (CSNA2) system

Figure 6.12 shows the variation of loss tangent fiéquency at different temperatures
for the CSNA2 sample. The tanspectrum is characterized by a peak appearing at a
characteristic frequency. It can be seen that dined tpeaks shift towards the higher
frequency side with increasing temperature indngptihe decrease of the sample’s
resistance. The shifting of the peaks to higheguemcy results in reduced relaxation
time. The broad nature of the peaks can be atéibtd non Debye type relaxation. In

other words, these broad peaks ascribed to thabdison of relaxation times.
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Figure 6.12 Frequency dependence of loss tangentuifs) at different temperatures for CSNA2
sample.

3.9

3.8 4

3.7

3.6 4 *

Log (fmax)
w
o

3.4 -

3.3 -

3.2 4

3.1 T T T T T
3.05 3.1 3.15 3.2 3.25 3.3 3.35

1000/T (K™)

Figure 6.13 Temperature dependence of relaxation éiquency for CSNA2 system.
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The frequency associated with each peak is knowrelagation frequency. The Log

fmax —temperature relationship (Fig 6.13) satisfy theh@nius equation with the

activation energyk, = 0.93 eV.

6.2.3 Electric modulus analysis of CSNA2: Relaxatioprocesses

Electrical relaxation in ionic conductors can h&dgtd in terms of dielectric modulus to
suppress the electrode polarization effect. Theftequency tail of the Mspectra (Fig.
6.14) can be attributable to a high dielectric ¢ansat low frequencies (EP effect).
This can be understood from the relationship betwdielectric constante() and real

part of electric modulusM'=¢'/('* +£"?)). The increase of Mspectra at higher

frequencies predicts the relaxation processes whiely appear as a peak in the

imaginary part.
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Figure 6.14 Frequency dependence of M' at differertemperature for CSNA2 sample.
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Figure 6.15 depicts the imaginary part of eleatniedulus as a function of frequency at

selected temperatures for CSNA2 sample. It is als/ihat the maximum peaks shifts
to high frequencies with increasing temperatureesehpeaks indicate the fact that our

samples are ionic conductors.
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Figure 6.15 Frequency dependence ™" at different temperature for CSNA2 sample.

In dielectric measurements, the material is exptseah alternating electric field, which
is generated by applying a sinusoidal voltage; pinccess causes alignment of dipoles
in the material, which results in polarization.dalymeric materials the dipoles on the
side chain of the polymer backbone can producelaigmlarization and as well as the
existence of ion translational diffusion [Mohomedak, 2006]. The appearance of peak
maximum in the imaginary part of electric modulaseals the sample is ion conductor.
Argant plots (M vs M) can be used to investigate the relaxation dynamicthe
translational diffusion of ions. Ayesh (2010) haswn that if the Argand plot between

imaginary part (M) versus real part (§of electric modulus has semicircular behavior
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then the relaxation is due to conductivity relamatiprocess, otherwise, it is due to

viscoelastic relaxation (or polymer molecular relaon) [Ayesh, 2010]. The
conductivity relaxation possesses properties veifferdnt from the viscoelastic
relaxations present in polymers. The conductivitiaxation corresponds to the model
of a Debye process having a single relaxation tivkeereas viscoelastic relaxations are
known to exhibit a distribution of relaxation timpgdohomed et al., 2005]. Figure 6.16
shows the Argand plot for CSNA2 sample at differearmhperatures. All plots shows
incomplete semicircular arc as a result of distidyu of relaxation times, i. e., non-
Debye behavior and consequently the relaxation gas&s are due to viscoelastic

relaxation.

0.15

0.12 {

0.09

0.06

0.03

i0 0.03 0.06 O.QQ 0.12 0.15

195



Chapter Six

EIS spuzh NCPEs

0.12

0.09

M"

0.06

0.03 {

0.05

.
.
.

0.03 0.06 0:09

0 o
N K
. K
......

0.12

0.04 1

0.08

M"

0.02 {

0.01 {

0.01 0.02 0.03

0
., 8
....
. o
N o
. .
--------

0i04

0.05

196



Chapter Six EIS syuzh NCPEs

0.03

0.025
0.02 |
$0.015 |

1 e,
0011 et T
o .
.
3 *

0.005

d._ 0.005 0.01 0.015 0.02_-': 0.025 0.03

e 8
. .
.....

.......

Figure 6.16 Argand plots for NCPE (CSNA2at (a) 303 K, (b) 323 K, (c) 343 K and (d) 353 K.

6.2.4 Correlation between impedance and AC condugity ( J,.) in NCPEs
(CSNA2).

Fig. 6.17(a-f) represents the complex impedancts mibthe CSNA2 sample at different
temperatures. The plots show two semicircles &t higd intermediate frequencies and
a tilted spike at low frequency due to electrod&apmation effect. It is clear that with

increasing temperature the high semicircle (butipprty) vanishes and the spike region
increases strongly. The spike region is due toldhge accumulation of charge at the
electrode/sample interface. It can be seen thhigat temperatures (Fig. 6.17(e-f)) the

high frequency semicircle corresponds to bulk i@unduction is almost disappear.
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Figure 6.17 Impedance plots for NCPE (CSNA2) at (a303 K, (b) 313 K, (c) 323 K, (d) 333 K, (e)
343 K, and (f) 353 K.
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A typical conductivity-frequency spectrum shown kig. 6.18(a-d) exhibits three

distinguish  regimes; low frequency dispersiomn intermediate plateau and
conductivity dispersion at high frequency fro®33K to 333 K. The variation of

conductivity in the low frequency region is attribd to the polarization effects at the
electrode/electrolyte interface. In the intermagsl frequency region, conductivity is
almost found to be frequency independent agdal to dc conductivity and at the
high frequency region, the conductivity increaseth frequency. The frequency

dependence of electrical conductivity at the higdgfiency region obeys Jonscher’s
power law. The direct correlation of AC condudiyvspectra to Nyquist plots reveal

that the AC dispersion strongly relates to the harliperty of the sample. It can be seen
from Nyquist plots that at higher temperaturestigh frequency semicircle disappears
as a result of high accumulation of charges. Atdugh temperatures the AC dispersion

also decreases.
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Figure 6.18 AC conductivity spectra for NCPE (CSNA2at (a) 303 K, (b) 313 K, (c) 323 K, (d) 333
K, (e) 343 K, and (f) 353 K.

Figure 6.19 depicts the variation of frequency e (s) with temperature. It can be
seen that the s value decrease with increasingaeiype to a minimum value and then
increases slightly with temperature. According 10PQ model [Faraga et al., 2010], the
exponent s depends on both frequency and temperanod drops with rising

temperature to a minimum value and then incredsggly, as temperature rises. Thus

the ion conduction in CSNA2 system follows the OLiddel.
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Figure 6.19 Temperature dependence of the frequen@xponent s for CSNA2 system.

6.3 Electrical/Dielectric properties of NCPEs basedon (1-x)(0.9CS:0.1NaTf)-
xAl,03(0.02<x<0.1)

6.3.1 DC conductivity and Dielectric analysis of NEEs based on (1-
X)(0.9CS:0.1NaTf)-xALO3(0.02< x < 0.1)

The variation of DC conductivity of CS:NaTf (CSB@&jth various concentration of
Al,O3 nanoparticles is depicted in Fig 6.20. It can bensthat the DC conductivity
increased by addition 2 to 4 wt.% of .8k nanoparticle and thereafter decreased at 6
wt.% and then increased again for high filler conication (8 to 10 wt.%). According to
Dissanayake et al., (2003), the decrease of DCumtivity can be due to the blocking
effect and the increase of conductivity at highkerfcontent can be due to the fact that
the filler grains get close enough to each othéigiter concentrations so that the high
conducting regions in the vicinity of the grain fawes start to get interconnected. The
migrating ionic species can now travel along antivben these interconnected high

conducting pathways giving rise to the second emeein the conductivity (8 to 10
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wt.%). Compare to CS:NaTf (CSB6) system the DC cotdity of (1-

x)(0.9CS:0.1NaTf)-xAlO3 (0.02 < x < 0.1) compositions is two order increased. The
increase in DC conductivity can be ascribed todiséectric constant enhancement as

can be seen later.
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Figure 6.20 The ionic conductivity of chitosaiNaTf (CSB6) with various concentration of ALOs.

Figure 6.21 shows temperature dependent condyctf/different nanocomposite solid
electrolyte samples. It is clear from the plotstthae temperature dependence of
conductivity follows the Arrhenius behavior for thbempositions from 2 to 10 wt.% at
low temperaute (303 to 333 K). However they did fiolbw the Arrhenius behavior for
all the compositions at higher temperatures. Simbahavior were reported for
PEO:LITf:Al,O3 composite polymer electrolyte [Dissanayakea €t28103]. The bend
in the curve has been observed in ionically condggtolymers and has been explained
invoking the concept of free volume [Karan et 2D08]. It is interesting to note that
the curve obtained for the highest filler concetmres (10 wt. %) seems to maintain

linearity quite well up to the highest temperatuscording to Osiska et al., (2009)
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the high filler load helps to prevent ionic trangpaeterioration at higher temperatures.

They explained this phenomenon by assuming thatadditional ion transport
mechanism occurs when the filler particles becon@enand more packed in the
composite membrane. The decrease of DC condycavia particular temperature for
all the compositions again can be ascribed to thase transition of alumina
nanoparticles. The calculated activation energipattemperature (linear part) for the

highest conducting sample (CSNB2) is equal to 01
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Figure 6.21 temperature dependence of ionic conduetty of (1-x)(0.9CS:0.1NaTf)-xALO3 (0.02< x
<0.1) NCPEs.

Dielectric constant is directly related to the aafzce (C) of the sample’ (= C/C).
The high dielectric constant of the sample meahgyha charge carrier density. Figure
6.22 shows the frequency dependent of dielectriostamt for different alumina
concentrations. It can be seen that dielectricstant increases with decreasing

frequency. This is because at low frequency theoldgp and charge carriers have
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sufficient time to orient in the direction of thpied electric field. Consequently large

amounts of charge carriers build up at the eleetidctrolyte interface and produces

electrode polarization, which suppresses the higuency dielectric properties (bulk

property).
2500
| |
2000 -| + CSNB1
*
s CSNB2
1500 ~ A CSNB3
W o CSNB4
1000 1 X x CSNB5
° | |
L J
500 - A -
A *%
0 ‘A M M_le_
1.3 2.3 3.3 4.3 5.3 6.3

Log (f)

Figure 6.22 Composition dependence of dielectric netant for (1-x)(0.9CS:0.1NaTf)-xAbO3 (0.02<
x<0.1) NCPEs.

Figure 6.23 shows the separated bulk dielectric steont for various
concentrations of alumina nanoparticles. It is ohsithat the bulk dielectric constant
like bulk DC conductivity is strongly affected biet alumina concentration. These
results reveal the role of dielectric constant eckanent on DC conductivity in nano-
composite polymer electrolytes. The complete retethip between bulk DC
conductivity and bulk dielectric constant can beieeed from Fig. 6.24. It can be seen
that the behavior of Bulk dielectric constant andkiDC conductivity almost the same

with Al,O3; concentration.
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Figure 6.23 Composition dependence of bulk dieledtr constant for (1-x)(0.9CS:0.1NaTf)-xAO3

(0.02< x< 0.1) NCPEs.
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Figure 6.24 Dependence of bulk dielectric constargnd DC conductivity of chitosan:NaTf (CSB6)

on Al,O3 concentration.
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The dielectric constant study at different tempeed may give further information on
the relationship between bulk DC conductivity andlettric constant. Figure 6.25
shows the dielectric constant as a function ofdespy at different temperatures. It can
be seen that with increasing temperature the dredemnstant also increased. The large
value of dielectric constant’] at low frequency is attributable to electrodegpialation

(EP) effect which suppressed the high frequencigdigc constant to a single curve.
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Figure 6.25 Frequency dependence of dielectric camsit at different temperatures for CSNB2
system.

Figure 6.26 shows the frequency dependence ofuhedielectric constant at selected
temperatures. It is interesting to note that th& dielectric constant is also temperature
dependent like low frequency dielectric constante Wnow that the bulk DC

conductivity and bulk dielectric constant are ectied from the high frequency

semicircle. Thus the DC conductivity must also keorgyly dielectric constant
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dependent. The slight inclination of the bulk di#éfe constant can be ascribed to the

EP dominance at high temperature which can be Gekm Cole Z-Z;) study.

56

46 - 303K 308K A313K x318K x323K 328K +333K

364+ +++++

26| ®®®e e
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Figure 6.26 Frequency dependence of bulk dielectriconstant at different temperatures for CSNB2
system.

Figure 6.27 shows the DC conductivity as a functadnbulk dielectric constant at
different temperatures. It is obvious from the ploat the bulk DC conductivity is
smoothly increased with increasing bulk dielectonstant and the increase in dielectric
constant means an increase in charge carrier ctvaten at different temperatures.
Thus the dependence of bulk DC conductivity andedtdc constant (Fig. 6.24) on
Al203 concentration together with the smooth cubetween DC conductivity and
dielectric constant (Fig. 6.27) reveal that DC agstivity is strongly dielectric constant

dependent in NCPEs.

One point of conductivity can be selected on thisse as a reference to scale the DC

conductivity and study the compensated Arrheniusgqgn.
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Figure 6.27 DC conductivity dependence on dielectriconstant at, (1) 303, (2) 308, (3) 313, (4) 318,
(5) 323, (6) 328 and (7) 333 K for CSNB2 system.

Figure 6.28 shows the compensated Arrhenius behdero CSNB2 sample which
exhibits similar behavior with temperature as ocedifor DC conductivity (Fig. 6.21).
The slope gives activation energy of 1.04 eV in lthe temperature region which is
almost the same compared to the calculated one Mmammal Arrhenius relation. This
activation energy was used to calculate the preaptial factor by dividing the

conductivity with the quantitgxp-E, /K, T )
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Figure 6.28 Compensated Arrhenius equation plottedagainst the reciprocal temperature for
CSNB2 system.
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The temperature and dielectric constant dependefcpre-exponential factor for

CSNB2 is shown in Figure 6.29. The absence of smaotve between the pre-
exponential factor and dielectric constant indidateat chitosan based nanocomposite
solid electrolyte is also not follows the Petrowsitd Frech hypothesis. Fortunately the
second nano-composite solid polymer electrolytestesys (1-x)(0.9CS:0.1NaTf)-
XAl,03 (0.02< x < 0.1) reveal that Arrhenius equation steel appleaThe same
pattern of compensated Arrhenius and normal Ardeemlot again reveals the non-
applicability of Petrowsky and Frech hypothesis ri@ano-composite solid electrolytes

based on chitosan.
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Figure 6.29 Temperature and dielectric constant degndent of pre-exponential factor ¢,) at (1)303,
(2) 308, (3) 313, (4) 318, (5) 323, (6) 328 and 3B K for CSNB2 system.

Figure 6.30 shows the variation of dielectric logsth frequency at selected

temperatures for CSNB2 system. The dielectric leakie is very large at low
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frequencies due to EP effect. The dispersion oledigc loss spectra shifts to high

frequency part with increasing temperature as ailtresf high charge carrier

dissociation.
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Figure 6.30 frequency dependence of dielectric loss different temperatures for CSNB2 system.

6.3.2 Frequency dependence of tahfor NCPE (CSNB2) system

Dielectric loss tangent, tai is an important characteristic, which represémesratio of
dissipation of energy to the stored energy in tlaemal. It is obvious (Fig. 6.31) the
tan & peaks shift to high frequency with increasing temapure. This indicates the
decrease of relaxation time and the broadness eofp#aks can be ascribed to the

distribution of relaxation times.
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Figure 6.31 Frequency dependence of loss tangenaif6) at different temperatures for CSNB2
system.

Figure 6.32 shows the temperature dependenceaXatan frequency. The frequency-
temperature relationship gives activation ener@3D.eV. The regression value is 0.96

indicating that all points lie on almost the sartraight line.
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Figure 6.32 Temperature dependence of relaxation éiquency for CSNB2 system.
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6.3.3 Electric modulus analysis of CSNB2 system: Rgation processes

The variation of real part (Mof electric modulus as a function of frequencgelected
temperatures is presented Fig 6.33. Due to theffeéEt ¢he value of Mis very small at

low frequency. It is clear that the value of iMcreased with increasing frequency.
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Figure 6.33 Frequency dependence of M' at differertemperature for CSNB2 sample.

The variation of M is shown in Fig 6.34. It is obvious from the figuthat the
maximum peak shifts to the higher frequency sid&hwicreasing temperature. The

asymmetric nature of the peaks indicates non-Dedlgaation.
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Figure 6.34 Frequency dependence ™" at different temperature for CSNB2 sample.

Figure 6.35 shows the Argand plots at differentderatures. It is obvious that the
Argand plots exhibit incomplete semicircular ardisT satisfies that the relaxation
processes is non-Debye type (single relaxation)timehe studied system (CSNB2).
The non-Debye behavior is due to the contributibdifferent polarization mechanisms
(ionic, dipolar, interfacial and electronic) in goier electrolytes and thus a distribution
of relaxation times. Moreover it can be seen thdh wcreasing temperatudd”-M’

plot more deviate from the semicircular arc. Thés de ascribed to the increase in

conductivity and the disappearance of the highueaegy semicircle. This can also be

deduced from the Mand M’ equations ' =wC,Z,, M" =« C,Z,). Thus the results

of the second nano-composite electrolyte (1-x)(@.@CLNaTf)-xAbO3 (0.02< x < 0.1)
system fortunately support the previous resultsthed first nano-composite solid

electrolyte system, i. e., viscoelastic relaxat®governs the ionic conductivity.
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Figure 6.35 Argand plots for NCPE (CSNB2at (a) 303 K, (b) 323 K, (c) 343 K and (d) 353 K.
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6.3.4 Correlation between impedance and AC condueity (0, ) in NCPEs
(CSNB2).

Figure 6.36 (a-f) shows the Nyquist plot for NCPBséd on CSNB2. At low
temperatures from 303 to 333 K two regions are detnated. The low frequency
region is due to the charge diffusion and accunuraat the electrode/ electrolyte
interface (EP effect) which produces an electra@lble layer capacitance. However
the high frequency region (high frequency semile)ici. e., the bulk property of the
material represents the charge transfer proces®ibulk of the material [Hema et al.,
2009]. It has been found that with increase in terapre; the semi-circle disappears

suggesting that only the resistive component opthigmer prevails.
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Figure 6.36 Impedance plots for NCPE (CSNB2) systemt (a) 303 K, (b) 313 K, (c) 323 K, (d) 333
K, (e) 343 K, and (f) 353 K.

Figure 6.37 represents the AC conductivity spettraCSNB2 sample at selected
temperatures. The AC conductivity plot consistshoée regions at low temperatures in
the measured frequency range. The low frequencionedue to the EP effect is

followed by a plateau due to DC conductivity and thgh frequency region which is

important part of our study is due to bulk AC coaility. It can be observed that the
low frequency region (EP) becomes prominent anfissta high frequency part as the
temperature increases. The direct correlation baEtwenmpedance plots and AC
conductivity spectra reveals that when the higlquesmcy semicircle (bulk) disappears,
the high frequency AC conductivity dispersion atBminishes. These results specify
that the AC conductivity dispersion is a bulk prap®f the material and is important to
characterize the type of ion conduction in the aflkhe material via the calculation of

the AC conductivity frequency exponent, s.
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Figure 6.37 AC conductivity spectra for NCPE (CSNBRsystem at (a) 303 K, (b) 313 K, (c) 323 K,
(d) 333 K, (e) 343 K, and (f) 353 K.
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Figure 6.38 shows the temperature dependence ofréggiency exponent (s) for

CSNB2 system. It is obvious that the s value dem®avith increase in temperature.
According to the correlated barrier hopping (CBH)d®l [Migahed et al., 2004], the
frequency exponent s is found to decrease witheaging temperature to a minimum

value. Thus the CBH model is the best model fag MCPE (CSNB2) system.

0.6

0.5 -

0.4 -

n0.3 - *

0.2 -

0.1

*
4 ® 4
0 T T T T T

Figure 6.38 Temperature dependence of frequency eapent (s) for CSNB2 system.

6.4 Electrical/Dielectric properties of NCPEs basedn (1-x)(0.9CS:0.1LiTf)-xALO3
(0.02£x<0.1)

6.4.1 DC conductivity and Dielectric analysis of NEE based on (1-
X)(0.9CS:0.1LiTf)-xAl,03(0.02< x< 0.1)

Figure 6.39 shows the variation of DC conductiviity CS:LiTf (CSC6) sample with

various concentrations of alumina nanoparticle.islt obvious that at low filler
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concentrations (2 to 4 wt.%) the DC conductivitgreased. However, at high filler

concentrations (6 to 10 wt.%) the conductivity @éased. The high value of DC
conductivity for (1-x)(0.9CS:0.1LiTf)-xAO3; (0.02 < x < 0.1) nano-composites with
respect to CS:LiTf (CSC6) solid polymer electrolgtgain can be attributable to the
effect of alumina nanoparticles. According to Stapkt al., (2006) the Lewis acid—base
interaction centers reacts with the electrolytieses, thus lowering the ionic coupling

and promotes the salt dissociation via a sortioh“filler complex” formation.
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Figure 6.39 The ionic conductivity of chitosahiTf (CSC6) with various concentration of Al,Oa.

Figure 6.40 shows the Arrhenius plot of nano-coritpgsolymer electrolytes based on
(1-x)(0.9CS:0.1NaTf)-xAl05(0.02 < x < 10). It is interesting to note that in the third
nano-composite electrolyte system the DC condugtifor all compositions again
dropped at a particular temperature which is abb2@ °C. Jiansirisomboon and

Watcharapasorn (2008), observed and reported thsepinansition of nano-composite
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BaTiOs:Al,03; in the temperature range from 118 to 125°C usingledtric

spectroscopy. The drop in DC conductivity in (1&¥CS:0.1AgTf)-xA}O3(0.02< x <
0.1), (1-x)(0.9CS:0.1NaTf)-xADs (0.02 < x < 0.1) and (1-x)(0.9CS:0.1LiTf)-xAD3
(0.02< x < 0.1) nanocomposite systems can thus be ascrib#ltetphase transition
(Curie temperature) of ADs; nanoparticles. At Curie temperature the ferroelediler
becomes a paraelectric and thus lose their spasar@olarization. Consequently, drop
in DC conductivity. It can be seen that the (1-X9(@S:0.1LiTf)-xALO3(0.02<x < 0.1)
nano-composite system shows similar behavior of d@ductivity with temperature
which is non-Arrhenius at high temperatures. Simitehavior was reported for
PEO:LITf:Al,O3 and PEO:LITf:MgO composite polymer electrolytesgganayakea et
al., 2003, Kumar et al., 2002 ]. It is interesttagnote that at higher temperatures the
conductivity of all the compositions is close tocleaother. Similar behavior were
observed for PEO:LITf:xAlO; [Pitawala et al., 2007, Dissanayakea et al., 2008¢

calculated activation energy for the low tempem(303-333 K) region is 0.784 eV.
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Figure 6.40 Temperature dependence of ionic condugtty of (1-x)(0.9CS:0.1LiTf)-xAl,O3(0.02< X
<0.1) NCPEs.
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Figure 6.41 shows the frequency dependence ofdatliEleonstant for different alumina
concentrations. The high value of dielectric constéd low frequency can be ascribed to
electrode polarization effect. These high dielectonstants at low frequencies are
responsible for the suppression of high frequenmjedtric constant for all the

compositions to a single curve.
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Figure 6.41 Composition dependence of dielectric netant for (1-x)(0.9CS:0.1LiTf)-xAl,03(0.02< x
<0.1)NCPEs.

Figure 6.42 shows that the high frequency dieleatonstant is also greatly influenced
by the filler concentration. The high frequencyleotric constant is important because
it represents the intrinsic property of the mateaad is directly related to DC

conductivity.

228



Chapter Six EIS syuzh NCPEs

34 -

o9 || ¢ CSNC1 - CSNC2 A CSNC3 x CSNC4 x CSNC5

191 660s0
$SeoLs05 0
AAAAAAAR v 9

LA A R LT R TP
AAAAAAAAAAA (A4 42 X2

AAAAANAAAAAAAAAAAAA
14 - X ¥ X XX XX

FRXXY xx%%%BéBEBé%%%%%%%%Bﬁﬁ%mﬁ%m%%m%
9 T T T T

5.8 5.85 5.9 5.95 6
Log (f)

Figure 6.42 Composition dependence of bulk dieledgtr constant for CS:LiTf(90:10):xAl,O3 (2< x <
0.1) NCPEs.

Figure 6.43 depicts the concentration dependendeulif dielectric constant and DC

conductivity.
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Figure 6.43 Dependence of Bulk dielectric constargnd DC conductivity of chitosan:LiTf (CSC6)
on Al,O3 concentration.
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It is interesting to note that the behavior of bdi&lectric constant and DC conductivity

(Fig. 6.43) with filler concentration is almost tlsame. Thus the DC conductivity-
dielectric study in the third nano-composite sys{giix)(0.9CS:0.1LiTf)-xA$O3(0.02

< X < 0.1)) strongly supports the other two nano-contpossystems ((1-
X)(0.9CS:0.1AgTf)-xA}O5(0.02 < x < 0.1), (1-x)(0.9CS:0.1NaTf)-xAD5(0.02 < x <
0.1) ) results. These results suggest the stromrglation between DC conductivity and

dielectric constant.

Figure 6.44 shows the dielectric constant as atimmcof frequency at different

temperatures. The dielectric constant study aewfit temperatures may give further
information between DC conductivity and dielecitmnstant. It can be seen that with
increasing temperature the dielectric constantlse @ncreased. The large value of
dielectric constantg() at low frequency is attributable to EP effect ethsuppressed the

bulk dielectric constant to a single curve.
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Figure 6.44 Frequency dependence of dielectric caast at different temperatures for CSNC2
system.
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Figure 6.45 shows the frequency dependence ofutkedielectric constant at different
temperatures. It is interesting to note that th& dielectric constant is also temperature
dependent. This indicates that bulk DC conductiahd bulk dielectric constant are

strongly correlated.
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Figure 6.45 Frequency dependence of bulk dielectriconstant at different temperatures for CSNC2
system.

Figure 6.46 shows the smooth curve between DC aiivity and bulk dielectric
constant at selected temperatures. It is obvioos fthe plot that the bulk DC
conductivity is smoothly increased with increasimgk dielectric constant at different
temperatures. Thus the third nanocomposite ((Q-S9%S:0.1LiTf)-xAbOs (0.02< x <
0.1)) system show similar behavior between DC cotidity and bulk dielectric
constant like the other two nanocomposite ((1-@Q®:0.1AgTf)-xAbOs (0.02< x <

0.1) and (1-x)(0.9CS:0.1NaTf)-xfDs (0.02 < x < 0.1)) systems at different
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temperatures. The concentration dependence of Bk conductivity and bulk

dielectric constant together with the smooth cubetween DC conductivity and
dielectric constants confirm the dependence of D&activity on dielectric constant in
NCPEs based on chitosan. The increase in dielectmstant means an increase in

carrier density and hence an increase in DC coiwityct
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Figure 6.46 DC conductivity dependence on dielectriconstant at, (1) 303, (2) 308, (3) 313, (4) 318,
(5) 323, (6) 328 and (7) 333 K for CSNC2 system.

One point of DC conductivity can be selected in big6 as a reference to scale the DC
conductivity and studying the compensated Arrheeigisation. Figure 6.47 shows the
compensated Arrhenius behavior for CSNC2 sample Bé&havior of compensated
Arrhenius (Fig. 6.47) with temperature is similarthe normal Arrhenius (Fig. 6.40).
The slope gives activation energy of 0.799 eV i libw temperature region which is

almost the same compared to the calculated one fimmmal Arrhenius relation. This
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activation energy was used to calculate the preesptial factor by dividing the

conductivity with the quantitgxp(-E, /K, T .)

Log (Odc/QOref)
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Figure 6.47 Compensated Arrhenius equation plottedagainst the reciprocal temperature for
CSNC2 system.

The temperature and dielectric constant dependefcpre-exponential factor for

CSNC2 is shown in Figure 6.48.
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Figure 6.48 Temperature and dielectric constant degndent of pre-exponential factor §,) at (1)303,
(2) 308, (3) 313, (4) 318, (5) 323, (6) 328 and 3B K for CSNC2 system.
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The absence of smooth curve between the pre-expahtactor and dielectric constant
(Fig. 6.48) indicated the non applicability of tlkempensated Arrhenius equation.
Fortunately the third nano-composite solid polyre&ctrolyte (1-x)(0.9CS:0.1LiTf)-

xAl,03(0.02< x < 0.1), reveal the constant behavior of pre-expaakfactor.

Figure 6.49 shows the variation of dielectric logsth frequency at different
temperatures for CSNC2 system. The high value ekdiric loss at low frequency is
attributable to EP effect as a result of chargei@amotion and accumulation at the
electrode/electrolyte interface. It can be seenttiedispersion of dielectric loss spectra
shifts to the high frequency part with increasieqperature as a result of high charge

carrier dissociation and accumulation.
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Figure 6.49 frequency dependence of dielectrigss at different temperatures for CSNC2 system.
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6.4.2 Frequency dependence of tahfor NCPE (CSNC2) system

Figure 6.50 shows the variation of dielectric ltmsgent as a function of frequency at
selected temperatures. It can be seen that thé peak shifts to high frequency with
increasing temperature. This indicates the decrefaisgaxation time and the broadness

of the peaks can be ascribed to non-Debye relaxatio
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Figure 6.50 Frequency dependence of loss tangentu(s) at different temperatures for CSNC2
sample.

Figure 6.51 shows the temperature dependence aXaten frequency. The rise in
temperature causes the drop in relaxation time thuethe increased of ionic
conductivity. It can be seen that all the points din a straight line. The calculated

activation energy is 0.754 eV.
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Figure 6.51 Temperature dependence of relaxation équency for CSNC2 system.
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6.4.3 Electric modulus analysis of CSNC2 system: Rgation processes

Figure 6.52 depicts the frequency dependence df pad of electric modulus at
different temperatures. The observed long tailoat frequencies is attributable to the
large value of electrode polarization capacitanidee decrease in Mvalue at high

temperature is due to the decrease of resistanttee cfample and increase in electrode

polarization.
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Figure 6.52 Frequency dependence of Mt different temperature for CSNC2 sample.
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Figure 6.53 shows the variation of imaginary parelectric modulus with frequency at

selected temperatures. At low temperatures peak® wbserved. The peaks are
asymmetric and broad which indicate the distributod relaxation times. However at

high temperatures the peaks disappeared possibljodine frequency limitation.
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Figure 6.53 Frequency dependence 1" at different temperature for CSNC2 sample.

The Argand plots at different temperatures forM@&PE (CSNC2) are shown in Figure
6.54. It can be seen that the Argand plots exhibitemplete semicircular arc. This
indicates the non-Debye type relaxation process. Débye model is developed to non
interacting identical dipoles [Hill and Dissado,859. Thus the non-Debye behavior is
due to the fact that in real material there are eanttran one type of polarization

mechanisms and a lot of interactions between ion dipoles. These results in a
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distribution of relaxation times. Moreover it care Iseen that with increasing

temperaturévl”-M’ curve deviates more from the semicircular arcsain be ascribed

to the increase in conductivity. With increase emperature the;Zand Z values are

decrease and thus the M" andWlues M"=aC,Z,, M' =« C,Z) are more deviate

towards the origin.
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Figure 6.54 Argand plots for NCPE (CSNC2at (a) 303 K, (b) 323 K, (c) 343 K and (d) 353 K.

6.4.4 Correlation between impedance and AC condueity (O, ) in NCPE
(CSNC2) system.

The typical Nyquist plot of impedance for NCPE (G3} is presented in Fig. 6.55 (a-
f). The impedance plot shows two distinct regionka temperatures. The appearance
of two semicircles in NCPEs was observed for th& fime by Adebahr et al., (2006).
They interpreted this phenomenon on the fact timtwo semicircles indicate that there
is a bulk and an interface contribution, alternaiivtwo different phases. The bulk
process due to ion conduction and the interfaceqa® due to the filler contribution.
The disappearance of the high frequency semicirgagion in the complex impedance
plot at high temperatures led to a conclusion thatcurrent carriers are ions and this

leads one to further conclude that the total cotwdty is mainly the result of ion
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conduction. At low frequency, the complex impedapt® must show a straight line

parallel to the imaginary axis, but the double fagfethe blocking electrodes causes the

curvature.
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Figure 6.55 Impedance plots for NCPE (CSNC2) at (a8303 K, (b) 313 K, (c) 323 K, (d) 333 K, (e)
343 K, and (f) 353 K.
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Figure 6.56 (a-f) shows the frequency dependenc@A®fconductivity at selected

temperatures for CSNC2 system. The figure showeethtistinct regions at low
temperatures and only two regions can be distihgdisat high temperatures. It can be
seen that with increasing temperature the electpmd@rization (region I) is increased
and the plateau region decreased and the dispeesyoon shifts to high frequency side.
From the comparison of impedance plots and AC coimdty spectra we conclude that
there is a strong correlation between high frequesemicircle (bulk) and AC
conductivity dispersion region. These results dpechat the AC conductivity
dispersion is a bulk property of the material an@mportant to characterize the type of
ion conduction in the bulk of the material via tbalculation of the AC frequency

exponent s.
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Figure 6.56 AC conductivity spectra for NCPE (CSNCRat (a) 303 K, (b) 313 K, (c) 323 K, (d) 333

K, (e) 343 K, and (f) 353 K.

Figure 6.57 shows the temperature dependence ofrédggiency exponent (s) for

CSNC2 system. It is obvious that the s value dsegtavith temperature increase to a

minimum value. According to correlated barrier hiogp(CBH) model [Migahed et al.,

2004], the frequency exponent s is found to deeredth increasing temperature to a

minimum value. Thus the CBH model again is the bastlel for this NCPE (CSNC2)

system.
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Figure 6.57 Temperature dependence of frequepexponent (s) for CSNC2 system.

6.5 Summary

The results of this chapter show the following iiegting points:

(@) The role of alumina nanoparticles on DC condiigt and dielectric constant
enhancement in (1-x)(0.9CS:0.1AgTf)-%85(0.02 < x < 0.1), (1-x)(0.9CS:0.1NaTf)-
xAl,05(0.02 < x < 0.1) and (1-x)(0.9CS:0.1LiTf)-xAD5(0.02 < x < 0.1) nano-

composite polymer electrolytes is demonstrated.

(b) The DC conductivity and dielectric constantuteswith Al,O3; concentration and at

different temperatures indicate that the DC conditgtand dielectric constant are
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correlated. The DC conductivity versus temperataueals the VTF behavior at higher

temperatures in these NCPEs.

(c) The DC conductivity of all the three NCPEs regped at a particular temperature

which can be ascribed to the Curie temperaturbefatumina nanoparticles.

(d) In these NCPEs the non applicability of compe¢ed Arrhenius was demonstrated.
The random distribution of pre-exponential factoithwdielectric constant and

temperature for these NCPEs indicates the appligabf Arrhenius equation.

(e) The relaxation processes in terms of Argandspdmd tard plots of theses nano-
composite solid polymer electrolytes supports tlom-Debye relaxation type. The
correlation between impedance plots and AC disperand the role of EP effect were
demonstrated. The type of ion conduction for eag$tesn was specified from the

temperature variation of the frequency exponent (s)
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