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CHAPTER FIVE

EIS Study on the Solid Polymer Electrolytes (SPES)

5.1 Introduction

The main aim of this chapter is to study the eleatrand dielectric properties of CS:AgTf,
CS:NaTf and CS:LiTf solid polymer electrolytes. Thasic principle between DC
conductivity and dielectric constant for these Igalt concentration systems are presented.
The bulk DC conductivity and bulk dielectric condtaare calculated from the high
frequency semicircle. The compensated Arrheniugwiehis also compared to the normal
Arrhenius relation and the pre-exponential facteg) (was studied as a function of
temperature and dielectric constant. Furthermoeerélaxations of ions were studied in
terms of loss tangent and electric modulus. Theetation between impedance plots-Z2)

and AC conductivity spectra were demonstrated. iBmeconduction model for these
chitosan based solid polymer electrolytes wereiipddrom the temperature variation of

the frequency exponent (s).
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5.2 Electrical/Dielectric properties of SPEs based on CS:AgTf

5.2.1 DC conductivity and Dielectric analysis of SPE based on CS:AgTf

The room temperature conductivity of chitosan-Ag8®; electrolyte with various
salt contents is shown in Figure 5.1. It can besdidhat the ionic conductivity of the
chitosan based electrolyte increases with incrga&gCFRSO; concentration up to 10 wt.%
AgCR;SG;. The conductivity value at room temperature hasnbund to increase by
more than two orders of magnitude from 1.73¥1& cm' for pure chitosan film to
4.25x10° S cm'® for CSA6 sample. The increase in conductivity igilautable to the
increase in number density of mobile iong £>qgnu) provided by the salt at room
temperature. It can be seen (Fig.1) that themmispetition between ion dissociation and
association. At 4 wt.%, to 6 wt.%, the concentratad mobile ions remains almost equal

resulting in conductivity to be approximately equal
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Figure 5.1 Theionic conductivity of chitosan with various AgCF;SO; concentration.
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Figure 5.2 shows the variation of DC conductivifychitosan electrolyte as a function of

temperature (logqc versus 18T) for different concentrations of silver triflate.
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Figure 5.2 Temperature dependence of ionic conductivity of chitosan-silver triflate SPEs.

Conductivity increases with temperature up to atagertemperature after which the
conductivity dropped. The temperature at which ¢baductivity begins to drop does not

seem to follow any particular trend.

It is also noted that in the region where condugtincreases with temperature,
there is no abrupt change in the value of conditgtivith temperature. Yahya et al., (2006)
reported that the non-existence of any abrupt jurdzates the fact that the chitosan-based

electrolyte is completely amorphous. This is welppgorted by the X-ray diffractogram
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where no distinct crystallite peak is observedthm sample CSA6. The linear increase in

conductivity of the chitosan electrolyte with temgdeire before drop in conductivity occurs

can be described by the Arrhenius equation,

o =0, exp =/"" (3.1)

whereg is the conductivity at temperatufe(in Kelvin), Kg is the Boltzmann constari,

is the activation energy and is the pre-exponential factor. The activation gggE, may
be deduced from the slope of legyersus 10007 plot. The calculated activation energy
for the highest conducting sample i.e., CA6 is ¥3with the regression valu¢+0.99 in
the temperature range between 303 K and 358 K.eldwtrical conductivity of chitosan-
silver triflate membrane decreases at temperagresder than 358 K (for CSA6). The drop
in conductivity can be attributed to the reductioh silver ions to silver particles.
Transformation from silver ions (Apto silver particles (A9 reduce the number of silver
ions that participate in conduction of charge asyrba deduced from this equation
(o =Zgnu). The presence of these silver particles cregitas boundaries that increase
the resistance within the bulk of the material. Th¢-vis and XRD results at different
temperatures reveal the presence of silver nanolgsrtand their growth as explained in

previous chapter and completely supports the cdnditydemperature relationships.

Fig. 5.3 shows the variation of dielectric constasta function of frequency for different

salt concentrations at 303 K. One of the main athges of frequency dependent
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measurements is that the contributions of the mdetpolarization (low frequency, region

I) and bulk materials (high frequency, region #Bncbe easily represented [Bassiouni et al.,
2003]. It can be seen from Fig. 5.3, tlratncreases with increasing salt concentration from
2 to 4 wt.% and then decreases at 6 wt.%, whichbeaattributed to ion association. After

thate' continue to increase until 10 wt.% silver triflat
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Figure5.3. Composition dependence of dielectric constant for chitosan-silver triflate SPEsat 303 K.

Due to the high value of electrode polarization )(EfRe bulk property of the
materials which is represented at high frequenisiesippressed. However, the plot of the
dielectric constant versus frequency for the butiteral at different salt concentrations can
show the effect of salt concentration as depicted=ig.5.4. The increase af can be
ascribed to the increase in the amount of chamgyedin the sample i.e., the increase in the
dielectric constant represents a fractional in@eascharges stored within the chitosan-

based electrolyte. The dependence of charge cawmentratiom upon the dissociation
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energy, U and dielectric constantt can be understood through this relation

(n=n, exp(-U /&' KT)) [Ramya et al., 2008].

10
91 000000
00000oooooooo.ooooooooooo.....
81 x x x KKK XXKOKK KKK KK KK K KKK KKK KK K KK KKK XXX
7 4
6 | AAAAAAAAAAAAAAALAAAAAAALAAAAAAALAALAAA
XXXXXXXXXXXXXXXXXXXXXXXXXXXX XX XXXXXXX
"w 5
4 HE BB I E NS EE N EEEEEEEEEEEEEEEEEEEEEEEEEER
3
0 | #9946 000000000000 000000000000000000000
14 ¢ CSA1 ® CSA2 A CSA3 XCSA4 X CSA5 e CSA6
O T T T T
5.8 5.85 59 5.95 6
Log (f)

Figure 5.4 Composition dependence of bulk dielectric constant for chitosan-silver triflate SPEs at 303
K.

The increase in the value of dielectric constanbnughe addition of AgQCISO; salt,
indicates that there is an increase in chargeetazoncentration as can be inferred from the
equation i = n, exp (-U/kge'T) assumingn, and U are constant at the temperature
considered. Hence an increase in polarization disaseDC conductivity & =2qnu ) are
expected. Thus, an increase in dielectric constantimply an increase in charge carrier
concentration according to the above relation andsequently an increase in DC
conductivity. Fig. 5.5 shows the dependence of kdifdectric constant and bulk DC
conductivity on salt concentration. It can be st bulk dielectric constant and bulk DC
conductivity follows similar trends with salt comtetion. These results imply that DC

conductivity and dielectric constant should betezldo each other.
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Figure 5.5 Bulk didectric constant and DC conductivity as a function of AgTf salt concentration.

The above results indicate the fact that dieleanalysis is an informative technique to
study conductivity behavior of polymer electrolyteBhe frequency and temperature
dependence study of dielectric constant may helfputther understand the correlation

between DC conductivity and dielectric constant.

Figure 5.6 shows the frequency dependence of dileonstant for CSA6 at different
temperatures. From the figure, it is seen that diedectric constant decreases with
increasing frequency. The high valuesbét low frequencies is due to the enhanced charge
carrier density at the electrolyte—electrode imtesf i.e., due to the accumulation of
charged species at the electrode/electrolyte mter{Nithya et al., 2010]. These high
values do not represent the materials propertiad)er they represent the dielectric

properties associated with the electrodes (eleetpudarization effect). However, the high
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frequency region of dielectric constant (Fig 5.7hieth represents the material (bulk)

properties is almost frequency independent but ézatpre dependent.
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Figure 5.6 Frequency dependence of dielectric constant at different temperaturesfor CSA6 sample.
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Figure 5.7 Frequency dependence of bulk dielectric constant at different temperatures for CSA6
sample.
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The dielectric constants plateau from 303 to 33@1g. 5.27) demonstrated in this work

for the first time can be obtained only for lowtsadncentrations. At this juncture, we can
make a conjunction between DC conductivity andediieic constant as have been reported
by Petrowsky and Frech (2009, 2010), because D@umbivity is also calculated from the

high frequency semicircle (bulk properties).

Figure 5.8 shows the smooth curve between DC cdivity and dielectric
constant at different temperatures. This smootlvecun the temperature range can be
viewed as an empirical description of tlwg. dependence on dielectric constatf) &t
different temperatures [Petrowsky and Frech, 2008@Ls it can be understood that an
increase in dielectric constant can imply an inseean charge carrier concentration and

consequently an increase in DC conductivily=>qnu ).
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Figure 5.8 DC conductivity dependence on dielectric constant at, (1) 303, (2) 308, (3) 313, (4) 318, (5)
323, (6) 333, (7) 338and (8) 343 K for CSA6 sample.
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The smooth curve (Fig. 5.7) together with the coiregion dependence of DC

conductivity on dielectric constant (Fig. 5.5) ralseea strong relationship between DC
conductivity and dielectric constant in the pressoitd polymer electrolyte. These results
indicate the fact that DC conductivity is not omlyfunction of temperature as exhibited in
Arrhenius equation ¢, (T)=0,e ™) but also a function of dielectric constant

(04 (T.&) =0, "),

One point of conductivity can be selected on thive (Figure 5.8) as a reference to
scale the DC conductivity. Figure 5.9 demonstraitescompensated Arrhenius behavior
for the temperature dependence of conductivity G&A6 complex system scaled at a
reference temperature of 333 K. It can be seenth®temperature dependence is linear
with a regression value of 0.98. The slope givds/aton energy of 1.127 eV, which is

almost the same compared to that calculated frenméinmal Arrhenius relation.

LOg (O'dc/O'ref)
3

'2 T T T T
2.7 2.8 2.9 3 3.1 3.2 3.3 3.4

1000/T (K2

Figure 5.9 Compensated Arrhenius equation plotted against the reciprocal temperature for CSA6
system.
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The calculated activation energy from the compeatsatrhenius plot was used to evaluate

the pre-exponential factor by dividing the condutyi with the quantitexpE, /KT )
and is presented in Fig. 5.10. The results of Fi@ &re not followed the Petrowsky and
Frech work (2009, 2010), which gives a smooth clre®veen pre-exponential factor and
dielectric constant. It can be seen that the ppmeential factor is almost randomly
distributed with dielectric constant. The compeedafrrhenius behavior and the pre-
exponential factor indicate the fact that solid celelytes are following the normal
Arrhenius behavior only. To improve the dependeat®C conductivity on dielectric
constant in Arrhenius equation and the non-applitabof Petrowsky and Frech
hypothesis for solid electrolyte another two systewere taken to study in which the

cations cannot be reduced by chitosan.
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Figure 5.10 Temperature and dielectric constant dependent of pre-exponential factor (o,) at (1)303, (2)
308, (3) 313, (4) 318, (5) 323, (6) 333, (7) 338 and (8) 343 K for CSA6 system.

114



Chapter Five EIS Study on SPEs
Figure 5.11 shows the frequency variation of digledoss at selected temperatures. It was

observed that the dielectric loss exhibits highugal at low frequencies attributable to
charge accumulation. The large value &f compared toe' can be ascribed to the
contribution of dipolar orientation, interfacial lpdzation and DC conductivity tg' (¢" =
€"dipo + €"inter + €"4¢) Values (Pradhan et al., 2008b). Her&iy, is dielectric loss due to
dipolar orientationg"iner is that due to interfacial polarization asid is dielectric loss due
to DC conductivity. The absence of relaxation peakdielectric loss spectra is also

ascribed to DC contribution.
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Figure5.11 Frequency dependence of didectric loss at different temperaturesfor CSA6 sample.
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5.2.2 Frequency dependence of tan & for CS:AgTf (CSA6) SPE

To obtain knowledge of the relaxation processes, dtavas plotted as a function of
frequency at different temperatures for HAEcan be observed from Figure 5.12 thatdan
increases with frequency, passes through a maxiraloe and thereafter decreases. It is
clear from the figure that the maximum of apeaks (tam®)max shifts to higher frequencies
as the temperature increases which indicates ttreare in ion conductivity. The loss
peaks and their shifts with temperature suggeseladlric relaxation process [Ravi et al.,
2011].The frequency associated with each peakasviras relaxation frequency and gives
the most probable relaxation time for ions from tektion Zfn.=1/, t is the relaxation

time andfaxis the frequency corresponding to Gamx
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Figure5.12 Frequency dependence of losstangent (tand) at different temperaturesfor CSA6 sample.
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The reciprocal temperature variation of loga{f is shown in Figure 5.13. The frequency-

temperature relationship satisfies the Arrheniusalb®r with the activation energy,,E
1.12 eV. This activation energy is very close tattbne obtained from plots of Log)(
against 1000/T (1.13 eV). This agreement betweénadion energy obtained from the tan
& peaks and DC conductivity may be due to the faat &n ion has to overcome the same

barrier while conducting as well as while relaxjagpmed et al., 2003].

The rise in temperature causes the drop in relaxaime due to the increased mobility of
ionic carriers which is temperature dependent. fEigeession value s 0.998 indicating

that all points lie on an almost perfect straighe.|
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Figure 5.13 Temperatur e dependence of relaxation frequency for CSA6 sample.
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5.2.3 Electric modulus analysis of CSA6: Relaxation processes

Figures 5.14 show the frequency dependence ofpaaés of complex modulus at several
temperatures for the CSA6 sample. From Figure 5ifids obvious that at lower
frequencies M' values tend to zero indicating teenaval of electrode polarization,
[Yakuphanoglu, 2007] while the increase of M' wititcreasing frequency and reaching a
maximum valueM,, at high frequency, may be due to the distributidnrelaxation

processes over a range of frequencies [Patro anba#an, 2009a].
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Figure5.14 Frequency dependence of M’ at different temperaturefor chitosan-silver triflat (CSAG).
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Figure 5.15 show the frequency dependence of Mdifigrent temperatures for CSA6

sample. The appearance of loss peaks are cleasgnadd in Figure 5.15. It is obvious that
at lower frequencies M" exhibits low value, whistight be due to the large value of
capacitance associated with the electrode polarizatffect [Patro and Hariharan, 2009b];
as a result of accumulation of a large amount argé carriers at the electrode/solid

polymer electrolyte interface. However, at high gfrencies well-defined peaks are

observed.
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Figure 5.15 Frequency dependence of M" at different temperaturefor chitosan-silver triflate (CSAB).

The study of Argand plot at different temperatwas be used to demonstrate the nature of
relaxation processes in the present polymer elgtgtdrigure 5.16 shows the temperature

dependence of Argand plots. It is obvious from FegbL16, that the curves of Argand plots
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are incomplete semicircle which cannot be explaibgdthe Debye model (i.e., single

relaxation time). It can be seen that with incnregdemperature the Argand curves shifts
towards the origin. This is can be ascribed toitioeease in conductivity resulting from

increasing ionic mobility with temperature and thius decrease of bo#h andZ;.
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Figure5.16 Argand plotsfor chitosan-silver triflate at (CSAB6) at (a) 303K, (b) 323 K, (c) 333 K and (d)
343 K.

5.2.4 Correlation between impedance and AC conductivity (0 ,.) of SPE based on
CSAgTf (CSAB)

The complex impedance plots at different tempeestiwshown in Figure 5.17, strongly
support the above explanation for the increase 'adiid M". The complex impedance plots
(Zi vs Z) are commonly used to separate the bulk matedgréssed semicircle) and the
electrode surface polarization phenomena (tilteke3p[Sengwa et al., 2008b]. The
electrode polarization phenomena (tilted spike)Jucsdue to formation of electric double
layer (EDL) capacitances by the free charges bujdat the interface between the

electrolyte and the electrode surfaces in planemgéy [Aziz et al., 2010b]. The
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appearance of second semicircle at different teatpes in the intermediate frequencies

can be attributed to silver nanoparticle that astgrain boundaries in the present system
(Fig. 5.17) especially at higher temperatures dirgjsishable second semicircle is
observed. It can be seen that the high frequeneycgele which corresponds to ionic
conduction (bulk) decreases with increase in teatpeg and almost disappear at high
temperatures while the second semicircle whichespond to silver nanoparticles grows
with increasing temperature. These results supploet DC conductivity-temperature
relationship, i. e., the drop in DC conductivity lagher temperatures (Fig. 5.2) can be
ascribed to the reduction of silver ions to silaanoparticles. The UV-vis and XRD results
at different temperatures in Chapter Four reveal the reductions of silver ions to silver
nanoparticles are temperature dependent. It camobeed that the electrode polarization
region (spike region) is increased with increasergperature due to the increase of charge

accumulation at the electrode/electrolyte interface
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Figure 5.17 Impedance plots of chitosan: AgQCFsSO; (CSA6) at (a) 308 K, (b) 318 K, (c) 328 K, (d) 338
K, (e) 348K, (f) 358 K and (g) 368 K.
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In order to understand the nature of ion conductiopolymer electrolytes, the

frequency dependence of ac conductivity at varteugperatures has been analyzed for the
highest conducting sample (CSA6) and presented i b.18. The observed ac
conductivity spectra from Fig. 5.18 (a) to 5.18 é&Xhibit three distinct regions. The low
frequency data points region (I) is attributable electrode polarization [Suman et al.,
2006]. The points in region (ll) which are quiteduency independent can be ascribed to
the bulk DC conductivity, and data in the high fregcy region (lll) are due to
conductivity dispersion that shift to high frequgneith increasing temperature. The
decrease of dispersion region with temperaturdrectlly related to the disappearance of
high frequency semicircle in impedance plots44 at higher temperatures. These results
indicate a good correlation between impedance aisagnd ac conductivity dispersion.
These dispersion regions are very important toatharize the type of ion conduction in
solid polymer electrolytes by calculating the freqay exponent (s). The decrease of ac
conductivity at 368 K (Fig. 5.18(g)) can be asaiilte the reduction of silver ion to silver

nanoparticles.
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Figure 5.18 AC conductivity spectra of chitosan:AgCF;SO; (CSAB) at (a) 308 K, (b) 318 K, (c) 328 K,
(d) 338K, () 348K, (f) 358 K and (g) 368 K.

In general the obtained ac conductivity resultsicai@ that the ac conductivity

obeys the Jonschers power law [Baskaran et al§]200

6 =04 + Aw®,

O<sx<1

(3.2)

where g4 is the frequency independent dc conductividyis a temperature-dependent

constant, and is an exponent that indicates the increase oredserof conductivity. The

Jonschers power law widely observed in disodiengaterials like ionically conducting

glasses, conducting polymers and also doped atligst solids [Pradhan et al., 2008b].

The Jonschers power law can be explained on the bhgimp relaxation model (physical
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model). Jump relaxation model (physical model) wegeloped for structurally disordered

ionic conductors in order to rationalize the obsedrfrequency dispersion. According to
jump relaxation model, at very low frequencies an can jump from one site to its
neighboring vacant site successfully contributigg the dc conductivity. At higher
frequencies, the probability for the ion to go badain to its initial site increases due to the
short time periods available. This high probabifity the correlated forward-backward
hopping at higher frequencies together with thexation of ions is responsible for the
observed high frequency conductivity dispersionaffian et al., 2008a]. The electrical
conduction mechanism in different materials can dharacterized by the frequency
exponents value and the behavior efvalue can be explained by many theoretical models.
The XRD results for SPEs and NCPEs (Chapter Fawgal that the samples are almost
amorphous, i. e., the samples are almost disoatec iconductors. Thus the Jonschers

power law can be studied.

The exponent values were calculated from the slope of égg@(versus logp) at the
frequency dispersion regions for different tempeeg and presented in Fig 5.19. It is clear
that initially the value of s decreases with insieg temperature (Region, I) to a minimum
value and then increasing with increasing tempeggRegion, Il). The decrease in s values
from 303 K to 363 K indicates that the correlatedrier hopping conductivity is dominant
in ac conductivity mechanism. According to correthtbarrier hopping (CBH) model
[Migahed et al., 2004], the frequency exponent doisnd to decrease with increasing
temperature as depicted in Fig. 5.19. The apptinatif CBH model can be observed in
rigid solid polymer electrolytes. It was reportétitt in the rigid solid polymer electrolyte
with highly polar functional group, ion can be tsgorted by hopping mechanism between

polar functional groups, which decoupled from tldymer segmental motion [Uno et al.,
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2008]. However, the increase of s value (ll) withreasing temperature above 363K can be

explained based on small polaron (SP) hopping. Aling to small polaron (SP) hopping

model [Farid and Bekheet, 2000], the s value irggeavith increasing temperature.
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Figure 5.19 Temper atur e dependence of the frequency exponent sfor CSA6 sample.

5.3 Electrical/Dielectric properties of SPEs based on CS:NaTf

5.3.1 DC conductivity and Dielectric analysis of SPE based on CS:NaTf

Figure 5.20 shows the variation of bulk DC conduttiwith NaTf salt concentration. It
can be seen that the ionic conductivity (Fig. 5.20reased with increasing salt

concentrationThis shows that the ionic conductivity is almostgmed by charge carrier
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density at room temperatuifehe almost constant value of DC conductivity fromt% to

6 wt.% can be attributable to the almost similaesabetween ion dissociation and ion

association.
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Figure 5.20 DC conductivity as a function of NaCF3;SO3; concentration.

Figure 5.21 shows the temperature variation of @@dactivity for various salt
concentrations. It is obvious that the DC condutgtincreases almost linearly with rise in
temperature in the low temperature region (regipnThe linear relations which are
observed in all chitosan:Nag¥0O; compositions in region | indicate that there isphase
transition in the polymer electrolyte [Selvasekaragian et al., 2005], i.e., the temperature

dependence of ionic conductivity in the low tempeam region is of the Arrhenius type
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The calculatedE, value for the highest conducting sample is 1.2 lddwever, the drop of

dc conductivity at higher temperatures in regiorcdh be attributed to the desorption of

water (Aziz et al., 2010a).
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Figure 5.21 Temperature dependence of ionic conductivity for chitosan:NaTf complexes.

To correlate the DC conductivity with dielectric nstant the composition and
temperature dependence, dielectric constant wasestuFig. 5.22 shows the variation of
dielectric constant as a function of salt conceianaat 303 K. It can be seen that at a fixed
frequency, &’ increases with increase in salt concentration.tierowords, the presence of

salt at certain concentrations causes an increabe ivalue of dielectric constant. The low-
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frequency dispersion region is attributed to thetgbution of charge accumulation at the

electrode/ electrolyte interface [Selvasekarapandit al., 2005]. These values do not
correspond to the bulk dielectric processes but Hre rather due to the free charges that

build up at the interface between the materialtaedcelectrodes.
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Figure 5.22 Compositional dependence of diglectric constant for CS:NaTf complexes.

The high frequency' values appear as a single curve as depictedgib.BR, as a
result of electrode polarization suppression. Thgh Hfrequency dielectric constant is
important because it represents ion conductionga® the bulk of polymer electrolytes
[Hema et al., 2009c], and is also affected by@atlicentration as shown in Fig. 5.23. It can

be observed that the highest dielectric constaabiained for 10 wt. % of sodium triflate,
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due to the existence of highest concentrationed fons which is in good agreement with

the XRD results which gives the lowest crystalBiee for CSB6 sample (Chapter Four).

Thus CS:NaTf exhibits similar behavior like CS:Agiith salt concentration.
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Figure 5.23 Compositional dependence of bulk dielectric constant for CS:NaTf complexes.

It can be seen that the bulk dielectric constamilets similar behavior with salt
concentration like DC conductivity. The above résuhdicate the fact that dielectric
analysis is an informative technique to study catiglity behavior of polymer electrolytes.

The correlation between bulk DC conductivity andlkbdielectric constant can be
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understood from Fig. 5.24. It can be seen thatbthlk dielectric constant and bulk DC

conductivity follows the same trend with NaTf sadincentration.
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Figure 5.24 Variation of bulk dielectric constant and DC conductivity with various NaTf
concentrations.

The conductivity behavior of polymer electrolytesde understood from dielectric
analysis. The dielectric constant is a measurgared charge, i.e., directly related to the
charge carriers [Kumar and Bhat, 2009]. The tentperadependence analysis of dielectric

parameters may give further information betweetedtdc constant and DC conductivity.
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Figure 5.25 shows the variation of dielectric canstwith frequency at different
temperatures for chitosan-Nag0; (CSB6). It can be seen that the high frequencyesl
of dielectric constant correspond to the chargestex process, i.e. to the bulk properties of

the sample [Hema et al., 2009a], are also temperdpendent as shown in Fig.5.26.
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Figure 5.25 Frequency dependence of didectric constant (¢') for CSB6, at different temperatures.

The increase in bulk dielectric constant means mrease in the bulk DC
conductivity of the sample. From this relatiehs Qx(d/Ve,A) =consantxQ (Q is total

charge per area), it is understood that an increaseimplies an increase in the fraction of

the charge carriers.
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Figure 5.26 Frequency dependence of bulk dielectric constant (¢') for CSB6 sample, at different
temperatures

Figure 5.27 shows the smooth curve between DC ativity and dielectric constant at
different temperatures. The DC conductivity andkidielectric values were obtained from
the bulk high semicircle of impedance plots. Thisosth curve can be viewed as an
empirical description of the dependencecobn the dielectric constant’ at different
temperatures [Petrowsky and Frech, 2009]. This #imoarve indicate the fact that the
increase in DC conductivity is due to the incremsdielectric constant and the increase in
dielectric constant means an increase in chargeecatensity. Thus the concentration

dependence of DC conductivity and dielectric comstéFig. 5.24) and temperature
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dependence of DC conductivity and dielectric camst@drig. 5.27) clearly reveal the

dependence of DC conductivity on dielectric consia\rrhenius equation.
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Figure 5.27 DC conductivity dependence on dielectric constant at, (1) 303, (2) 313, (3) 318, (4) 323, (5
333, (6) 338 and (7) 343 K for CSB6 system.

One point of conductivity can be selected on thisve as a reference to scale the DC
conductivity. Figure 5.28 demonstrates the compgedsarrhenius behavior for the
temperature dependence of conductivity for CSB6 ptersystem scaled at a reference
temperature of 333 K. It can be seen that the temtye dependence is linear in the low
temperature region (Region, 1) as observed for abrArrhenius in Fig 5.21. The slope
gives an activation energy of 1.18 which is alnthstsame compared to the calculated one

from normal Arrhenius relation.
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Figure 5.28 Compensated Arrhenius equation plotted against the reciprocal temperature for CSB6
system.

The calculated activation energy from the compeatsatrhenius plot was used to evaluate
the pre-exponential factor by dividing the condutyiwith the quantity expE./KyT), and

is presented in Fig. 5.29. The results of Fig 5228 again like CS:AgTf system in
contradiction with the Petrowsky and Frech workQ@02010), which gives a smooth
curve between pre-exponential factor and dielectritstant. Thus the Petrowsky and Frech
hypothesis also not applicable for the second SREm, i.e., the SPEs follow the normal
Arrhenius behavior with constant pre-exponentiatda This can also be understood from
the comparison of Arrhenius and compensated Ardseingures which are almost the same

with no distinguishable differences. These resudtsongly support the temperature
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independence of pre-exponential factey) (n Arrhenius equation as depicted in Fig. 5.29

for CSB6 system.
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Figure 5.29 Temperature and dielectric constant dependent of pre-exponential factor (o,) at (1) 303, (2)
313, (3) 318, (4) 323, (5) 333, (6) 338 and (7) 343 K for CSB6 system.

Figure 5.30 shows the frequency dependence of diiieleloss for CSB6. At low
frequencies, due to the long period and thus sewensal of the electrical field, the mobile
ions tend to accumulate at the electrode/electalyterface. This gives a high value of
dielectric loss €”). On the other hand, at high frequencies, perioelersal of the electric

field occurs so fast that there is no excess idfusion in the direction of the field.
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Polarization due to charge accumulation decredsadjng to the observed decrease in

dielectric loss [Reddy et al., 2005].
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Figure5.30 Frequency dependence of didectric loss at different temperaturesfor CSB6 sample.

5.3.2 Frequency dependence of tan & for CS:NaTf (CSB6) SPE

To obtain knowledge of the relaxation processes, whether the relaxation
processes are Debye or non-Debye type,odtaas a function of frequency at different
temperatures for chitosan-sodium triflate (CSB6)nbeane was plotted as shown in figure
5.31. It can be observed that tanncreases with frequency, passes through a maximum
value and thereafter decreases. It is clear frafijure that loss tangent maximum shift to
higher frequency as the temperature increasestirghibf the peak frequencies in the
forward direction with temperature implies that tamperature increases, the relaxation

time decreases. The broadness of the loss tangehtipdicates that the relaxation process
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is non-Debye relaxation. The increase in heighttasf & with temperature could be

attributed to the decrease in resistivity of thegke (Idris et al., 2007).
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Figure 5.31 frequency dependence of loss tangent (tand) for CS:NaTf (CSB6) sample at different
temperatures.

The reciprocal temperature variation of loga{f is shown in figure 5.32. The frequency-
temperature relationship satisfies the Arrheniusalb®r with the activation energy,,E
0.966 eV. The regression valué iR 0.983 indicating that all points lie on almts¢ same

straight line. For this system the activation egaigo is very close to that obtained from
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plots of Log 6) against 1000/T (1.2 eV). This is due to the fhet the ions participating in

the conduction process are the same ions that relax
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Figure 5.32 Temper atur e dependence of relaxation frequency for CSB6 sample.

5.3.3 Electric Modulus analysis of CSB6 system: Relaxation processes

A further analysis of the dielectbehavior could be more successfully achieved
using electrical modulus formalism. Figure 5.33wghdhe frequency dependence of real
part (M) of complex modulusM’) at several temperatures for chitosan-sodiumatsfl
(90:10) membrane. It can be seen that the realgbaatectric modulusNl’) shows a small
value in the low frequency region and large valueha high frequency end. It can be

noticed thatM’' decreases with increase in temperature; this osife to that of
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permittivity. This could be ascribed to the increasf conductivity with increasing

temperature.
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Figure 3.33 Frequency dependence of M’ at different temperaturesfor CSB6 sample.

The variation ofM" with frequency for chitosan-salt (CSB6) systershswn in Fig. 5.34
at selected temperatures. At lower frequenbiésexhibits low value, which might be due
to the large value of capacitance associated with dlectrode/electrolyte polarization
[Patro and Hariharan, 2009b]; however, at high deswgies a well-defined peaks are
observed which indicate that the samples are ioarmductors. It can be seen that with
increasing temperature the peaks shift to higheguency which indicate the decrease of

relaxation time for ion conduction.
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Figure 5.34 Frequency dependence of M" at different temperaturesfor CSB6 sample.

Fig. 5.35 shows the temperature dependence of Arghots. It can be seen that the curves
of Argand plot are incomplete semicircles which ra@nbe explained by Debye model
(single relaxation time). In addition to ionic potation in polymer electrolytes dipolar
polarization and interfacial polarization are alscexistence. These different polarization
mechanisms results in a non-Debye behavior andthieudistribution of relaxation times. It
can be observed that with increasing temperat@dé\tband curves shift towards the origin
as occurred for CS:AgTf. This is again ascribeth®sincrease of conductivity resulting in

increase of ionic mobility with temperature andsliine decrease of both &d 4.
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Figure 5.35 Argand plotsfor CS:NaTf (CSB6) at (a) 303 K, (b) 323 K, (c) 333 K and (d) 343 K.
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5.3.4 Correlation between impedance and AC conductivity (g,.) of SPE based on
CS:NaTf (CSB6)

Electrical impedance plots (Zs Z) for CSB6 are shown in Fig. 5.36(a-e) at
different temperatures. It can be seen that thes @bow two obvious regions, i.e., a high
frequency semicircle region which is due to thekbeffect of the solid electrolyte and a
low frequency spike region that is ascribed toeffect of blocking electrodes and known
as electrode polarization (EPIL is clear that the high frequency semicircle didhen
gradually decreases with increase in temperatude aimost disappears at 413 K. The
disappearance of the high frequency semicirculgiorein the impedance plot at higher
temperatures led to an inference that the totatl@otivity is mainly due to the result of ion
migration and thus a large amount of charge carriean be accumulated at the
electrode/electrolyte interface (EP effect) [Rajamdet al., 2008].
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Figure 5.36 | mpedance plots of chitosan:NaCF;SO; (CSB6) at (a) 313 K, (b) 333 K, (c) 353 K, (d) 373K
and (e) 413 K.
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AC conductivity as a function of frequency at difat temperatures is shown in Fig 5.37

(a-f) for chitosan-NaC§S0O; (CSB6). The ac conductivity spectra from Fig 5.8yt 5.37
(d) can be divided into three distinct regions. Towe frequency region (1) which appeared
as a spike is due to electrode-electrolyte intéfgthenomena, i.e., electrode polarization
[Hema et al., 2008]. It can be noticed that thetoution of the spike region (1) in Fig.
5.37 (a-f), increases with an increase in tempegatlihese regions (region |, Fig. 5.37))
exhibits similar behavior with temperature as ocediin impedance plots (spike regions).
In the intermediate frequency region (Il) a platike ac conductivity is observed. This
corresponds to DC conductivity which decreasesifstgntly with increasing temperature
as a result of electrode polarization enhancemanhtsaifts to the higher frequency side. In
the high frequency region (lll) the ac conductivittgreases with increasing frequency and
shows the power law dispersion. At higher tempeeatthe dispersion regions disappear as
a result of dominant electrode polarization. Thessults are strongly supported by

impedance plots (Fig. 5.36 (e-d)) at high tempeestwhere only spikes are exhibited.
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Figure 5.37 AC conductivity spectra of chitosan:NaCFs;SO; (CSB6) at (a) 313 K, (b) 333 K, (c) 353 K,
(d) 373K, (e) 393K and (f) 413 K.

The value of the frequency exponent s is determinawch the slope of logof)
versus log @) at the dispersion region to characterize the tgpaon conduction in
CS:NaTf solid polymer electrolytes. As shown in .bi§8, the s value is temperature
dependent; and it was observed that the s valueases with increasing temperature to a
minimum value and then increases slightly above B9B the overlapping-large polaron
tunneling (QLPT) model [Faraga et al., 2010], thkpament s depends on both frequency
and temperature and drops with rising temperatu@ minimum value and then increases
slightly, as temperature rises. Thus OLPT mod#éhésmost suitable model to characterize
the electrical conduction mechanism in chitosan-R&0; solid electrolytes in the low (1)
and high temperature (II) regions.
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Figure 5.38 Temper atur e dependence of the frequency exponent sfor CSB6 sample.

5.4 Electrical/Dielectric properties of SPEsbased on CS:LiTf

5.4.1 DC conductivity and Dielectric analysis of SPE based on CS.LiTf

Figure 5.39 shows the variation of DC conductivityh various concentration of
LICF3SQ;. It can be noted that the room temperature DCcioonductivity of the chitosan
based electrolyte increases with increasing LiThaemtrations. The increase in DC

conductivity can be attributable to the increaseharge carrier density.
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Figure5.39 DC conductivity asa function of LiCF3SO3; concentration.

Figure 5.40 shows the variation of DC conductivityth reciprocal temperature for
different salt concentrations. It is obvious thhe tDC conductivity increases almost
linearly with rise in temperature in the low temgteire region (region 1) and is very similar
to the CS:NaTf system. The linear relations wraoh observed in all chitosan: LigFO;
compositions in region | again indicate that thexeno phase transition in the polymer
electrolyte [Selvasekarapandian et al., 2005], tlee temperature dependence of ionic
conductivity in the low temperature region is of thrrhenius type as occurred for the other

two systemsThe calculatedE, value for the highest conducting sample is 1.28 Eve
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drop of dc conductivity at higher temperaturesdgion Il is attributed to the desorption of

water.
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Figure 5.40 Temper ature dependence of ionic conductivity for CS:LiTf SPEs.

Figure 5.41 shows the concentration dependence igectitic constant at different
frequencies. The low frequency region (I) shows dispersion while the high frequency
region (Il) is almost constant which representitiegerials property. It can be noticed that
the chitosan:LICES0O; (CSC6) sample i.e., the most amorphous samplebigsHigher
dielectric constant compared to other samples.iitrease in dielectric constant means an

increase in charge carrier concentration.
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Figure 5.41 Compositional dependence of dielectric constant for CS:LiTf SPEs.

Figure 5.42 shows the composition dependence &f dielectric constant (high frequency
region, I). It can be seen that the high condgcsample exhibits high dielectric constant.
This can be ascribed to the high charge carriecammnation. When salt dissociates into
polymer matrix, it forms mobile cations and aniodader the influence of an electric field,
ions tend to move along the field appropriately.widger, movable charge carriers are

unable to cross the blocking electrode-electralyterface
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Figure 5.42 Compositional dependence of bulk diglectric constant for CS:LiTf SPEs.

Figure 5.43 shows the concentration dependenceuti thielectric constant and DC

conductivity. The behavior of dielectric constandaC conductivity with LiTf salt is the

same.
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Figure 5.43 Variation of dielectric constant and DC conductivity with various LiTf concentrations.
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Figure 5.44 shows the variation of dielectric canst with frequency at different

temperatures for chitosan-LigFO; (CSC6). It is obvious that the dielectric constant
shows the high value at low frequency due to abeletrpolarization effect. The high

frequency region which appeared as a plateauasecekto the bulk property of the sample
is also temperature dependent as depicted in FE§. S he increase in bulk dielectric

constant with increasing temperature indicatesintbeease in charge carrier concentration
because dielectric constant represents the stoohgeharge carriers. This is can be
explained on the fact that in polar polymess,increases with temperature. Because,
temperature can facilitates the orientation of Bip@nd this result in increased permittivity
[Bhargav, et al., 2009]. The increase in permityieads to dissociation of more ions that
are able to participate in polarization as welliragonduction. Thus the increase of bulk
dielectric constant means an increase of bulk D@lgotivity because both are calculated
from the high frequency semicircle. The resultsGS:LiTf together with CS:AgTf and

CS:NaTf systems demonstrate a strong correlagtwden DC conductivity and dielectric

constant.
1200
+
1000 - €303K
m313K
800 - A318K
- 600 ° X323 K
X333 K
400 - ®338K
X + +343K
200 - °® .
X
0 a 1| gMM
1.1 2.1 3.1 4.1 5.1 6.1

Log (f)

Figure 5.44 Frequency dependence of didlectric constant (¢’) for CSCB6, at different temper atures.
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Figure 5.45 Frequency dependence of bulk dielectric constant (¢') for CSC6 sample, at different
temperatures.

Figure 5.46 shows the smooth curve between DC aiivity and dielectric
constant at different temperatures. This resuléaés/that an increase in dielectric constant
means an increase in charge carrier concentratidncansequently an increase in DC

conductivity (o =Zgnu). This smooth curve is similar to that obtained @S:AgTf

(CSA6) and CS:NaTf (CSB6) systems. Thus similandseof bulk DC conductivity and
bulk dielectric constant with slat concentrationG%:AgTf, CS:NaTf and CS:LiTf solid
polymer electrolytes and the smooth curve betwed&h dnductivity and dielectric
constants confirm the strong relationship betwe&h dhd dielectric constant . Thus the

study of dielectric constant is powerful method stoidy the conductivity behavior of
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polymer electrolytes. One point of conductivity daselected on this curve as a reference

to scale the DC conductivity.
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Figure 5.46 DC conductivity dependence on dielectric constant at, (1) 303, (2) 313, (3) 318, (4) 323, (5)
333, (6) 338 and (7) 343 K for CSC6 sample.

Figure 5.47 demonstrates the compensated Arrhebelsavior for the temperature
dependence of conductivity for CSC6 complex systeaied at a reference temperature of
333 K. It can be seen that there is no distinglikhdifference between the temperature
dependence of compensated Arrhenius and normaéAiuk relation exhibited in Fig 5.40.
The slope gives an activation energy of 1.27eV Wwhscvery close to the calculated one
from normal Arrhenius relation. The calculated \aattion energy from the compensated

Arrhenius plot was used to evaluate the pre-expialgactor ©o).
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Figure 5.47 Compensated Arrhenius equation plotted against the reciprocal temperature for CSC6
system.

The results of Fig 5.48 demonstrates the temperatod dielectric constant independent of
pre-exponential factor for CS:LiTf solid electr@dytwhich is almost the same to that
obtained for CS:AgTf and very similar to CS:NaTs®m. Thus the results of CS:LITf
solid electrolyte is also do not follows the Petséyw and Frech work [2009, 2010], which
gives a smooth curve between pre-exponential faantor dielectric constant. Thus, these
results of the three studied solid electrolytesficams the applicability and satisfactory of
normal Arrhenius relation in solid polymer elecittels and reveals the constant behavior of
pre-exponential factor. The non existence of digtishable differences between
compensated Arrhenius and normal Arrhenius is mdizative that Petrowsky and Frech

hypothesis is not applicable for chitosan based sbéctrolyte.
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Figure 5.48 Temperature and dielectric constant dependent of pre-exponential factor (o,) at (1)303, (2)
313, (3) 318, (4) 323, (5) 333, (6) 338 and (7) 343K for CSC6 system.

Figure 5.49 shows the frequency dependence ofatiieléoss for CSC6.
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Figure 5.49 Frequency dependence of ¢" at selected temperaturesfor CSC6 sample.
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It can be seen (Fig. 5.49) that the dielectric k®sctra show dispersion at low frequencies
and are almost constant at high frequency. At leegdencies, due to the long period and
thus show reversal of the electrical field, the fehbons tend to accumulate at the

electrode/electrolyte interface. This gives a highue of dielectric loss(). The high value

of dielectric loss compare to dielectric constaau de attributable to DC contribution to

loss spectra. This behavior is similar to the other systems.

5.4.2 Frequency dependence of Tan 6 of SPE based on CS:LiTf (CSC6)

Figure 5.50 showtan § as a function of frequency at different temperguior chitosan-

lithium triflate (CSC6) sample.

Tan

Figure 5.50 Frequency dependence of tané at different temperaturesfor CSC6 system.
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It can be observed that tanincreases with frequency, passes through a maxiraloe

and thereafter decreases. It can be seen thabs$etdngent maximum shifts to higher
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frequency as the temperature increases, indictatghe relaxation time decreases and the

conductivity increases, i.e., the resistivity oéteample decreases. The broadness of the

peaks indicates the non-Debye behavior of the atiax processes.

The frequency-temperature relationship as depiatedfig 5.51 satisfies the Arrhenius

behavior with the activation energy. E 1.25 eV. The regression valu€ & 0.986

indicating that all points lie on almost the sanraight line.
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Figure 5.51 Temperature dependence of relaxation frequency for CSC6 sample.

5.4.3 Electric Modulus Analysis of CSC6 system: Relaxation processes

Figure 5.52 shows the frequency dependence ofdhkepart M of electric modulus at

different temperatures for the sample with the &gghdielectric constant and DC
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conductivity (CSC6). The long tail at low frequenisyattributed to the high capacitance

associated with the electrodes (EP effect). Theedse of Mis due to the increase of

dielectric constant at higher temperatures. Inrotfegds the decrease of' Mith increasing

temperature can be ascribed to the increase oécdansity and decrease of resistance.
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Figure 5.52 Frequency dependence real part (M') of M* for chitosan:LiCF3;SO; (CSC6) at different

temperature.

Figure 5.53 shows the imaginary part of electricdomlos as a function of frequency at

different temperatures for the CSC6 sample. THespkctra exhibit an obvious relaxation

peak. This suggests an ionic motion contribute@@oconductivity obscures the relaxation
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peaks ing” spectra [Sengwa et al., 2008b]. Shifting of theximam peak frequency M

spectra in the forward direction with temperatumeplies that as the temperature is

increased, the conductivity relaxation time deaeeas
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Figure 5.53 Frequency dependence imaginary part (M) of M* for chitosan LiCF;SO; (CSC6) at
different temperature.

Fig. 5.54 shows the Argand plots for CSC6 sampkekdcted temperatures. It can be seen
that the Argand plot consists of an incomplete Bahicircle like CS:AgTf and CS:NaTf
systems. Thus the relaxation processes cannot pkimed by Debye model (non-
interacting or ideal dipoles). The Debye relaxai®the dielectric relaxation response of an
ideal, non-interacting population of dipoles toaiernating external electric field [Hill and

Dissado, 1985]. For a pure monodispersive Debyegsg) one expects semicircular plots
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with a center located on the real axis in Argamatplvhereas, for distributive relaxation,

these Argand plane plots are close to circular aitis a center below the real axis [Dutta
and Sinha, 2006]. The non-Debye behavior can bébasicto the distribution of relaxation
time over a range of frequencies due to the camioh of different polarization
mechanisms such as ionic, dipolar, and interfapalarization. The broadness and
asymmetric nature of Argand plots reveal the dstion of relaxation time. The shifting of
the curves towards the origin with increasing terapge can be attributed to the decrease

of resistivity which can be easily deduced from ¢geations of Mand M'.
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Figure 5.54 Argand plots for chitosan:LiCF3SO; (CSC6) at (CSA6) at (a) 303 K, (b) 323 K, (c) 333 K
and (d) 343K

5.4.4 Correlation between impedance and AC conductivity (O ,.) of SPE based on
CS.LiTf (CSC6)

Figure 5.55(a-e) shows the electrical impedancesp{d vs Z) for CSC6 sample at
different temperatures. The advantage of impedahats is that the contribution of bulk
(high frequency semicircle) and electrode polaraflow frequency spike) can be easily
separated as depicted in Fig 5.55. The behavi@SLiTf system is similar to CS:NaTf

system with temperature, i.e., with increase in perature the diameter of the high
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frequency semicircle is decreased and almost desappt high temperatures, while the

spike region increased due to the increase in idiffiesion at higher temperatures.
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Figure 5.55 Impedance plot of chitosan:LiCF;SO; (CSC6) at (a) 313 K, (b) 333 K, (¢) 353 K, (d) 373 K,
and (e) 393 K.

Figure 5.56 (a-f) shows AC conductivity as a fuoetiof frequency at different
temperatures for chitosan-LigF0O; (CSC6). The ac conductivity spectra from Fig S&p

to 5.56 (d) exhibit three distinct regions. The A@hductivity at low frequency region (1)
which appeared as a spike can be ascribed to @liecpolarization. This can be combined
to the spike regions at different temperaturesripedance plots (Fig. 5.55). This behavior
is also observed for the other two solid polymesctblyte (CS:AgTf and CS:NaTf)
systems. The plateau region in AC conductivity s@ecorresponds to DC conductivity
which shifts to high frequency with increasing tergiure. In the high frequency region
(1) the ac conductivity increases with increasifigquency and shows the power law
dispersion. At higher temperatures the disperstgion disappeared as a result of electrode
polarization dominance and a huge amount of chagmimulation. These results are
strongly supported by impedance plots at high teatpees where only spikes are
observed. From the overall results of these thyseems we conclude that there is a strong
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relationship between impedance plots and AC comdtycdispersion. To the best of our

knowledge this is the first work which reveals #lede polarization effect on AC
conductivity dispersion clearly.
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Figure 5.56 AC conductivity spectra of chitosan:LiCF3SO; (CSC6) at (a) 313 K, (b) 333 K, (¢) 353 K,
(d) 373K, and (e) 393 K.

To characterize the type of ion conduction in C®tLsolid polymer electrolyte the
frequency exponent s is calculated from the slopéog (ca) versus log @) at the
dispersion region. As shown in Fig.5.57, the s @atutemperature dependent; and it was
observed that the s value decreased with incredsmgerature to a minimum value and
then increased slightly above 393 K. The behavibrfrequency exponent (s) with
temperature is very similar to that observed fa @5:NaTf (CSB6) system. Thus OLPT

model is also applicable in CS:LiTf system.
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Figure 5.57 Temper atur e dependence of the frequency exponent sfor CSC6 sample.

5.5 Summary

In this chapter some fundamental phenomena weremignated for the first time for solid
polymer electrolytes. The basic principle betwedd énductivity and dielectric constant
were demonstrated successfully for three solidtedte systems. The DC conductivity
and dielectric constant results indicate that th€ Bonductivity is not temperature
dependent only but it also dependent on dielectitstant. The applicability of Arrhenius
equation for these solid polymer electrolytes suggpthe motion of ion hopping in solid

polymer electrolytes. The compensated Arrheniusabien cannot be applicable for
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chitosan based solid electrolytes. The random idigton of pre-exponential factor at

different temperatures and dielectric constantstf@se SPEs (CS:AgTf, CS:NaTf and
CS:LiTf) reveals the applicability of Arrhenius keehor. The relaxation processes in terms
of Argant and Ta plots of theses solid polymer electrolytes supptite non-Debye ionic
relaxation. Through the correlation between impedaand AC conductivity plots the
electrode polarization effect on AC dispersion waemonstrated. The type of ion

conduction for each system was specified from tmesdhers power law.
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