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ARTICLE INFO ABSTRACT

Blend Polymer Electrolyte (BPE) system of Polyethylene Oxide and Polyacrylamide (PEO-PAM) with Sodium
trifluoromethanesulfonate (NaCF3SOs) salt has been exposed to Swift Heavy Ion (SHI) beam irradiation.
Irradiation with swift heavy oxygen beam has been performed at four different fluences of 1 x 10'! ions/cm?,
3 x 10! ions/cm?, 1 x 10'2 ions/cm? and 2 x 10'? ions/cm?. BPE films are made by solution cast method.
Electrochemical properties of non-irradiated and irradiated samples have been studied using impedance spec-
troscopic technique in the frequency range 20 Hz-2 MHz from ambient temperature to 333 K. Fourier transform
infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM) have been performed to characterize the
films to understand the molecular structure and surface morphology of the electrolyte films. From impedance
analysis, it is observed that ionic conductivity increases with increase in fluence and maximum room tem-
perature conductivity is found to be 5 x 107> S/cm at a fluence of 1 x 10'? ions/cm? and but decreases by
irradiating at 2 x 10'2 jons/cm? fluence. Dielectric relaxation, tans and modulus formalism of the system before
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and after irradiation has been discussed in the paper.

1. Introduction

Solid Polymer Electrolyte (SPEs) for applications in solid state bat-
teries are very important because of their outstanding advantages like
leak-proof nature, light weight, ease of fabrication into desired geo-
metries,high energy density and good mechanical strength (Nath and
Kumar, 2010; Subramaniam and Lu, 2011; Ngai et al., 2016; Marinov
et al., 2017). Sodium-ion electrolytes are investigated widely due to its
material abundance, low cost and environment friendly nature
(Marinov et al., 2017; Vélez et al., 2017; Vignarooban et al., 2016;
Wang et al., 2015a, 2015b). PEO (Polyethlene Oxide), has been ex-
tensively investigated as host matrix for SPEs ever-since Armand
(Armand et al., 1979) showed its commercial applicability as electro-
lyte material. Reports are available on PEO-Na*salt complexes, i.e.,
Morena et al. (2014) have studied electrochemical characterization of
PEO-NaTFSI polymer electrolyte and Chandra et al. (2011) have studied
ion conduction mechanism on PEO-NaHCOj3 electrolytes. PEO-NaClO4
polymer complexes have been studied by Nimah et al. (2015) whereas,
Sapri and Ahmad (2015) have studied PEO-NaCF3SO3 solid polymer
electrolyte films (Sharma et al., 2013b; Wang et al., 2015a, 2015b;
Gohel and Kanchan, 2018). Presence of plasticizer in the polymer host,
in pure PEO/salt complexes, PEO exists in crystalline, amorphous and
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in a mixed phase (Marinov et al., 2017). In polyethylene oxide, the
valence electrons are bound in sp® hybridized covalent bonds. The
mobility in PEO is very low, hence do not contribute to the electrical
conductivity of the material and PEO based electrolytes generally suffer
from poor ambient temperature conductivity (10”7 to 108 S/cm) due
to the presence of such crystalline regions (Kumar et al., 2011). Several
approaches are being investigated to achieve higher ionic conduction in
PEO-salt complexes like blending of two or more polymers (Liang et al.,
2015; Sharma et al., 2013a), addition of high dielectric constant plas-
ticizers like EC, PC, DEC, PEG (Sharma et al., 2013; Wang et al., 2015a,
2015b; Gohel et al., 2018). In presence of plasticizer, polymer elec-
trolyte exhibits high ambient temperature ionic conductivity. However,
such plasticized films show poor mechanical properties at high plasti-
cizer content. If inert nano-fillers such as Al,0Os, TiO,, SiO, (Nimah
et al., 2015; Pitawala et al., 2007; Hema and Tamilselvi, 2016) are
molecularly dispersed within a polymer matrix, these fillers not only
reduce the crystallinity of host polymers, resulting in higher ionic
conductivity but also maintain the mechanical strength of the polymer
matrix. By incorporation of ionic liquids (Monti et al., 2016; Hasa et al.,
2016), irradiating with, y-rays (Nanda et al., 2010; Raghu et al., 2016),
ion beams (Delgado et al., 2009; Kim et al., 2011;), electron beam
(Raghu et al., 2016, 2014), x-rays (Papoutsaki et al., 2013) and swift
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heavy ion (SHI) beam (Abdul-Kader et al., 2012; Joge et al., 2014; Dave
et al., 2018; Kumar et al., 2006) also help in modification of polymer
matrix and facilitate in enhancing the ionic conductivity.

During irradiation through the material, beam imparts its energy to
the matter which can be interpreted in terms of two types of stopping
power (dE/dx). One, nuclear stopping power due to low energy ion
beam, which displaces the atoms of the material and two, electron
stopping power due to high energy ion beam, which travels a straight
line path creating damaged zones on its way. Because of their large
range, swift heavy ions are not embedded into the material. Ion irra-
diation by SHI prompts changes in irreversible structural modifications
in polymers which depend on ion fluence and electronic energy loss S..
It is observed that, at low fluence, small value of electronic energy
brings a decrease in free volume or enhances the densification. Beyond
a certain S, value, SHI produces low density along its trajectory and
different events like bond cleavage, ionization, chains scissioning,
cross-linking and mass losses give rise to structural modifications in
polymers. Lakshmi et al (Lakshmi et al., 2008) studied the effect of C>*
ion beam irradiation on optical and electrical properties of PmT-PVC
and p-TSA-PoT-PVC blend system whereas Joge et al have (Joge et al.,
2014) have described conductivity and relaxation mechanism in PEO-
PVA-EC-LiCF5S05 blend system irradiated with swift heavy O”* ion
beam.

In the present work we report the effect of irradiation with swift
heavy 0°* ions on ionic conduction, dielectric relaxation and modulus
formalism of Na™ cation in the blend of polymers PEO and PAM system.

2. Experimental details

Polyacrylamide (PAM; Molecular Weight =50,00,000 gmol %)
from Hi-Media, Polyethylene oxide (PEO; Molecular Weight =
300,000 gmol ~ D) from Alfa Aesar and Sodium tri-
fluoromethanesulfonate (NaCF3SO3) from Sigma Aldrich are obtained.
All chemicals are used as received for preparing blend electrolyte
samples. Concentration of salt has been taken by weight percentage
varying as 5, 7.5, 10, 12.5, 15 and 17.5. Salt and both the polymers are
dissolved in de-ionized water and stirred for 24 h in a magnetic stirrer.
Homogeneous mixture is then transferred into teflon petri dish and
allowed to dry. Free standing films of 160-220 um thickness have been
obtained after evaporating all traces of solvent at room temperature.
The obtained films were stored in desiccator under vacuum for later use
for measurement. FTIR spectra of all the samples are measured on a
JASCO FTIR-4100 instrument in the wave number range of
1000-4000 cm ™', SEM images are recorded on Hitachi SU 1510 in-
strument at a magnification of 2000X at 10 kV after gold coating on to
the films by morphological detector at ambient temperature. For im-
pedance measurement, Agilent E4980A Precision LCR meter instrument
has been used in the frequency range of 20 Hz-2 MHz from ambient
temperature to 333 K. The sample is placed between two blocking silver
electrodes (dia. = 1.2 cm) under spring pressure for impedance mea-
surements. Bulk electrolyte resistance and low frequency linear re-
sponse are obtained from Nyquist plots by fitting to appropriate
equivalent circuit.

For ion beam irradiation, free standing films are cut into 1 cm x 1
cm segments and mounted on the ladder maintaining a distance of 1 cm
between all the samples. Irradiation with 80 MeV swift heavy O°* ion
beam is carried out using material science beam line facility of pelletron
accelerator at IUAC, New Delhi. Irradiation has taken place at room
temperature for four different fluences of 1 x 10!, 3 x 10", 1 x 102
and 2 x 102 jons/cm? and a constant current of 0.4 pnA (particle nano
ampere) (flux) is maintained throughout the experiment.
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Fig. 1. FT-IR Spectra of un-irradiated and irradiated PEO-PAM-(17.5 wt%)
NaCF3SO3 BPE sample.

3. Results and discussion
3.1. IR spectroscopy

Vibrational spectroscopy is extensively used for studying the mod-
ifications occurring in materials induced by ion beam irradiation and
understanding the change in molecular bond lengths of the polymers or
interaction between the constituents, if any. The IR spectra of the ma-
terials provide the information about the occurrence of complexation
also between various constituents (Ramesh et al., 2007). Fig. 1 shows
FT-IR spectra of sample with 17.5 wt% salt concentration un-irradiated
and irradiated at various fluences. With increase in fluence from
1 x 10" jons/cm? to 2 x 102 ions/cm?, only slight decrease in in-
tensity of the peaks and minor shift towards higher wave-number side is
observed. No extra peaks occur post irradiation. Irradiation degrades
the polymer and breaking down of polymer chains results in changes in
bond length and crystallinity which are manifested in the form of
shifting of peaks and lowering of the intensity. These trivial changes
observed in the IR-spectra of BPE samples, suggest that the irradiation
definitely caused structural rearrangements, changes in bonds and
isomerization (Kumar et al., 2010a, 2010b) in the electrolyte system
but did not lead to a complete wipe-out of the overall structure of the
polymer host matrix.

3.2. SEM studies

Fig. 2(a) to (e) show the SEM micrographs of pristine and irradiated
samples for 5wt% salt concentration at fluences 1 x 10! jons/cm?
1 x 10'2 ions/ecm? and 2 x 102 ions/cm?® Fig. 2(a) shows a rough
morphology with no remarkable sharp features in an un-irradiated
sample. In Fig. 2(b) to (e), a gradual development of void like pores are
observed from 1 x 10" ions/cm?- 2 x 10'? ions/cm?fluence. Max-
imum pores are observed for 1 x 10'? ions/cm>fluence and at 2 X 10*2
ions/cm? fluence, an obvious decrease in the pore structure is noted.
When polymers are exposed to SHI irradiation, stiff chains of the
polymers undergo scissioning due to its degradation. These broken
chains form disordered pore-like structures with voids in between them
are observed. At lower fluences, chain scissioning process dominates
and very prominent pore structures are observed. At higher fluence, a
large number of shattered chains recombine to form a rigid cross-linked
network and an apparent decrease in the pore structures is noted. Seki
et al. (2012) also observed significant surface modifications in the mi-
crostructure of carbon nanofibers post ion beam irradiation. A con-
tinuous change in SEM structure as a consequence of increase in dis-
orderliness of the electrolytes, suggest an increase in amorphous nature
of the system, enhancing with the increase of irradiation amount. The
significant changes observed in electrolyte films confirm that
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Fig. 2. (a) SEM Micrograph of un-irradiated electrolyte sample Fig. 2(b) SEM Micrograph of blend electrolyte sample irradiated at 1 x 10! ions/cm? fluence.
Fig. 2(c) SEM Micrograph of blend electrolyte sample irradiated at 3 x 10! ions/cm? fluence. Fig. 2(d) SEM Micrograph of blend electrolyte sample irradiated at
1 x 102 ions/cm? fluence. Fig. 2(e) SEM Micrograph of blend electrolyte sample irradiated at 2 x 10'? ions/cm? fluence.

irradiation by ion beam modifies the microstructure and such changes
are dependent on fluence rate.

3.3. Ionic conductivity

Nyquist plots of un-irradiated and irradiated blend electrolyte
sample with 17.5 wt% salt concentration at 323 K are plotted in Fig. 3.
All samples show typical depressed semicircle (in the present case only
the ending arc of the semicircle is observed due to frequency limitation
of the instrument) in the high frequency region and spikes with angle
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less than 90° in the low frequency range. High frequency semi-circular
arc describes conduction process occurring aggregately in the system
and low frequency spikes appear due to the electric double layer for-
mation at electrode-electrolyte interphase (Liang et al., 2015). Intercept
of semi-circular arc on low frequency side on x-axis gives the value of
bulk resistance Ry, of the samples, calculated by fitting the Nyquist plots
to an equivalent circuit. The values of conductivity are calculated by
Eq. (1) given as,

1
0g=—X—

Ry (€9)]
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Fig. 3. Nyquist plots of un-irradiated and irradiated blend electrolyte samples
with 17.5 wt% NaCF3S03 at 328 K.

where, [ is the thickness of the sample and A is the area of the electrodes
used. Value of bulk resistance decreases with increase in fluence up to
1 x 10" ions/cm? and then increases for fluence of 2 x 10'? ions/cm?.
When high energy ion beam travels through a polymer, the polymer
chains flex and form microscopic disoriented segments. Breaking down
of polymer chains weakens its microstructure and this contraction of
the highly ordered system leads to decrease in crystallinity which is in
conjunction with increase in amorphous phase of the system. Hence at
lower fluences up to 1 x 10'2 ions/cm?, bulk resistance decreases. At
2 x 10'2 jons/cm? fluence, substantial number of segments re-unite to
form an augmented network structure leading to increase in value of Ry,

Fig. 4 shows conductivity as a function of fluence. Conductivity
increases with successive dose up to 1 x 102 ions/cm?, and decreases
at 2 x 10'? ions/cm? fluence. Maximum conductivity is 1.09 x 10~*
S/cm, recorded at 333K for sample with 17.5 wt% salt, irradiated at
1 x 10'2 jons/cm? fluence. The initial increase in conductivity can be
due to the fact that at lower fluences, bonds in the polymer chains are
broken (Saikia et al., 2006) and chain scission process dominates which
leads to faster ionic transport through the polymer matrix assisted by
larger segmental motion of the polymer backbone (Ismayil et al., 2015).
According to Lee (1999), during irradiation, nuclear collisions may
cause atomic displacements which lead to chain scission or discharge of
pendant atoms. Polymers have a large free volume and hence the
probability of displacing two atoms simultaneously from neighbouring
chains and creating two radical pairs for cross-linking via nuclear col-
lision is small. On the other hand, electronic excitations occur as a re-
sult of electromagnetic interactions between the positively charged ion
and target nucleus. Hence, it produces a large number of free radicals,
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E 6.0x10°{—A—7.5
2
S
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)

2.0x10™-

0 5 10 15 20
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Fluence (ions/cm?)

Fig. 4. Conductivity as a function of fluence.
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Fig. 5. Temperature response of conductivity of un-irradiated and irradiated
BPE samples.

chemically active species, cations, anions and electrons along the ion
track. Coulomb interactions among these active species cause rigorous
bond stretching and segmental motion of polymer chains which leads to
cross-linking and bond breaking. Hence both nuclear and electronic
energy transfer, contribute to cross-linking and chain scissioning pro-
cess. Nonetheless, nuclear stopping causes more chain scissioning be-
cause of its nature of independent damage, whereas in electronic
stopping, a collective excitation takes place producing an excited vo-
lume within which coercive interactions among ions and the radicals
occur leading to cross-linking of the polymer chains. Thus, at low flu-
ence, chain scission predominates and at high fluence cross-linking
mechanism takes charge. Activation energy required for cross-linking is
provided by the critical fluence (10'? ions/cm? in the present case)
above which re-crystallization of the system takes place and ionic
conductivity reduces (Kumar et al., 2010a, 2010b).

3.3.1. Conductivity as a function of temperature

Conductivity response of un-irradiated and irradiated electrolyte
samples with temperature is plotted in Fig. 5. The plot of log o vs.
1000/T is evidently not a straight line according to Arrhenius relation,
thus, the conductivity of polymer electrolyte are often best fitted by the
empirical VTF.

The typical curvature behavior of the plots can be explained by VTF
relation which indicates that the ion conduction strongly depends on
polymer segmental motion. The VTF relation is given as follows.

o= AT(‘l/Z)exp(—

%)
K(T-T) 2

where A is pre-exponential factor, B = E,+ E;+ % is the apparent
(Vogel) activation energy related to polymer segmental motion asso-
ciated with the hybrid energy which considers the ionic jump Ej, dis-
sociation energy % and energy of hole formation Ej (opposing internal
and external pressure to produce a hole responsible for ionic transport),
K is the Boltzmann constant, T, is the ideal glass transition tempera-
ture, i.e., the temperature at which the configuration entropy vanishes,
typically taken to be 50 K below Ty (Nava et al., 2016; Lian et al., 2014;
Itoh et al., 2013). Increase in temperature leads to faster polymer chain
relaxation which produces segmental motion (Khair and Arof, 2007),
leading to an increase in the free volume of the system. Increase in free
volume, favours ion movement which results in increase in conductivity
with temperature (Idris et al., 2007). During irradiation, the energy
deposited in the polymer causes chain fracturing resulting in produc-
tion of radicals which eventually decay or cross-link with neighbouring
radicals. At low fluence, chain scission predominates because of skew
radicals on different chains, which cannot crosslink due to their wide
separation. On the other hand, as fluence increases, radical
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Table 1
Activation Energy E, values.
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Fluence (ions/cm?) 5% Salt 7.5% Salt 10% Salt 12.5% Salt 15% Salt 17.5% Salt
0 0.82 0.79 0.77 0.75 0.75 0.69
1 x 10" 0.8 0.8 0.8 0.78 0. 69 0.68
3 x 10" 0.78 0.78 0.77 0.77 0.76 0.68
1 x10'? 0.77 0.77 0.76 0.76 0.75 0.67
2 x 10" 0.78 0.79 0.79 0.78 0.77 0.69

concentration increases resulting in formation of closely spaced radicals 17.5 wt% NaCF.SO 323 K

along the ion track. As a result coercive interaction among these radical 4.0 3 e

pairs increases, which ultimately allows the adjacent polymer chains to —_

cross-link (Kumar et al., 2010a, 2010b). Kumar et al. (2006) reported E

VTF behavior of Li**- ion irradiated polymer electrolyte system and 2

Saikia et al. (2006) noted VTF response of swift heavy ion irradiation 9 -4.5+

effects on P(VDF-HFP) based gel polymer electrolytes. The VTF model o

proposes that ionic conductivity is favoured as a result of the segmental bm Fluence (ions/cm?)

motion of polymer chains in the polymer matrix. The VTF relation is 0 .50 e ()

ensued over a wide range of temperature (303-333 K), which clearly o ——1x10"

indicates that a strong coupling exists between the ions of sodium tri- 1"

fluoromethanesulfonate salt and the polymer chain segments of the Fitted values _*_3X1012

blend system of PEO and PAM. -5.5 ——1x10

Activation energy of an ionically conducting system is the minimum ——2x10"
energy required by an ion to make a successful hop to participate in the 1 é é "‘ é é

conduction process. In Fig. 5, the solid lines are fits of the VTF equation
to the o, the solid lines are fits of the VTF equation to the o4, data. It is
observed that the Vogel activation energy B marginally decreases as the
fluence amount increases. Activation energy E,, calculated from DC
conductivity plots are presented in Table 1. Conductivity and activation
energy as a function of fluence are plotted in Fig. 6. The plot shows that
with increase in fluence, values of E, decrease slightly and conductivity
increases. The decrease in E, with fluence is not quite significant
though. Thus the increase in conductivity with temperature can be
conveniently thought to occur due to increase in mobility of the ions
after irradiation and not due to the increase in number of ions.

3.3.2. Frequency dependence of conductivity

Frequency dependent (AC) conductivity of the system for different
fluences at 323 K is shown in Fig. 7. Three distinct regions are observed
in the plots. Low frequency region is observed due to the electrode-
electrolyte interface, the mid-frequency region is independent of fre-
quency and is also called the DC region which is observed due to the
diffusion of ions. Higher frequency region depicts the cross-over from
DC region to AC region and the dominance of AC mechanism over DC
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Fig. 6. Comparison of DC conductivity and Activation Energy according to
Fluence.
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log f (Hz)

Fig. 7. Frequency dependent AC conductivity of un-irradiated and irradiated
blend electrolyte samples.

(dispersion region). However, the third region becomes insignificant
with increase in fluence and completely vanishes at critical fluence. The
frequency region marked as (I) and (II) depict the dispersion frequency
which is observed to shift towards higher frequency side with increase
in fluence. This indicates that the relaxation times of the ions decrease
and they hop more readily leading to an increase in conductivity with
fluence.

Dispersive nature of conductivity with frequency can be well in-
terpreted from Jonscher’s Universal Power law (Jonscher, 1977).

o(w) = gy + Aw"

3

where o(w) is the value of AC conductivity, opdepicts DC conductivity,
A is a constant for particular temperature and n is the power law ex-
ponent related to degree of interaction amongst mobile ions and lattice
around them (Jonscher, 1977; Pant et al., 2009).

3.4. Dielectric properties

3.4.1. Dielectric constant

Permittivity of dielectric materials is the measure the energy stored
by them. Frequency dependent complex dielectric function €* of a
material is given as (Sharma et al., 2013);

. 1
e*(w)=¢'(w)—ie' () = ————
@=¢@-i @) = @

Real and imaginary parts of complex impedance Z* can be used to

evaluate real and imaginary parts of the permittivity.

’ _Zi

C wCo(Z + ZD) (5)
” _ _Zr
wCo(Z} + Z7) (6)

where, Cyis the capacitance of the material in vacuum, ¢, is the per-
mittivity of free space and has the value of 8.854 x 10~ 2 F/m, w=2xf
is the angular frequency and f is the frequency of the applied electric
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Fig. 8. Dielectric response of Un-irradiated and irradiated BPE sample.

field. Real part of permittivity ¢’ corresponds to ordinary dielectric
constant of the material which measures the amount of elastic energy
stored in the material during every cycle of applied alternating field and
the energy responded back to the field at the end cycle.

Fig. 8 shows the dielectric behavior of the system before and after
irradiation. Value of dielectric constant increases with increase in flu-
ence from 1 x 10" jons/cm? to 1 x 10'? ions/cm? and decreases at
2 x 10'? ions/cm>fluence. When a polymer material is subjected to
irradiation by SHI, the processes of chain scissioning and cross-linking
are triggered simultaneously in it. This leads to formation of defects
such as bending and breaking of bonds, formation of new polar bonds
and production of radicals (Lee, 1999). The fractured segments in
polymer matrix act as dipoles which are oriented in the direction of the
applied electric field. The irradiation of polymers increases the or-
ientational polarization due to increase in number of dipoles with flu-
ence (Kalia et al., 2018) which leads to increase in dielectric constant.
As discussed in conductivity, chain scission process dominates at lower
fluencies and hence more number of segments are available to parti-
cipate in the orientational polarization process. At higher fluences (in
the present case 2 x 10’ ions/cm?) cross-linking process takes over and
hence the dielectric constant decreases due to decrease in number of
segments effectively participating in the polarization process. Ismayil
et al. (2015) have observed enhanced dielectric properties after y-ir-
radiation in PVA-NaBr composites. Bobby et al. (2016) have discussed
the modifications induced by swift heavy C**- ion irradiation on ca-
pacitance and dielectric properties of Ni/oxide/n-GaAs schottky diode.

Dielectric constant show high values at lower frequencies, gradually
decrease with increase in frequency and reach a constant value at very
high frequency. This is a general behavior of dielectric materials.
Application of external electric field induces formation of dipoles in the
dielectric materials which are polarized in the direction of the field. At
lower frequencies, these dipoles are able to align themselves parallel to
the field direction and hence the value of dielectric constant is higher.
At higher frequencies, change in the electric field is very fast which the
dipoles cannot follow and hence their contribution to polarization ap-
proaches a small value (Sharma et al., 2013). According to Gupta and
Prajapati (2009), Correlated Barrier Hopping (CBH) model explains this
phenomenon in terms of inter-well and intra-well hopping of the charge
carriers. Average distance of inter-well hopping is few nm and that for
intra-well hopping is of the order of one lattice spacing. At low fre-
quency, the average relaxation time of the charge carriers is high and
hence inter-well hopping mechanism is favoured which leads to in-
crease in dielectric constant. Whereas, at higher frequencies, intra-well
hopping is the governing mechanism because the charge carriers have
barely enough time to move before which field reversal comes in and
hence the dielectric constant decreases (Biju and Khadar, 2003).
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Fig. 9. Dielectric loss as a function of Fluence.

3.4.2. Dielectric loss tangent

Dielectric loss spectra give the measure of energy loss occurring due
to charge transport and electrode polarization effect. Fig. 9 shows di-
electric loss response as a function of fluence. Dielectric loss peaks shift
towards higher frequency side with increase in fluence. Occurrence of
peak in loss spectra is a manifestation of dipolar relaxation phenom-
enon. On application of electric field to dielectric material, electrode
polarization occurs due to deposition of charges, forming dipoles at the
electrodes. These dipoles are forced to oscillate with the frequency
same as that of the applied field and this gives rise to a relaxation
phenomenon very similar to dipolar relaxation (Coelho, 1983). As ob-
served from Fig. 9, the dielectric loss increases with increase in fluence
up value of 1 x 10'2 ions/cm? and then decreases at 2 x 10'? ions/
cm?fluence. Irradiation by SHI, accelerates formation of the dipoles
contributing to dipolar relaxation and hence there is an increase in the
loss with fluence. After a critical value of fluence (1 x 102 ions/cm? in
our case), formation of dipoles and thus the contribution to dielectric
loss decreases. [smayil et al. (2015) have reported significant increase
in dielectric loss in PVA-NaBr polymer electrolyte system after y-irra-
diation. Increase in dielectric loss was explained by Stevels (1957), to
be a combination of conduction losses, dipole losses and vibrational
losses. Conduction losses being proportional to (c/w) (where, o is the
conductivity and w is the angular frequency) rise with rise influence as
well as temperature which ultimately lead to increase in dielectric loss
(Navratnam et al., 2015).

3.4.3. Modulus formalism

Electrode polarization at low frequency is a very pronounced effect
and it subdues other relaxation processes (Karmakar and Ghosh, 2012).
Modulus formalism has been exploited as one of the most powerful
mechanism to annex a wider insight into electrical relaxation process
occurring in frequency domain in various types of solids (Hodge et al.,
2005).

Modulus formalism M*(f) can be well extracted from complex
permittivity by the following relationships (Hodge et al., 2005; Macedo
et al., 1972; McCrum et al., 1991; Dam et al., 2016).

M*(w) ! _ M (w) + jM’ [m)

(@)

® : dg ()
M, [1 ‘/; exp (—jowt)( at )dt] -
where, M'and M" are the real and imaginary parts of the complex
modulusM*. The function ¢(t) gives the time evolution of the electric
field within the material andw = 27f is the angular frequency. Analysis
of electrical relaxation in terms of complex permittivity ¢*(w) gives
relaxational parameters, characteristics of the decay of the
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Fig. 10. (a) M” spectra of BPE sample before and after irradiation Fig. 10(b) M”
spectra of BPE sample before and after irradiation.

N
displacement vectorD . The expression for the decay of electric field in
time domain can be written as

E@®=F©Op@) ©)

whereE (0) denotes the electric field at time t = 0 and ¢(t)is a macro-
scopic decay function of the general form

e = [ g@)expl-(t/r.)ldz, ©

where 7, is conductivity relaxation time, and g(z,) is a normalized
density function for relaxation times. Thus using, Egs. (8) and (10), it
becomes

] e

Fig. 10(a) and (b) show the modulus behavior of the system with
fluence. Values of M'and M"increase with increase in fluence. Relaxa-
tion peak is not observed for M'or M". In both cases there is a long tail
appearing in the low frequency region is attributed to the large capa-
citance associated with the electrode polarization phenomenon (Pant
et al.,, 2009). Due to limitation of frequency range of the instrument,
relaxation peaks are not observed in the modulus spectra. Modulus
behavior can, therefore, be interpreted as follows. With increase in
fluence and temperature, the onset of the dispersion frequency of
modulus spectra shifts towards higher frequency side. This suggests that
the relaxation time decreases and it is related to the caged motion of the
charge carriers (Marinov et al., 2017). At higher frequencies, the ions
are not able to follow the field reversal and hence stay caged in the
polymer matrix. The dispersion frequency shifts towards higher

Jots
1+jwt,

M*@) = My [~ g(rg)[ w0
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Fig. 11. Relaxation time as a function of fluence.

frequency side upto a fluence of 1 x 10'? ions/cm? and then shifts
towards lower side at fluence of 2 x 102 ions/cm?. Raghu et al. (2014)
explained that shifting in dispersion frequency with increase in fluence
occurs due to the release of increased number of trapped charge carriers
and their long distance hopping. Relaxation time 7, (_T) is calculated
from the onset of dispersion phenomenon and presented in Fig. 11. It is
observed that, the relaxation time decreases with increase in fluence
upto 1 x 10'? ions/ecm? and then increases for 2 X 10'? ions/cm?.
Decrease in relaxation time with increase in fluence connotes faster
motion of ions and hence a higher conductivity of the irradiated sam-
ples.

4. Conclusion

Irradiation by swift heavy ion beam (SHI) studies on PEO-PAM-
NaCF3S0s; blend polymer electrolyte system have shown changes in the
morphological properties of the blend electrolyte system. IR spectra and
SEM micrographs clearly depict such changes. Irradiation deforms the
ordered chains of the polymer structure by chain scissioning process
which is pronounced at lower fluence rates and manifests as increase in
ionic conductivity and enhanced dielectric properties. Temperature
dependence of conductivity shows VTF behavior before and after irra-
diation. The relaxation time of charge carriers decreases and con-
ductivity increases with irradiation upto critical value of fluence equal
tol x 10'? ions/cm? Beyond this, at a fluence of 2 x 102 ions/cm?,
cross-linking of the polymer chains causes a decrease in amorphocity
and in electrical properties.
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Dielectric properties of solid polymer electrolyte having PEO-PAM blend matrix with sodium trifluoromethane sulfonate
(NaCF;SO0s) as ionic salt have been studied. The samples have been prepared by solution cast technique. X-ray diffraction
analysis has been carried to understand the formation of blend, complexation and crystallinity of the polymer blend with the
variation of salt amount. Complex impedance spectroscopy has been used to study ionic conductivity, dielectric relaxation
and modulus formalism as a function of frequency at various temperatures. Scaling of M " spectra has been carried out and it
has been found that the dynamic relaxation processes occurring in the system are dependent on temperature as well as salt
concentration. Highest conductivity at room temperature has been found to be 2.81x107 S/cm for sample with 17.5 wt%

NaCF;SO0;.

Keywords: Blend polymer electrolyte, Sodium triflate, Dielectric relaxation, Modulus formalism

1 Introduction

Solid polymer electrolytes (SPE) have been studied
continuously since more than two decades for their
conceivable applications in electrochemical devices
such as solid state batteries and super capacitors.
Wright' reported high conductivity for alkali metal
salt complexes with solid polymer electrolytes. High
molecular weight PEO (polyethylene oxide) based
polymer electrolytes have been materialized as the
most suitable host matrix. Polymer blending has been
realized as one of the most promising technique for
reducing the crystalline phase of PEO and obtaining a
host matrix with better properties. The amorphous
region of the polymers is enhanced by polymer
blending which results in overall good conductivity
of the electrolyte system’. Blends of PEO with
other polymers have been reported®”. PAM
(polyacrylamide) is largely amorphous in nature and
commonly used matrix for nano-composite
hydrogels®. PAM and PEO are both water soluble
neutral pH polymers and harmonious with different
electrode and current collector materials’. Generally,
if a blend of PEO:PAM-salt is prepared, it may
contain pure PEO crystalline regions, salt rich
crystalline regions and amorphous regions formed out
of PEO:PAM-salt complexation. The polymer

*Corresponding author (E-mail: dkkanchan.ssi@gmail.com)

crystalline regions exhibit limited free space between
and along the polymeric chains and produce restricted
segmental motion of the polymeric chains. On the
other hand, the free space in the amorphous region
contributes to the mobility of ions supported by
segmental motion of the polymeric chains in
electrolyte systems. Thus, transport of ions in PEO:
PAM blend systems is expected to be easier due to
enhanced amorphous content in the system
controlling the ionic conductivity'’.

Lithium salt'"" based polymer electrolytes have
been extensively used in battery applications since a
long time. Lithium based compounds are very
hazardous and the limited sources of lithium metal are
not enough'*". Studies on conducting property of Na
place it as a potential alternative to Li salt'®'®"’,
Sodium has very well established itself as a
competent candidate as compared to other metal ion
electrolytes due to its material abundance, low cost
and environment friendly nature'>**,

Understanding the electrochemical properties of
blend of PAM with PEO and sodium triflate as a salt
will make an interesting and a thought-provoking
study. Therefore, in the present study, we have
discussed the dielectric relaxation behavior and
modulus formalism of sodium-ion in the blend of
PEO and PAM polymers.
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2 Experimental

Polyacrylamide = (PAM;  molecular  weight
=50,00,000 gmol') from Hi-Media, polyethylene
oxide (PEO; molecular weight = 300,000 gmol™) from
Alfa Aesar and sodium trifluoromethanesulfonate
(NaCF;SO3) from Sigma Aldrich are obtained. All
chemicals are used as received. For preparing blend
polymer electrolytes, both polymers PEO and PAM
were taken in (1:1) ratio by weight. Concentration of
the salt (C) is also taken in weight ratios of the total
polymer system as 5, 7.5, 10, 12.5, 15 and 17.5.
Polymers and the salt as a whole are dissolved in
deionized water and stirred for 24 h continuously to
achieve a homogeneous mixture. Solutions thus
prepared with different amounts of salt are solution
casted into Teflon petri dish. Free standing films of
160-220 um thickness have been obtained after
evaporating all traces of solvent at room temperature.
The obtained films were stored in desiccator under
vacuum for later use for measurement.

Considering an ideal mixture, approximate EO/Na
ratio is calculated using the following equation®:

11 Q)

C = [Hsare 4 50 Mro
Psait  Na peo
where, Mg, and pg,. are the molecular weight
(172 gmol") and density (1.49 gem™) of salt
NaCF;S0O; respectively. Mg is the molecular weight
of EO unit (44 gmol") and the density ppgo is
(1.1 gem™)??*. X-ray diffraction analysis has been
carried using Rigaku Miniflex model diffractometer
instrument at ambient temperature. For impedance
measurement, SOLARTRON-1260 Impedance/Gain-
Phase Analyzer instrument has been used in the
frequency range of 32 MHz - 1 Hz from ambient
temperature to 338 K. The sample is placed between
two blocking silver electrodes (dia. = 1.2 cm) under
spring pressure for impedance measurements.

3 Results and Discussion

3.1 XRD analysis

Structural properties of a material depicting its
crystalline nature, amorphous volume and crystallite
sizes are studied wusing the XRD analysis.
Diffractograms of the pure polymers and blend
of the polymers without salt are shown in Fig. 1 and
patterns for solid electrolyte samples are shown
in Fig. 2. Calculated values of FWHM, average
crystallite size, average inter-chainseparation and
percentage of crystallinity are presented in Table 1.

Blend
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Fig. 1 — XRD patterns of pure PEO, PAM and blend sample
without salt.
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Fig. 2 — XRD spectra of electrolyte samples from EO/Na =92 to
EO/Na =22.
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Table 1 — XRD parameters and activation energies of pure PEO, pristine blend and blend electrolyte samples.
Sample 20 FWHM L R % Crystallinity Ionic conductivity E, E,.
(Degree) i (nm) A) Xe (S/cm) (eV) (eV)
Pure PEO 19.22 0.32 0.4588 0.2824 67.30 - -
23.05 0.78 0.1931 0.2389
Pristine Blend 19.47 0.39 0.3770 0.2868 62.13 - -
23.68 0.81 0.1869 0.2395
EO/Na =92 19.51 0.45 0.3268 0.2883 60.18 0.48x107 0.80 0.77
23.70 0.93 0.1628 0.2398
EO/Na =55 19.51 0.54 0.2728 0.2888 58.23 0.63x107 0.79 0.79
23.81 1.12 0.1357 0.2405
EO/Na =40 19.61 0.56 0.2624 0.2923 58.02 1.42x107 0.82 0.82
23.92 1.25 0.1250 0.2425
EO/Na =32 19.79 0.60 0.2445 0.2944 56.30 1.47x107 0.79 0.79
23.97 1.31 0.1109 0.2443
EO/Na =26 19.82 0.74 0.1991 0.2976 52.19 1.90x1077 0.77 0.75
24.02 1.40 0.1084 0.2465
EO/Na =22 19.93 0.81 0.1828 0.2984 48.72 2.81x107 0.70 0.69
24.11 1.47 0.1030 0.2485

Average crystallite size (L) is calculated using the
Scherrer formula®:

kA

L= .. )

- Bcos6

where, £ is the FWHM of the peak (in radian), & is the
shape factor whose value is assumed to be 0.9 for
calculating the parameters and A is the wavelength of
Cu-K, line = 0.154056 nm.

The average inter-chain separation is calculated
using the following equation®’:
R=32% )

8 sinf

The % crystallinity of the samples is calculated
using the formula®:

A
Xe = 7o x 100 .. (4

where, A is sum of areas of all crystalline peaks and
A is total area under entire diffractogram.

XRD patterns of pure polymers PEO, PAM and
blend sample without salt are shown in Fig. 1. PAM
shows only a broad hump at 26=25° indicating its
amorphous nature. PEO shows crystalline peaks at
26=19° and 23°originating due to the orderings of
poly ether side chains®. In the blend sample without
salt, characteristic peaks of PEO at 26=19° and 23°
are observed and no hump is seen due to PAM in the
blend spectra.

Figure 2 shows diffractograms of blend electrolyte
samples with varying EO/Na ratio. At 26=19° and

23°, slightly broadened but intense peaks, as seen in
pure PEO spectra, are observed in all the electrolyte
samples. As the salt is added, the intensity of peak at
19° gradually increases up to EO/Na = 40 and then
after it starts decreasing and the width also increases.
The X-ray peak at 19° splits and broadens for EO/Na
= 32 and beyond, while at 23°, the peaks broaden.
Small peaks beyond 25° are observed to be broadened
for the electrolyte films. Peaks corresponding to
NaCF;SO; are not observed in the electrolyte samples
which ascertain that the salt does not remain as an
individual entity in the system. Overall alteration in
the diffractogram patterns of pristine components,
suppression of peaks and decrease in intensities and
non-occurrence of salt peaks in the electrolyte system
suggest structural reorganization of polymers and
complete dissociation of salt in the system at the
molecular level resulting in a good polymer-polymer
and polymer-salt complexation®. From the above
observations we can say that there is productive
interaction amongst the constituent polymers
which results in a miscible blend with traces of
crystalline PEO.

Table 1 shows the values of wvarious XRD
parameters. Average crystallite size L and %
crystallinity decrease with increase in salt
concentration. Both the parameters indicate decrease
in crystallinity with corresponding increase in
amorphicity. Values of inter-chain separation R also

increase with increase in salt content this leads to
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increase in free volume of the system. Increase in free
volume paves an easy conduction passage for mobile
ion species leading to enhanced conductivity of the
electrolyte system.

Apparent observations lead us to confirm the
formation of a miscible blend electrolyte system
which becomes more amorphous by successive
addition of salt.

3.2 Ionic conductivity

Ionic conductivity of the blend electrolyte system
was determined from complex impedance studies.
Figure 3 shows Nyquist plots for the electrolyte
samples at different concentrations of NaCF;SOs.
Depressed semicircle in high frequency region and
low frequency spikes with angle less than 90° are
observed for all the samples. Intercept of semicircle
on X-axis gives bulk resistance of the sample
Ry,. Then DC conductivity is found using the formula:

1_t
o= R_be ...(5
where, ¢ is the thickness of the sample and 4 is the
area of the blocking electrodes. As observed from the
plots, value of R, decreases with increase in salt
concentration. This suggests that the conductivity of
the electrolyte system increases with increasing salt.
Calculated values of conductivity are presented in
Table 1.

Figure 4 shows variation of conductivity as a
function of frequency at various NaCF;SO;
concentrations. Three distinct regions are observed in
the plots for all the electrolyte samples. Low
frequency region is observed due to polarization at the
electrode-electrolyte interface and mid frequency

-2.8x10°- NaCF,SO, Concentration (wt%)
——5

—17.5

——10

5

-2.1x10 1——12.5

——15

——17.5

-1.4x10°

Z" (Q)

-7.0x10" -

0.0- :
0 1x10°

2x10° 3x10° 4x10°

Z'(Q)

Fig. 3 — Nyquist plots for the electrolyte samples at different
concentrations of NaCF;SO;.

region is independent of frequency and is also called
DC region observed due to diffusion of ions. In this
frequency range, ions travel much faster and jump
from one site to another available site. Successful
hopping of ions to a neighboring vacant site
contributes to the DC conductivity, when the
frequency is lower than the hopping frequency (wp).
In the third region, i.e., the high frequency region, the
frequency exceeds hopping frequency(w,) and the
conductivity continues to increase with increase in
frequency. The crossover from frequency independent
conductivity to dispersion depicts the relaxation
phenomenon. Variation of hopping frequency can be
interpreted in terms of charge carriers as:

w, = (%)1/" ... (6)

A

where, op is DC conductivity of the sample, 4 is a
constant for particular temperature and # is the power
law exponent related to degree of interaction amongst
mobile ions and lattice around them’'** The values of
conduction activation energy E,. are calculated from
the values of w, and given in Table 1.

3.3 Dielectric studies

Permittivity of dielectric materials is the property
used to measure the energy stored by them. Frequency
dependent complex dielectric function &* of a
material is given as®:

1
iwCyZ*

&) = &(w) —ig'(w) = (7

Real and imaginary parts of complex impedance
Z* can be used to evaluate real and imaginary parts of
the permittivity.

-5
NaCF,SO, Concentration (wt%)
——5 ——125
E ——7.5 ——15
6{——10 ——175
G ° .
(7s) Mid frequency region
© R Y " 7 susat /
b -7- W y
o)) ;me
2 7
-84 High frequency region

log f (Hz)

Fig. 4 — Variation of conductivity as a function of frequency at
various NaCF;SO; concentrations.
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_Zi

= wCo(Z2+2}) - (8)
" —Zr
T wCo(Z2+22) - 9)

where, Cyis the capacitance of the material in vaccum,
&o 1s the permittivity of free space and has the value
of 8.854x10"F/m, @ =2xf is the angular
frequency and fis the frequency of the applied electric
field. Real part of permittivity &' corresponds to
ordinary dielectric constant of the material which
measures the amount of elastic energy stored in the
material during every cycle of applied alternating
field and the energy responded back to the field at the
end cycle. Higher value of & suggests better
conductivity. Figures 5 and 6, respectively, show
frequency dependent ¢’ and ¢” at 323 K for different
concentrations of NaCF;SOs.

Sharp increase in &and g"at lower frequencies is
observed due to the electrode polarization and space
charge effects, which connote non-Debye behavior of
the system’*. The higher value of dielectric loss (£") at
low frequency is observed due to the long distance
charge motion within the materials. The appearance
of peak is attributed to the relaxation phenomena of
polymer. In low frequency region, dipoles are able to
align themselves according to the electric field
direction and hence contribute in the polarization
process. At high frequencies both dielectric constant
g and ¢&" approach almost constant value. As the
frequency is increased, the change in electric field
becomes too fast for the charges to follow and hence,
because of internal frictional forces, their contribution

NaCF,SO, Concentration (wt%)
,

10° -0-5
-0—175
=10
—7—12.5

- 15
s -
10%-
10° 323 K
0o 1 2 3 4 S5 6 7

Fig. 5 — Frequency versus & plots with different salt concentration
at 323 K.

to the polarization approaches a small value®. As
seen from Figs 5 and 6, the value of dielectric
constant increases with increase in salt concentration
and it is attributed to the increase in number of charge
carriers with increasing amount of salt.

Figures 7 and 8, respectively, show frequency
dependent & and &” plots for sample with 17.5 wt%
NaCF;SO; at different temperatures. The value of
dielectric constant increases with increase in
temperature. Applied electric field leads to formation
of an electric moment inside the dielectric as a whole
and also in each separate polarized molecule. These
molecular dipoles cannot orient themselves at lower
temperatures, increase in temperature favours the
orientation of the dipoles and hence the value of
dielectric constant increases™ .

3.4 Dielectric loss

Energy dissipation arising from charge transport
and electrode polarization effect can be measured
from dielectric loss. Electrode polarization occurs due
to deposition of charges forming dipoles at the
electrodes, which when applied by an electric field is
forced to oscillate with the same frequency as that of
applied field which leads to relaxation behavior
similar to dipolar relaxation®. According to this
convention, the deposited charges show a relaxation
peak in dielectric loss spectra. Stevels®’, explained
increase in dielectric loss as the relaxation
phenomenon due to conduction losses, dipole losses
and vibrational losses. Conduction losses rise with
increase in temperature, which in turn causes the

log f (Hz)

Fig. 6 — Frequency versus & plots with different salt
concentrations at 323 K.
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Fig. 7 — Frequency versus €’ plots for sample with 17.5 wt% salt
at different temperatures.

17.5 wt% NaCF3S03
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log f (Hz)

Fig. 8 — Frequency versus g"plots for sample with 17.5 wt% salt
at different temperatures.

value of dielectric loss to increase because conduction
losses are proportional to (o/w). The tan & peaks shift
towards higher frequency side with successive
addition of salt, i.e., relaxation time decreases.
Figure 10 shows behavior of dielectric loss at various
temperatures for sample with 17.5 wt% salt. From the
plots, it is clear that tan § value increases with
frequency at different temperatures, passes through a
maximum value and thereafter decreases and is
attributed to ion jump and dc conduction loss of ions
accompanied with polarization losses. Figure 10
shows that the frequency for relaxation peaks

12

== 313 K

17.5 wt% NaCF SO, #*

9

log f (Hz)
Fig. 9 — Frequency versus loss tangent at various salt concentrations.

6

NaCF,SO, concentration (wt%) 323 K

" RS
L[} (

. 1
Vtzos\)

Fig. 10 — Frequency versus loss tangent for sample with 17.5 wt%
salt at different temperatures.

increases with temperature and hence relaxation time
decreases with increase in temperature. The decrease
in relaxation time with increasing temperature is due
to faster movement of sodium ions that synchronizes
with the direction of applied field™.

With increase in the salt concentration (Fig. 9), the
magnitude of the loss increases and the loss peak
shifts towards higher frequency side. The asymmetric
shape of the (tan &) peak around the maximum
frequency (wpq,) suggests a deviation from classical
exponential Debye behavior. The observed full width
half maxima (FWHM) values of the tan § peaks are
found to be broader than the ideal Debye peak. The
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relaxation time, t=1/2nf;,4, can be calculated from
the angular frequency wy,q, at which the (zané)
occurs. It is observed that the relaxation time
decreases with increase in temperature as well as with
the addition of sodium triflate.

3.5 Modulus studies

The dispersion behavior of the conductivity in the
frequency domain is more conveniently interpreted in
terms of conductivity relaxation time, 7T using the
electrical modulus, M* = 1/ ¢+ representation. Complex
electric modulus M* formalism is wused very
frequently when the relaxation behavior is presumed
to be due to the motion of ions or electrons. Further
information about the relaxation behavior of any
electrolyte can be obtained from the complex electric
modulus M*(f). The conductivity behavior can be
conveniently interpreted in terms of conductivity
relaxation time, T in the frequency domain. Ionic
conductivity is described by the modulus
representation by associating a conductivity relaxation
time with the ionic process.

Dielectric relaxation is due to the re-orientation
process of dipoles in the polymer chains, which
culminates into a peak in M "spectra.The real (M") and
imaginary (M") parts of M*(f)are calculated
from the impedance data. Electric modulus is the
electric counterpart of mechanical shear modulus; it
corresponds to relaxation of electric field occurring at
constant electric displacement™. Modulus studies are
carried out to interpret the electrical relaxation
processes occurring in the material which are difficult
to distinguish from the polarization effect occurring at
electrode-electrolyte interface. Macedo®, presented
the study of dielectric modulus to overcome this
drawback. McCrum and others® in their book on
polymeric solids have also suggested the use of
modulus formalism. Ever since its discovery, modulus
function has been used by researchers worldwide
to understand and explain electrical relaxation
phenomenon in different types of materials*’. A
comparison of the experimental data of M*and € is,
therefore, useful to distinguish long-range conduction
process from the localized dielectric relaxation.The
dielectric response of modulus formalism M* of a
system is treated with complex permittivity £* by the
following relationship®***:

M @) = 555 = M @) +jM (@)

= M,[1— [ exp (—jowt) (- £D)dt] ... (10)

where M'and M" are the real and imaginary parts of
the complex modulus M*. The function ¢(t) gives the
time evolution of the electric field within the material
and w = 2nf is the angular frequency.

Analysis of electrical relaxation in terms of
complex permittivity e*(w) gives relaxational
parameters, characteristics of the decay of the

displacement vector D. The expression for the decay
of electric field in time domain can be written as:

E@®) = E(0)¢(t) .. (11)

Where_E)(O) denotes the electric field at time =0
and @) is a macroscopic decay function of the
general form:

.. (12)

B(t) = Tg(ra)exp[—(t/ra)ﬂ}drg

where 7,is conductivity relaxation time, and g(74y is

a normalized density function for relaxation times.
Thus, using Eqs 10 and 12, it becomes:

M*(w)zijg(ra){L}d% .. (13)
0 I+ jor,)

Occurrence or absence of peak in frequency versus
imaginary impedance plots is associated with space
charge effects and mnon-localized conductivity.
M'plots prove to be useful in understanding the
behavior of the system when the relaxation processes
are speculated to occur due to ionic motion and the
electrode effects are suppressed. The plots of Z" and
M "as a function of frequency, Fig. 11(a) clearly show
that the Z" peak is developed at low frequency side
while the peak for M" is observed at higher frequency
for 5wt% salt concentration. The Z" peak shifts
towards higher frequency side and reverse mechanism
occurs for M" spectra peak with the addition of
sodium triflate in the blend as observed in Fig 11(b).
Thus, it can be ascribed that the shift in peak
frequency of M" spectra suggests slower ionic motion
in the system with the addition of salt. Z"and M "peaks
do not appear at the same frequency which shows that
the relaxation times are disseminated and the system
shows non-Debye behavior’. Values of relaxation
activation energy E,, are calculated from the values
of peak maxima of M" spectra and presented in
Table 1. It is noted from Table 1 that the values of
conduction activation energies (E,.) and relaxation
activation energies (E,.) are nearly same, this
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Fig. 11 — (a) Comparison of Z"and M" spectra of samples with
5 wt% salt concentration and (b) comparison of Z"and M spectra
of samples 17.5 wt% salt concentration.

suggests that the hopping mechanism dominates ion
transport process in the present system and the ions
encounter with equivalent barrier while relaxation and
conduction processes®. This shows that the ionic and
polymer segmental motion are strongly coupled.
Figures 12 and 13 show the modulus behavior of
the system with frequency. Values of M increase with
increase in frequency and attain maximum value in
higher frequency range. M spectra show relaxation
peak, which confirms the ionic nature of the material
under study. The peak represents conductivity
relaxation of the sodium ions in the system. Lower
frequency side of the peak suggests long distance
mobility of the charge carriers and the higher
frequency side of the peak corresponds to caged
movement of mobile ions™. The long tail appearing in
the low frequency region is attributed to the large
capacitance associated with the electrode polarization
phenomenon™. Plots of M" and M "with frequency for

NaCF,SO, Concentration (wt%)

0.2]—0—5
—0—17.5
== 10
—7=12.5
—O—15
-<=17.5
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Fig. 12 — Frequency versus M’ plots with salt concentration at 323 K.
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~¢=17.5

323 K

log f (Hz)

Fig. 13 — Frequency versus M” plots with salt concentration
at 323 K.

sample with 17.5 wt% salt concentration at various
temperatures are shown in Figs 14 and 15. It is
observed that M 'plots display distinct relaxation
peaks, which are related to the conductivity processes.
The relaxation time decreases at higher temperatures
due to faster ionic motion, hence the peaks shift
towards higher frequency side™.

The decay function ¢ (¢) (in Eq. (12)) exhibits non

exponential in amorphous systems i.e., if there is a
distribution of relaxation times. In time domain, the
decay function is called stretched exponential
introduced by Kohlraush-Williams-Watts (KWW)
and is given as:
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Fig. 14 — Frequency versus M' plots for sample with 17.5 wt% salt
concentration at different temperature.
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Fig. 15 — Frequency versus M" plots for sample with 17.5 salt at
different temperatures.

.. (14)

B
#(1) = exp —(LJ L 0<p<1
T

o

The asymmetric andout-spread shape of M" peak
can be approximated by stretched exponential
Kohlraush-Williams-Watts (KWW) function* where,
@xww (t) is the stretched exponential function of the
electric field, t is the time and fis Kohlrausch-
Williams-Watts exponent. The  parameter has been
interpreted either as representatives of a distribution
of relaxation times or as characteristic of cooperative
motions between charge carriers. The relaxation

0.75
=0=313K
=0=-318 K
=323 K

0.70

0.65 -

QU
0.60 -
0.55
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Fig. 16 — KWW parameter (B) versus salt concentration for
different temperatures.

parameter, which increases with decrease in width of
the relaxation time distribution and its values show
the degree of deviation from ideal Debye behavior
and B~0 illustrates maximum interaction between
jons and the factors affecting the ion transport™.
Calculated values of 8 for samples with varying salt
concentrations at different temperatures are plotted in
Fig. 16.  values decrease with increase in salt
concentration as well as temperature. [ values
show a considerable deviation from Debye behavior
and are in consonance with the results of Z"and M "vs

log f plots.

3.6 Scaling of modulus

Scaling of dielectric relaxation spectra is carried
out to present whether the relaxation processes
are independent/dependent of charge carrier
concentration and/or thermally activated. Scaling
provides a view into composition and temperature
dependence of ion relaxation dynamics. We have used
Ghosh’s* scaling approach for scaling imaginary part
of the modulus function. The scaling function is
defined as:

M _ f
F - F (fmax)
modulus M" on y-axis is scaled by peak maximum
value M,,,, and frequency is on x-axis which is
scaled by fpng Which is the frequency of My,g,.
Figure 17 shows scaling of M" as a function of salt

concentration. The M plots do not merge onto a
master plot but exhibit slightly different relaxation

... (15)
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Fig. 17 — Scaling of M" plots as function of temperature.
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Fig. 18 — Scaling of M" plots as function of salt concentration.

behaviour for different salt concentrations.
Normalized plots do not form a perfect master curve
which indicates that the relaxation process is
dependent on salt concentration in the present
electrolytes. Figure 18 shows scaling of M~ for
sample with 17.5 wt% NaCF;SO; at different
temperatures. The scaled plots M plots fail to fall
into single master curve which indicates that the
relaxation process are temperature dependent.

4 Conclusions

Dielectric relaxation and modulus studies of
PEO-PAM based sodium salt electrolyte films
prepared by solution cast technique were studied.

Measured under identical experimental conditions,
the films of [PEO:PAM]-NaCF;SO; exhibit an
enhanced dielectric response as compared to
pure PEO:PAM. Dielectric loss increases with
temperature. Stretched exponential decay and
peaks in M" spectra attribute the strong coupling
between ionic and polymer segmental motions
in the present ionic conductors. The wvalue of
dielectric constant increases with the increase
in NaCF;SO; salt in the electrolyte films and
high conductivity indicates the usefulness of
these films as a material for probable Na-solid
polymer electrolytes. Relaxation process in PEO:
PAM-NaCF;SOselectrolyte films is temperature as
well as concentration dependent.
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Abstract. Effect of EC-PC plasticizers on electrochemical properties of sodium triflate (NaCF;SOj3), based PEO-PAM
blend electrolyte system has been investigated. Polymer electrolyte samples [PEOsy + PAMsy + 12.5 wt% NaCF;SO; + x
wt% (1:1/EC: PC)] plasticizers with x varying as 5, 10, 15, 20, 25 according to wt% have been prepared using solution
cast technique. Differential Scanning Calorimetry has been used to characterize the samples. The electrical properties of
materials are studied using impedance spectroscopy in the frequency range of 20 Hz to 2 MHz from room temperature to
333 K. The conductivity increases with the addition of plasticizer in the electrolyte films. Maximum ambient temperature
conductivity of 5.74x10™ S/cm is observed in sample with 15 wt% plasticizer.

INTRODUCTION

Solid Polymer Electrolytes (SPEs) have been most widely investigated class of polymer electrolytes for a very
long time. Researchers are constantly working on achieving enhanced conductivity values in traditional PEO based
SPE for their application as electrolyte material in commercial electrochemical devices. Basic drawback of such
PEO based systems is poor ambient temperature conductivity due to its semi-crystalline nature. Efforts made to
increase the amorphous phase of PEO and to decrease the crystallinity by blending of PEO with an amorphous
polymer, addition of plasticizers, irradiating the electrolyte system, co-polymerization etc. Blending of PEO with an
amorphous polymer like PAM results in an overall increase in the conductivity via suppression of crystallinity [1].
Further the electrochemical properties of such a blend electrolyte system can be enhanced by addition of low
molecular weight, high dielectric constant diluents [2-5]. These solvents, popularly known as plasticizers, are
organic chemicals which remain in liquid phase inside the host matrix and pave conduction pathways for the mobile
ion species. Low molecular weights of the plasticizer make sure that they are embedded completely with the system
and their high dielectric constant increases charge storage capacity of the electrolyte. Plasticizers also should have
low viscosity so that, the polymer chains can flex readily and produce a greater free volume for ion motion. Reports
on various plasticizers have shown that incorporation of ethylene carbonate (EC) and propylene carbonate (PC) are
premiere technology to achieve enhanced electrochemical properties of the system [2]. PC has higher dielectric
constant than that of EC and EC is less viscous as compared to PC. Favourable properties of both liquids
compliment each-other well and hence in the present work, we investigate combined effect of EC+PC plasticizers on
conductivity of [(PEOsy: PAMs) +(NaCF;S0s) 1,.5] blend electrolyte system.

EXPERIMENTAL DETAILS

Polyacryl amide (PAM; Molecular Weight =50,00,000 gmol™) from Hi-Media, Polyethylene Oxide (PEO;
Molecular Weight = 300,000 gmol'l) from Alfa Aesar, Sodium trifluoromethanesulfonate (NaCF;SOs;), Ethylene
Carbonate (EC; Molecular Weight =88.06 gmol™) and Propylene Carbonate (PC; Molecular Weight =102.9 gmol™)
from Sigma Aldrich are obtained. All chemicals are used as received. Polymers and the salt as a whole are dissolved
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in deionized water and stirred for 24h continuously to achieve a homogeneous mixture. Solutions thus prepared with
different amounts of plasticizer (1:1/ (w/w) (EC+PC)) are solution casted into Teflon petri dish. Free standing films
of 160-220 um thickness have been obtained after evaporating all traces of solvent at room temperature. The
obtained films were stored in desiccator under vacuum for later use for measurement.SEM images are recorded on
Hitachi SU 1510 instrument at a magnification of 2000X at 10 kV after gold coating on to the films. Agilent
E4980A Precision LCR meter instrument has been used for impedance measurement in the frequency range of 20
Hz to 2 MHz from ambient temperature up to 333 K. For this, the sample is placed under spring pressure between
two blocking silver electrodes (dia = 1.2 cm).

RESULTS AND DISCUSSION
Differential Scanning Calorimetry (DSC)

DSC thermograms have been used to study melting temperatures of the blend electrolyte system. All the samples
have two endothermic peaks, one in the temperature range 48.8°C to 55.6 C corresponding to the melting
temperature of PEO and the other peak in the temperature range 231.6 C to 242.3°C corresponding to the PAM
melting temperature. Change in crystallinity with addition of plasticizer in polymer electrolyte systems is a largely
discussed behaviour [3], hence the values of degree of crystallinity are reported in Table 1. The values of degree of
crystallinity and melting temperature are decreasing and clearly suggest a good miscibility of both polymers and
intercalation of plasticizer in the blend electrolyte system.

TABLE 1. Values of melting point and degree of crystallinity of un-plasticized and plasticized electrolytes

Concentration of Value of melting temperature T,, Degree of Degree of
(EC+PC) in wt% ‘o) crystallinity . crystallinity y.
(PEO) (PAM)
Corresponding  Corresponding
to PEO to PAM
Un-plasticized 55.6 232.6 51.2 48.8
5 53.2 238.2 46.5 49.1
10 51.2 232.1 38.4 46.3
15 48.8 231.6 332 41.8
20 53.6 236.9 40.1 44.2
25 54.4 242.3 42.7 41.1
SEM

Figures. 1(a) and (b) show the SEM micrographs of blend polymer electrolyte (BPE) samples with 10wt% and
15 wt% EC+HPC respectively. The micrographs depict a clear change in morphological structure of the polymer films
with addition of plasticizer. More number of elongated structure and voids are observed for sample with 15 wt%
(EC+PC) than that for 10wt%, which depicts higher amorphous nature of the sample. It is revealed that as we
increase the (EC+PC) amount, the amorphicity increases and reaches to maximum at 15 wt% as also shown in Fig.
1(b). The amorphicity of the films decreases beyond 15 wt%.

Conductivity

Impedance has been measured at different temperatures in the frequency range of 20 Hz to 2 MHz. Fig. 2 shows
conductivity as a function of plasticizer content. Conductivity of BPE increases with increasing amount of EC+PC
upto 15 wt% and decreases for higher wt% (EC+PC) content. Highest conductivity value of 5.74x10* S/cm is noted
for sample with 15 wt% plasticizer at 333K temperature. Initial increase in conductivity with increase in plasticizer
content can be attributed to enhanced diffusivity of the Na'-ions through plasticizer rich region. Liquid phase of the
plasticizer makes it easy for the mobile ions to hop through the vacant sites and thus contribute to increase in
conductivity of the BPEs. Above 15 wt% (EC+PC), a decrease in ionic conductivity is observed. The reason of this
drop is the increased interaction between mobile ions and the plasticizer and a decreased interaction between salt
and polymer. This gives the polymer chains a chance to reorient themselves in an orderly manner and this restores
crystallinty of the system [4].
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Frequency dependent ac conductivity of the system un-plasticized and plasticized at different concentrations of
(EC+PC) is shown in Fig.3. Two different regions (region 1-2) are observed in all the samples. Low frequency
region is observed due to theelectrode-electrolyte interface. Higher frequency region depicts the dispersive nature of
the system. At higher frequencies, probability of successful ion jump decreases and the conductivity shows
dispersive behavior with frequency. Mobility of the charge carriers is high near the relaxation times at higher
frequencies and so the conductivity increases with increase in frequency. Variation of conductivity with frequency
can be well interpreted from Jonscher’s Universal Power Law [5].

oclw)y=0,+A0" (D

whereot(@ is the value of AC conductivity, gy depicts DC conductivity, 4 is a constant for particular temperature
and n is the power law exponent related to degree of interaction amongst mobile ions and lattice around them [5, 6].
The values of power law exponent n as a function of temperature for sample with 15 wt% (EC+PC) are shown in
Fig.4. Since the calculated values of exponent 7 lie in the range .6 to .9, the correlation motion is sub diffusive and
indicates a preference on the part of the ions that has hopped away to return to where it started. Non Overlapping
Small PolaronTunelling (NSPT) model [7] describes the conduction process in the present system where, the value
of power law exponent n increases with increase in temperature.

CONCLUSION

(EC+PC) plasticized PEO-PAM- NaCF;S0; system shows good intercalation of plasticizers in blend electrolyte
system. The increasing (EC+PC) amount in the films decreases their crystallinity and an increase in conductivity is
observed with increase in plasticizer content. Conductivity value reaches an optimum at 15 wt% (EC+PC) content
and shows a decrease thereafter. The process of conduction follows the Non Overlapping Small Polaron Tunneling
(NSPT) model. The electrolyte system may be a good candidate for sodium batteries.
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Abstract. Effect of swift heavy ion irradiation on conductivity of blend electrolyte system [(PEOso:PAMsp)
+x%(NaCF;S0s3), x=5, 7.5, 10, 12.5, 15, 17.5] with 0% jon at four different fluences is investigated. The samples are
prepared using solution cast technique and films are subjected to irradiation at room temperature. Conductivity is
measured for pristine and irradiated sample as a function of frequency in the range 2 Hz — 2MHz from ambient
temperature up to 338 K. It is observed that conductivity increases with fluence. Highest conductivity value is found to
be 3.2375x10* S/cm at 338 K for fluence of 1x 10'? ions/cm’ for sample containing 17.5 wt% NaCF;SO; . SEM and
X-ray diffraction techniques have been conducted for the blend electrolytes before and after irradiation to completely
understand the changes in the surface morphology.

INTRODUCTION

Since Fenton [1] suggested fast ion conduction in PEO based electrolytes, it has been investigated as one of the
most suitable matrix for electrolyte systems. But poor room temeperature conductivity of PEO limits its application
as an electrolyte. Polymer blending, plasticization, dispersion with nano particles and irradiation by high energy
particles are the different techniques for decreasing the crystallinity and show superior properties as compared to the
parent polymers. The amorphous region of the polymers is enhanced by polymer blending which results in overall
good conductivity of the electrolyte system [2]. In the present study, we report the effect of irradiation with swift
heavy 0% on structural properties and conductivity of PEO-PAM blend electrolyte system containing sodium triflate
as salt without any plasticizer in it.

EXPERIMENTAL DETAILS

Polyacryl amide (PAM; 50,00,000) from HiMedia, Polyethylene Oxide (PEO; 300,000) from Alfa Aesar and
Sodium trifluoromethanesulfonate (NaCF3;SO;) from Sigma Aldrich are obtained. All chemicals are used as
received.The solid NaCF;SO; doped blend polymer electrolyte (BPE) have been prepared by solution cast technique
using distilled water as solvent. Free standing films of 160 um thickness have been obtained after evaporating all
traces of solvent. SEM images are recorded on Hitachi SU 1510 instrument at a magnification of 2000X at 10 kV
after gold coating on to the films. Agilent E4980A Precision LCR meter instrument has been used for impedance
measurement in the frequency range of 20 Hz - 2 MHz from ambient temperature to 323 K. For this, the sample is
placed under spring pressure between two blocking silver electrodes (dia = 1.2 cm). Bulk electrolyte resistance and
low frequency linear response are obtained from Nyquist plots by fitting to appropriate equivalent circuit.

For ion beam irradiation, free standing films are cut into 1 cm x 1 cm segments and mounted on the ladder
maintaining a distance of 1 cm between all the samples. Irradiation with 80 MeV swift heavy O°" ion beam is
carried out using material science beam line facility of pelletron accelerator at IUAC, New Delhi. Irradiation has
been carried out at four different fluences, namely 1x 10”, 3x 10”, 1x 1012, 2x 10" jons/cm>.
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RESULTS AND DISCUSSIONS:
XRD Studies

Fig. 1 shows X-ray diffractograms of pristine and irradiated blend electrolyte samples with 10 wt% salt
concentration. Two prominent peaks are observed in all the electrolyte films. It is observed that the intensity of the
peak at 26~23° does not vary significantly after irradiation. The intensity of peak at 26~31° decreases upto fluence
of 3x 10" ions/cm” and decreases at fluence beyond it. It is observed that the value of intensity of the peaks and the
average crystallite size are decreasing continuously with fluence which is an indication of increase in amorphosity
of the system . Average crystallite size (L) is calculated using the Scherrer formula [3, 4].
S Q)
P cosb

where, B is the FWHM of the peak (in radian) and k is the shape factor whose value is assumed to be 0.9 for
calculating the parameters. The average inter-chain separation is calculated using the following equation [5].

52
R= (2
8sind

Values of average crystallite size, d-spacing and average inter-chain separation are presented in table. 1

dﬁ\ 2x10" jons/em?®
Ahn AP,

1x10" ions/em®
""A\—N«_WLM

3x10" ions/em®

11 D" ions/em® . !
Unirradiated 100KV 7. 1mm x3.00k S

T T T T T

20 25 30 35 40 45

Intensity (a.u.)

20 (deg)
FIGURE 1. XRD diffractograms of pristine ~ FIGURE 2. . SEM Micrograph of FIGURE 3. SEM Micrograph of
and irradiated samples sample with 17.5wt% salt in pristine sample with 17.5wt% salt
form concentration at fluence of 1x10"
ions/cm?

TABLE 1. XRD parameters of pristine and irradiated samples and Activation Energy

Sample 20 d(A) L (nm) R(A) Activat(i:{;)Energy
Pristine 30.141 4.015 31.034 5.266 1.85
1x 10" ions/cm? 30.514 4.020 24.933 5.260 1.85
3% 10" jons/cm® 30.723 4.290 22.929 5.256 1.80
1x 10'? jons/cm® 30.996 4308 20.704 5.261 1.75
2x 10'? jons/cm’ 31.012 4336 19.012 5.254 1.79
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SEM studies

Electron Microscopy has been found to be useful in understanding the morphological changes in the polymer
electrolytes upon Swift Heavy lon (SHI) irradiation. The SEM exhibits changes in the grain size, surface
morphology, agglomeration, displacement of polymer molecules and the formation of porous structures. The
microstructure also shows highly entangled and disordered small pore size before irradiation of electrolyte films and
elongated granular microstructure with larger pore size after irradiation. Figs. 2 and 3 show the SEM micrographs of
sample with 17.5 wt% salt in pristine form and irradiated samples at a fluence of 1x10'* ions/cm”. The micrographs
depict a clear change in morphological structure of the polymer films with irradiation. Elongated structure and voids
are formed after irradiation. The increased porosity upon ion irradiation indicates the formation of more polymer
electrolyte interface area in the same volume and provides the better connectivity of the electrolyte through the
polymer providing higher conductivity.

Conductivity

Frequency dependent AC conductivity of the sample with 17.5 wt% salt at various fluences is shown in Fig. 4(a).
Two different regions (Region 1-2) are observed in all the samples. Low frequency region is observed due to the
electrode-electrolyte interface. Higher frequency region depicts the dispersive nature of the system. After irradiation
by SHI, the energy deposited in the polymer causes chain scissioning and produces radicals. At low fluence, chain
scissioning predominates because of wide separation of chains. However, with the increase of the fluence, radical
concentration increases resulting in formation of closely spaced radicals along ion-track which eventually make the
adjacent polymer chains to cross-link. Increase in ionic conductivity at lower fluences can ascribed to the fact that
SHI irradiation breaks large polymer chains to smaller size due to chain scissioning effect [6]. This induces the
larger segmental motion of the polymer back-bone resulting in the increase in ionic conductivity. However at
fluence of 2x10' ions/cm’, cross-linking of the polymer chain dominates which results in reduction in ionic
conductivity. Variation in AC conductivity for various salt concentrations for fluence of 1x10'? ions/cm” is shown in
Fig. 4(b). The conductivity of the pristine sample of 17.5% salt is 2.68 x 10 S/cm which increase to 2.34x10™ S/cm
when subjected to fluence of 1x10'* ions/cm®. An increase of 1 order has been observed in conductivity values for
all samples.

17.5 wt% NaCF SO, 323K -3.6
s S0 = 421
E 5 T
u —
'@ 45 ,v////,_—-— 0 48 v /
[3} — o
o 5.0d 7 b 54 /4/_ aCF SO, |(wt%)
o —— Pristine g’ 5
2 ——1x10" ions/cm’] = -6.04 '11.5
5.5 ——3x10" jons/cm® —125
—— 110" jonslem® 6.6 '15-
——2x10"% ionslem? T
o— - =
1] 2 3 4 5 6 7 1 2 3 4 5 6 7
log f (Hz) log f (Hz)

FIGURE 4(a). AC Conductivity for sample with 17.5 wt% salt at different fluences (b) AC Conductivity at various salt
concentration for fluence of 1x10'? ions/cm?

Temperature dependence of conductivity for 17.5 wt% at different fluences is plotted in Fig.5 (a). The plot of log
o vs. 1000/T is evidently not a straight line according to Arrhenius relation. The typical curvature behavior of the
plots can be explained by VTF relation which indicates that the ion conduction strongly depends on polymer
segmental motion [7]. Increase in temperature leads to faster polymer chain relaxation which produces segmental
motion [8], leading to an increase in the free volume of the system. Increase in free volume, favours ion movement
which results in increase in conductivity with temperature [9]. The VTF relation is given as follows.

AT]/ZB
o=———
k(T =T5) (3)
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where A is pre-exponential factor, B is the apparent activation energy associated with the hybrid energy, & is the
Boltzmann constant, T} is the ideal glass transition temperature, typically taken to be 50 K below T,. Fig.5 (b) shows
conductivity and activation energy behaviour with fluence. Conductivity increases with increase in fluence upto

1x10"% jons/cm” and then decreases for further fluence. Activation energy values for 17.5 wt% salt sample at various
fluences are given in Tablel.

-3.6
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* 1x10" ions/cm®

-3.6+ i i s
— 3x10"" ions/cm -3.9 o
E 1x10" ions/em® o
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.g — w
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2 \\ 45 2

451 \\\'\\ :
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FIGURE 5(a). DC Conductivity for sample with 17.5 wt% salt at different fluences (b) Conductivity and Activation energy as a
function of fluence

CONCLUSIONS

Conductivity of blend electrolyte system [(PEO: PAM) +NaCF;SO5] with SHI O°" ion at four different fluences
is investigated. XRD analysis depicts that with the increase of fluence, the average crystallite size decreases. SEM
micrographs show the increased porosity upon ion irradiation indicating the formation of more polymer electrolyte
interface area in the same volume. The increase in ionic conductivity at lower fluencies is due to the larger
segmental motion of the polymer back-bone and at fluence of 2x10'? ions/cm?, cross-linking of the polymer chain
dominates which results in reduction in ionic conductivity.
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Abstract. Present study reports characterization studies of NaCF;SO; based PEO-PAM Blend Polymer Electrolyte
(BPE) system with varying amount of EC+PC as plasticizer prepared by solution cast technique. Structural analysis and
surface topography have been performed using FTIR and SEM studies. To understand, thermal properties, DSC studies

have been undertaken in the present paper

Keywords: Blend Polymer Electrolytes, Sodium Triflate, Thermal propeties.

PACS: 72.80.-r, 73.61 -1, 82.35.-x
INTRODUCTION

Recent years have witnessed rising interest in
Blend Polymer Electrolyte (BPE) system instead of
conventional single polymer based electrolyte. It has
been reported that polymer electrolytes prepared using
polymer blends exhibited higher conductivity and
better mechanical strength compared to electrolytes
based on pure polymer [1]. Present system is based on
polymers Polyacryl amide (PAM) and Polyethylene
Oxide (PEO). PEO is most studied host due to its good
ionic conductivity when added by a suitable salt [2].
Polyacrylamide gels are widely used in large number
of applications both academic and technological [3].
Blends of these two polymers (PEO/PAM) have not
been investigated so far hence, the present system is
prepared based on these two polymers PEO and PAM,
in which sodium triflate (NaCF;SOs) is incorporated
as salt plasticized with Ethylene Carbonate and
Propylene Carbonate (EC and PC).

EXPERIMENTAL DETAILS

The samples are prepared by taking 50:50 weight
percentage concentration of PEO and PAM with 12.5
wt% NaCF;SO; fixed and different amount of
plasticizer (EC+PC) taken in 1:1 ratio by solution cast
technique. Characterizations have been carried out by
using Fourier Transform Infrared (FTIR) spectroscopy
and Differential Scanning Calorimetry DSC. SEM
micrographs are taken on XL 30 ESEM system.

RESULTS AND DISCUSSIONS

DSC Thermograms of plasticized blend samples
are shown in Figure 1. Single endothermic peak of
melting temperature (T,,) is observed in all the blend
systems. The melting peak of BPE samples is found to
shift towards the lower temperature side, which
indicates complexation of both polymers in the blend
system and decrease in degree of crystallinity too.
Degree of crystallinity ¥, is given by;

% = Z c’

where, 4H,, is the heat of fusion of pristine and
plasticized blend samples and AH,,° is the equilibrium
heat of fusion of PEO having value 203 J/g [4]. Table
2 shows values of degree of cystallinity for plasticized
blend samples. Decrease in degree of crystallinity, is
analogous to increase in amorphousity, in the present
system values of degree of crystallinity decrease from
42.86 to 38.26. Figure 2 shows FTIR Spectra of pure
PAM and PEO. Peak values for pure polymers are
given in Table 1. PAM has two peaks at 1107 cm™ and
1447 cm'corresponding to C-O-C and C-N stretching
respectively. A broad peak at 2938 cmis attributed to
C-H stretching. A broad band in the region 3014-3600
cm’ is also observed [5-10]. PEO has peaks at 852 cm’
'.966 cm™, 1106 cm™, bands in the region 1220-1360
cm’, peak at 1454 cm!, and at 1962 cm’
corresponding to C-C symmetric stretching, —CH,
rocking, C-O-C stretching, —CH, twisting and
wagging, —CH, scissoring and asymmetric C-H
stretching respectively [5-10]. Figure:3 shows IR
spectra of plasticized blend samples and without
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plasticization where in, the peaks appear to shift
slightly which is an indication of good miscibility of

TABLE 1. Assignments of FT-IR Characterization of Bands of pure PAM and pure PEO.

Wave Number cm-1 Peak Assignment for pure Wave Number cm-1 Peak Assignment for pure
PAM PEO
852 C-C symmetric stretching
966 -CH, rocking
1107 C-O-C stretching 1106 C-O-C stretching
1220-1360 -CH, twisting and wagging
1447 C-N stretching 1454 -CH, scissoring
2938 C-H stretching 1962 asymmetric C-H stretching
3014-3600 2700-2950 C-H asymmetric stretching
both the polymers. Absence of many peaks of pure
polymers in the blend system suggests good | N o

complexation of salt and plasticizer with polymer 30wt% (EC+PC)
blend. With the addition of plasticizer, the intensity of
the peaks decrease gradually, this also confirms the
increase in amorphous nature of the blend electrolytes

with plasticization.

Heat Flow (mW)

30 wt% (EC+PC)

20 wt% (EC+PC)

10 wt% (EC+PC)

45

Figure 1.
samples.

T T

50 55 Sb 6'5 7'0 75
Temperature (°C)

20wt% (EC+PC)

10wt% (EC+PC)

Transmittance (a.u)

Pristine

1000 2000 3000 4000
Wave number (cm™)

FIGURE 3. IR Spectra of pristine and plasticized
blends

SEM micrographs show the electrons interaction
with the atoms in the material, producing various

DSC Thermograms of plasticized blend signals that can be detected and contain information
about the surface topography and composition of the
sample. Figure 4 shows SEM image of the 30 wt%
plasticized blend sample. Prominent long and sharp

PEO

Transmittance (a.u)

T T

T T
1000 2000 3000 4000

Wave number cm™)

FIGURE 2. IR Spectra of Pure Polymers

features are clearly observed in the sample.

FIGURE 4. SEM micrograph of 30 wt% EC+PC
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TABLE 2. Degree Of Crystallinity.

(EC+PC) Concentration Degree Of
In wt% Crystallinity
10 42.87
20 40.16
30 38.26
CONCLUSIONS

NaCF;SO; based PEO-PAM blend electrolyte samples
plasticized with EC and PC make a good complexation
and show a good miscibility of the constituents. DSC
and FTIR results confirm the increase in amorphous
nature of electrolyte films. Increase of porous voids in
SEM image suggests that the sample may have a good
ionic conductivity and can be an useful electrolyte
polymer blend system.
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Abstract. Electrical properties of Lithium based Li;3Aly;.,YxTi;7(POy4); (LAYTP) system was prepared using
solid state reaction route. The samples were subjected to differing duration of sintering. X-ray diffraction was
used to investigate the microstructure while density measurement was performed to determine the effect of
sintering on the density of the prepared samples. Electrical properties of the material were studied using
impedance spectroscopy, in frequency range 20 MHz to 1 Hz and in temperature range 303 K to 423 K. It was
found that sample with least amount of yttrium and which was sintered for least duration had superior
conductivity over other samples. It was also found that grain boundary conductivity improved marginally for
sample with higher proportion of yttrium heat treated for longer duration.

INTRODUCTION

This NASICON an acronym for (Na like Super Ionic Conductors) is an important class of ceramic material that
has been investigated for its role as electrolytes in solid state batteries. It has a rhombohedral structure (space group
(R3c) in which Li+ ions can easily intercalate. These ceramic compounds are structurally robust and can withstand
small amount of doping without affecting the overall structure and symmetry. Cation vacancy sites are formed as a
result of a structure formed by sharing corner oxygen atoms from two TiOg octahedra and six POy, tetrahedra. These
sites are termed M1 and M2 sites, in general. Lithium based NASICON materials like LiTi,(POy4); (LTP) [1, 2] had
been extensively investigated. It was found that doping LTP with trivalent cations like aluminum can increase the
Li" ionic conductivity [4]. Due to superior Li" conductivity (~ 10°S/cm), Li; Al Tir(PO4); (LATP) system has
been extensively investigated for its electrical properties [3, 4]. In earlier studies [5-8] yttrium a trivalent cation
(Y3+) was also doped in parent system Lij3Aly3Ti; 7(POy4); (LATP). Y*" tends to replace AI** cations due to similar
valence. In the present study samples of two concentrations (with 1 at% and 15 at% yttrium) are doped in parent
system Lij 3Aly3T1; 7(PO,); (LATP) to form Li; 3Aly;,YTi;7#(POy4); (LAYTP) system. These samples are subjected
to heat treatment (sintering) at 1373 K for durations of 1 hr, 2 hrs and 3 hrs. The effect of these conditions on Li"
conductivity in grain and grain boundary regions and the density of the material are discussed.

EXPERIMENTAL

Laboratory grade lithium carbonate (Li,COs3), ammonium diphosphate (NH4H,(PO,)), yttrium oxide
(Y,03), titanium oxide (Ti0,), alumina (Al,O;) (Loba Chemie, Mumbai, India) were taken according to their weight
percentages to create samples of two concentrations (1 at% and 15 at% yttrium) in a cool and dry atmosphere. The
weighed powders were mixed and ground using mortar and pestle for 30 min. This mixture was heated in ceramic
boats (which exposed the powders to atmosphere) in an electrical furnace upto 873 K for 20 minutes. On cooling,
the material was again ground and heated to 1073 K for 45 minutes. The last cycle of hand grinding was done for 30
minutes resulting in a very fine white powder. Pellets of 2-3 mm thickness and approximately 10 mm diameter were
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prepared using a die set on a hydraulic pelletizer at a pressure of approximately 70 MPa. The pellets were then
batched into three groups. The first group was heated up to 1373 K for lhour and allowed to cool slowly. The
second batch was heated for 2 hours and the third batch for 3 hours. Details of sample composition are presented in
table-1.

All the samples were characterized using X-ray diffraction (XRD), Energy Dispersive Spectroscopy (EDS),
density measurements and impedance spectroscopy. Structural characterization of the material was done by X-ray
Diffraction (XRD) (Rigaku MiniFlex Cu Ka line (A=1.5405 A)). Energy Dispersive Spectroscopy (EDS) using
OXFORD EDS analyzer measurements were performed to determine the chemical composition of the compounds.
Density was measured using Archimedes principle. Methanol was used as a displacing liquid. The results of EDS
are presented in table-2. Impedance measurements were performed in the frequency range of 20 MHz to 1Hz and
temperature range 303 K to 433 K, using the impedance gain/phase analyzer (SOLARTRON 1260). Silver paint was
applied on the two surfaces of the pellets to work as electrodes.

RESULTS

The XRD patterns indicate the presence of mixed phases. Apart from the regular LTP phases which have
R3c rhombohedral structure [1, 2] small amounts of impurity phases like AIPO, (tridimite), TiO, (or TiP,O5) rutile
phases, YPO, and LiTiPOs are also observed in the XRD patterns. These are indicated by appropriate symbols. Fig.
2(a) and (b) describe the Nyquist (impedance) plots of the two samples at 413 K (140° C) (for two concentrations —
1 wt% and 15wt%) sintered for 1 hour while fig 3 (a) and (b) describe the Nyquist plots of the samples of same
concentrations at 413 K but sintered for 3 hours. In the inset of the figures, equivalent circuits used to fit the
impedance data from the Equivalent Circuit theory by MacDonald [9, 10] are shown. According to this theory the
fitting of the impedance data can be done using a combination of R and C. It is clear that as yttrium concentration
and the sintering duration increases, the number of circuit elements used, also increase. This is because as the
amount of impurities increase, pure capacitive behavior (C) is replaced by constant phase elements (CPE) [10]. The
impedance plots contain two semi circular arcs. At higher frequencies (> 5x10* Hz) the Li" experiences low
impedance (and high conductivity) which corresponds to smaller semi circle, which describes the Li" conduction in
grain region. At lower frequencies, the impedance is higher which indicates the Li" motion in grain boundary region.
Therefore as the amount of dopant and the sintering duration increases in the samples, the dopants act as impurity
phases and block the Li" ion transport across the grain and grain boundary regions. The fall of conductivity is also
indicated by Arrhenius plots for grain and grain boundary regions (Fig. 4(a) and 4(b) respectively). Highest Li"
conductivity (5.9x10° S/cm for grain and 7.2x10* S/cm at 403 K (130° C) for grain boundary) is obtained for
sample S1-H1 (with 1 wt% yttrium and 1 hour sintering duration). It was observed that the grain boundary
conductivity (8.4x10” S/cm at 403 K) improved for S2-H3 sample (with 15 at% yttrium and 3 hours sintering
duration) compared to other samples (which is the highest grain boundary conductivity after S1-H1 sample). Thus it
can be concluded that there is a marginal improvement in grain boundary conductivity if the sintering duration is
enhanced.

DISCUSSION

Li; 3Aly 3. Y, Ti; (PO4); (LATP) has a rhombohedral (R3c¢) structure. When trivalent Y>" is doped it tends to
replace the trivalent cation A’ at tetrahedral and octahedral sites within the LATP framework. But Y** (ionic radii
0.93 A) is not able to replace AI’* (0.53 A) due to its massive ionic size. Hence the yttrium oxide present in the grain
region tends to settle near the octahedral sites [11]. Due to this, it blocks the pathways for Li" migration near the M1
vacancy sites. In octahedral (TiOg) position it tries to replace Ti*" (0.64 A) which have a slightly comparable ionic
radius. Due to this the Li+ conductivity is better for sample containing lesser proportion of yttrium. This can be seen
from the smaller values of activation energy (table-1). When the samples are sintered at sufficiently high
temperatures (1000° C) heavy impurities like YPO, tend to segregate at grain boundary [12, 13]. These phases are
detected in the XRD patterns as well. They form glassy phases which enhance grain contacts and hence the overall
density of the material. This is seen from the increasing values of density (table-1) as a function of sintering
duration.
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CONCLUSIONS

LATP samples were doped with trivalent cation yttrium for two concentrations (1 at% and 15 at%). These
samples were prepared using solid state reaction method. They were sintered for 1, 2 and 3 hours duration at 1373 K
to study their microstructure and conductivity. It was concluded that due to dopants, impurity phases are formed
which adversely affect the Li" conductivity across grain and grain boundary regions. The yttrium phases tend to
segregate towards grain boundary as sintering time is increased. Due to this, grain contacts improved. This improved
the grain boundary conductivity of sample containing higher proportion of yttrium (and sintered for longer duration

of time).
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FIGURE 2. Nyquist plots of S1 and S2 samples sintered for 1 hr duration
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TABLE 1. Sample name and compositions, the chemical formula, sintering duration, density, activation energy

Sample Name Density (g/cm’ S
(X=c0ncI::ntrati0n of Chemical Formula ve ) Activation Energy
Yttrium®) (bulk)(eV)
S1-H1 (x= 001) L113A1029Y001T117(PO4)3 2.28 0.52
S1-H2 (x= 001) L113A1029Y001T117(PO4)3 2.41 0.54
S1-H3 ()C: 001) L1]3A1029Y00]T1]7(PO4)3 2.46 0.56
S2-H1 ()C: 015) L1]3A10]5Y015T1]7(PO4)3 2.36 0.53
S2-H2 (x= 0.1 5) L113A1015Y015T117(PO4)3 2.49 0.56
S2-H3 ()C: 015) L1]3A10]5Y015T1]7(PO4)3 2.50 0.53
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Abstract. System-1: PVA-PEO-PEG-AgNO; and System-2: PVA-PEO-EC-LiCF;SO;, are two blend systems prepared
for different concentrations of Al,O; nano-filler ranging from 2 to 10 wt%. The effect of Al,O; nano filler on the
conductivity (6,) and dielectric properties such as dielectric constant (¢’) and dielectric loss (&¢”) of the systems is
thoroughly investigated using impedance spectroscopic analysis technique.
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INTRODUCTION

Polymer electrolytes are wused in various
applications such as smart credit cards, cellular
phones, fuel cells, batteries, electrochemical devices,
laptop, computers, sensors, electrochromic displays,
etc. [1]. However, these polymer electrolytes at times
depict low values of conductivity which act as a
drawback for various applications. Such shortcomings
of polymer electrolytes can be minimized upto a
certain extent by blending of polymers, plasticization
and addition of nano-fillers into electrolytes during
their preparation. However, plasticization at times
deteriorates the mechanical properties of the polymeric
system. Hence, nano-fillers are incorporated into
polymer electrolytes which improve mechanical
properties as well as conductivity of the system [2, 3]
by affecting the free volume of the polymeric matrix,
mobility of ions and polymer segments, chain packing,
crosslinking density and crystallinity of the matrix, etc.
[4]. Additionally, nano-fillers affect the dipole
orientation of polymers such as PEO; by their ability
to align dipole moments, which enhance the dielectric
properties of the polymeric system [5].

Hence, based on the above discussion, two new
nano-composite polymer blend systems given as PVA-
PEO-PEG-AgNO; and System-2: PVA-PEO-EC-
LiCF;SO0s, are prepared and the effect of Al,O3 nano-
filler on dielectric properties and conductivity of both
these systems is investigated in detail. The relationship
between conductivity and dielectric properties of both

the systems is explored by comparing the changes
occurring in &’ and &” values with the conductivity
variation, at different Al,O; concentrations.

EXPERIMENTAL

The two systems given by PVA-PEO-PEG-AgNO;
(System-1) and PVA-PEO-EC-LiCF;SO; (System-2)
are prepared using solution cast technique wherein, the
required proportions of PVA, PEO, AgNOs;,
LiCF;SO;, PEG and EC for the respective systems
were added in de-ionized water (solvent) and stirred
continuously using magnetic stirrer, for about 24 hours
till the solution appeared clear and homogeneous.
Later, the thus, obtained solution, was poured in a
teflon petridish and kept in a hot air oven for drying at
about 45 °C which yielded perfectly dried films in the
petridish. The conductivity and dielectric studies of
these dried blend films were carried out in the
frequency range of 10 Hz to 20 MHz using
SOLARTRON 1260 Impedance Gain/Phase Analyzer.

RESULTS AND DISCUSSION

Frequency dependent dielectric measurements
provide a better insight regarding the conduction
mechanism [3]. Hence, for the present systems, a
thorough investigation on dielectric constant (¢’) and
dielectric loss (&”°) at various Al,Os concentrations has
been done. The Figs. 1 and 2 depict the variation of &’
and &”, respectively, with Al,O3 concentration at 333
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K for System-1. The variation in &’ and &”, with Al,O;
concentration at 333 K for System-2 is shown in Figs.
3 and 4, respectively. Here, the amount of permanent
and induced dipole alignment as well as localization of
charge carriers (ions) is known by & whereas, &£’
informs about the energy required for the alignment of
dipoles as well as for mobility of ions [6, 7]. As
observed from Figs. 1-4, for both the systems, the
values of &’ and &” are found to be higher at lower
frequencies. However, with the increasing frequency,
the values of & and &” gradually drop and after a
certain frequency known as “dispersion frequency”, &’
and &” become almost constant with frequency.
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FIGURE 1. ¢’ vs. log f for various Al,O; concentrations at
333 K for System-1.

At lower frequencies, where frequencies <
dispersion frequency, the electric field direction
changes slowly owing to which the dipoles of the
macromolecules get easily oriented in the direction of
electric field. Moreover, the charge carriers also get
easily accumulated at the electrode-electrolyte
interface and form space charge region, before the
direction of electric field changes. This leads to the
frequency dependent behavior and higher values of &
and €” at lower frequencies.
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FIGURE 2. ¢” vs. log f for various Al,O; concentrations at
333 K for System-1.

However, as the frequency increases, the electric
field direction changes rapidly due to which electric
dipoles start lagging behind the electric field. Hence,
the orientation of the dipoles with the electric field
becomes difficult, leading to a drop in the values of &
and €’ with the increasing frequency. In the high
frequency region, where frequencies > dispersion
frequency, the periodic reversal of electric field
becomes so fast that the dipoles are unable to orient

themselves in the electric field’s direction and the
charge carriers are incapable to get accumulated at the
electrode-electrolyte interface owing to which the &
and £’ values get reduced and become frequency
independent.
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FIGURE 3. ¢’ vs. log f for various Al,05; amounts (Inset: €’

vs. log f at Al,O0;=10 wt%) at 333 K for System-2.

Hence, in order to closely inspect the variation in
dielectric properties with Al,O3 concentrations in both
Systems-1 and 2, the values of € and £’ corresponding
to the lowest frequency i.e. 10 Hz at temperature = 333
K, are selected and shown in Table 1. The variation in
&’ and &” values follows the similar trend as depicted
by conductivity (64) variation with Al,O4
concentrations in Fig. 5. & and &” values as well as
conductivity for System-1 increase systematically with
Al,Oj5 content upto 6 wt%, but reduce gradually with
Al,O; amount above 6 wt% whereas; in System-2, &’
and &” values and conductivity drop initially with
increasing Al,O; amount upto 6 wt% but enhance
beyond 6 wt% of Al,O;. Additionally, as seen from
Figs. 1-4, dispersion frequency also shifts with the
filler concentration. In case of System-1, the
dispersion frequency gradually shifts towards higher
frequency side with increasing Al,O; concentration
upto 6 wt%, but at Al,O3 beyond 6 wt%, the shift is
towards the lower frequency side. The reverse is
observed for System-2 wherein, dispersion frequency
moves towards lower frequency region upto 6 wt% of
Al,O5 but with further increment of filler amount, the
shift is towards the opposite side. The increment in
Al,O3 upto 6 wt% in System-1 gradually increases the
free volume and flexibility of the matrix by making the
system amorphous. This promotes the mobility of Ag*
and NO; ions and polymer segments through the
matrix. This discussion is clearly understood by the
increment in the values of &’, &” and 6, as well as by
the shift in the dispersion frequency towards higher
frequency side with Al,O; content upto 6 wt%.
However, beyond 6 wt% of Al,O; the values of &’, &”
and o, drop and the dispersion frequency shifts
towards lower frequency side. This may be due to the
formation of filler aggregates which in turn block
conducting pathways and reduce the free volume of
blend matrix by making system crystalline,
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TABLE 1. Variation in &’ and &” with Al,O; concentrations in System-1 and System-2 at frequency = 10 Hz and

temperature = 333 K.

ALO; (Wt%) g’ for System-1 g’ for System-2 g” for System-1 g” for System-2

2 96.47 133.16 2309.11 634.86

4 318.78 54.73 8558.63 385.37

6 651.88 35.32 14136.97 234.46

8 219.55 299.31 4424 .87 1466.16

10 15.29 3714.58 72.53 4498.14
owing to which the motion of Ag* and NO;™ ions and iy o
polymer segments through the matrix reduces. .§ 4.0x10° v 2 Fo[40x0® 2
Additionally, the variation of & and &” values with @ R ? ,3_0x10.s§,
Al,O3 content in System-1 also suggests that the 2 3.0x10™ g
alignment of dipoles, localization of Ag* and NOs ~ 2.0x10% F20x10° 8
ions as well as the energy required for alignment of g & —9—System-1 &, 1ox10° 2
. .- . . S @ —*— System-2 : 2
dipoles and mobility of ions also gradually increase 2 1.0x10° __x 2
with the Al,O3 amount upto 6 wt%, but reduce beyond § o— * e 00 3

6 wt% of Al,Os. On the contrary, the reverse may have
occurred in System-2 wherein the dispersion frequency
shifts towards lower frequency side and &’, £” and o,
values reduce with increasing Al,O; amount upto 6
wt%. In this case, initially, with increasing filler
concentration, the aggregation of the filler particles
may have taken place which gradually increased the
crystallinity of the blend matrix, blocked the
conducting pathways and thus, obstructed the mobility
of Li* and CF;SO; ions. Also, the dipole alignment,
charge carrier localization as well as the energy
required in the dipole alignment and ion mobility
reduces with filler content upto 6 wt%. Hence, &’, &”
and o, values drop and the dispersion frequency shift
towards lower frequency side with increasing Al,O;
content upto 6 wt%. However, at Al,O; > 6 wt% the
&, & and o, values enhance and the dispersion
frequency shifts towards higher frequency side. This
may be due to the initiation of the process of free
volume formation owing to the increasing amorphicity
of the matrix beyond 6 wt% of Al,O;, which in turn
makes the system flexible. This increases the mobility
of Li* and CF;SO; ions and polymer segments
through the matrix, dipole alignment, charge carrier
localization as well as energy required in the dipole
alignment and ion mobility. Hence, &’, &’ and o,

values enhance and dispersion frequency shifts
towards higher frequency side at Al,O; > 6 wt%.
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FIGURE 4. &” vs. log f for various Al,O5 concentrations at
333 K for System-2.
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FIGURE 5. Conductivity (64) vs. Al,O3 concentrations at
323 K for System-1 and System-2.

CONCLUSION

Likewise the conductivity variation, the dielectric
properties of PVA-PEO-PEG-AgNO; system enhance
gradually upto 6 wt% of Al,O; but worsen at Al,O;> 6
wt% whereas; in PVA-PEO-EC-LiCF;S0; system the
conductivity and dielectric  properties  which
deteriorate systematically with Al,O; content upto 6
wt%, improve significantly at Al,O; > 6 wt%. Hence,
the specimens with 6 wt% of Al,O; of PVA-PEO-
PEG-AgNO; system and with 10 wt% of AlL,O; of
PVA-PEO-EC-LiCF;S0O; system show the best
conductivity as well as dielectric properties.
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