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Abstract Nanocomposite polymer blend electrolytes com-
posed of PEO-P(VdF-HFP)-LiClO, were prepared for vari-
ous concentrations of TiO, nanofiller. All the composite elec-
trolytes were subjected to ultrasonic irradiation for enhancing
the ionic conductivity of the composite electrolytes. It was
noted that the ultrasonic irradiated samples exhibited a higher
ionic conductivity than the non-radiated samples. In addition,
filler concentration in the complex was also optimized based
on ionic conductivity, and it was noted that the sample con-
taining 6 wt% showed maximum value about 1.451x
107> S cm™'; however, this is lower than the value obtained
from the irradiated samples (2.27 x 10* S cm™"). The dielec-
tric, modulus and tangent loss behaviour of the samples were
also estimated and discussed. Thermal and surface images
studies were also carried out using TG/DTA and AFM studies,
respectively. In addition, mobility and diffusion coefficient
characteristics were also evaluated.

Keywords AC conductivities - Li" conductors - Composite
electrolytes - Electrochemical characterizations - Polymer
electrolytes

Introduction

Solid polymer electrolytes (SPEs) have received great atten-
tion due to their potential applications in various electrochem-
ical devices such as rechargeable Li-ion batteries, electro-
chemical super capacitors, electrochromic display devices
and etc. [1-3]. Solid polymer electrolytes were prepared using
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different polymer hosts for achieving high conductivity and
thermal and mechanical stability. Among the polymer hosts,
polyethylene oxide (PEO)-based SPEs have been extensively
studied due to its high ionic conductivity of the order of 10~
10* S cm ' at high temperature in the range of 80100 °C [4];
however, due to the high crystalline nature of PEO, the poly-
mer electrolytes showed poor room temperature ionic conduc-
tivity of the order of 1077-10® S ecm ™' [5]. So far, various
approaches have been carried on PEO-based polymer electro-
lytes in order to increase the ambient temperature ionic con-
ductivity of the system. Among the different approaches, the
most common method is the addition of high dielectric low-
range molecule called plasticizers to the polymer matrix. This
plasticized polymer matrix exhibits higher ionic conductivity
of the order of 10> S cm™'. However, these plasticized
electrolytes could not be used as a promising candidate in
device fabrications due to their drawbacks such as solvent
volatility, increased reactivity with lithium metal electrode and
poor mechanical properties at high degree of polarization [6].
On the other hand, polymer electrolytes have been prepared
using two or more polymers called polymer blends for im-
proving the ionic conductivity and mechanical strength of the
polymer electrolytes. Blending of polymers has many advan-
tages over other techniques such as easy preparation and
control of the physical properties within the miscibility com-
positional regime [7]. Among the various polymer blends
studied, poly(ethylene oxide) (PEO)/poly(vinylidene fluo-
ride-co-hexafluoropropylene) P(VdF-co-HFP) have attracted
many researchers because of its good compatible nature, high
mechanical stability and support to the ion transport [8]. Apart
from the above-method of preparations, ionic conductivity of
SPEs has also been enhanced by dispersing nanosized ceramic
filler [9]; it was believed that the addition of the nanofiller into
the polymer matrix showed an appreciable conductivity than
the other kind of electrolyte systems which is due to the
interactions of chain segments with the acid sites of the filler;
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as a result, the lithium-ion mobility of the electrolyte system
was enhanced further [10]. Hence, in the present work, an
attempt has been made on PEO-P(VdF-co-HFP)-based
blend electrolyte. The choice of choosing the copolymer
P(VdF-HFP) is because of its more appealing properties
such as high dielectric constant (¢=8.4), glass transition
temperature and low crystallinity. Further, it possesses
excellent chemical stability due to VdF unit and plas-
ticity due to HFP unit [8]. The ether coordination site
of PEO makes the polymer more polar and facilitates
for the dissociation of the given salts for ion transport
to take place, which is responsible for the higher ionic
conductivity of the polymer electrolyte system. Further-
more, PEO also has high electrochemical stability [11];
hence, it has been used as one of the polymer hosts.

In order to facilitate the higher degree of ionization of the
salt, low lattice energy is considered as an important criterion.
Hence, in the present investigation, LiClO, have been chosen
as the ionic salt because of its low lattice energy of
723 KJ mol !, high thermal stability and less hygroscopicity
which facilitate for increasing charge carriers [12] in the
polymer electrolyte matrix. In the present work, the polymer
blend electrolytes based on the blend of PEO/PVdF-co-HFP
with fixed ratio of LiClO4 have been prepared for various
concentrations of TiO, nanofiller. Prepared polymer electro-
lytes have been subjected to different physical characteriza-
tions and electrochemical impedance spectroscopic studies in
order to define their structural and electric properties, respec-
tively. Ionic conductivity of the polymer blend electrolyte has
been optimized by varying the TiO, content and by tuning the
sonication time of the ultrasonic irradiation experiment. The
optimum value of ultrasonic irradiation time is determined
with a view to prepare efficient nanocomposite polymer blend
electrolytes (NCPBEs) with enhancement in electrical and
dielectric properties.

Experimental
Materials and methods

PEO (Mw~8x10° g mol '), P(VdF-HFP) (Mw~130x
10 g mol™") and LiClO, were obtained from Aldrich,
USA, and used in the present study. Nanosized TiO,
with an average size of 27.03 nm was procured from
Alfa Aeson, India. The solvent acetonitrile was pur-
chased from Merck, India. All the above said chemicals
were used without any further purification. Ultrasonic
generator (Model PR 1000MP, Oscar Ultrasonic, Mum-
bai) giving a power output and frequency of 1,000 W
and 20 KHz, respectively, along with a titanium horn of
diameter 6 mm was used for irradiation.
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Preparation of nanocomposite polymer blend electrolytes

Thick films of PEO-P(VdF-HFP)-LiClO,4 with TiO, in dif-
ferent weight ratios (2 to 10 wt%) were prepared by solvent—
casting technique using conventional mechanical stirring and
ultrasonic irradiation methods. The composition of polymers
and salt was fixed as PEO (20 wt%)-P(VdF-HFP) (50 wt%)—
LiClO4 (30 wt%) as it was found to be an optimized compo-
sition. The above said quantities of PEO, P(VdF-HFP) and
LiClO,4 were dissolved by adding acetonitrile in sequence to
the solvent and stirred well for 24 h. Then, the inorganic
nanofiller TiO, (27.03 nm) at various compositions from 2
to 10 wt% (insteps of 2 wt%) was suspended in the solution
and stirred well for 24 h until a homogenous solution was
obtained. After blending the compound well, ultrasonic irra-
diation was carried out with the probe of the ultrasonic horn
immersed in the polymer matrix. In order to study the effect of
ultrasonic irradiation time on the properties of the samples, the
ultrasonic irradiation was carried out for different durations,
say 5, 10, 15 and 20 mins. The obtained solutions were then
casted on to a Teflon dish and kept in a vacuum oven at 65 °C
at a pressure of 10~ Torr for 2 days so as to remove any traces
of solvent. This procedure yields mechanically stable and free-
standing films.

Characterization techniques
AC impedance analysis

Impedance values of the NCPBEs were determined with the
help of stainless steel electrodes using PSM1735 impedance
analyzer supplied by Newton’s 4th Ltd., UK. The samples
were sandwiched between two stainless steel (SS) electrodes
with signal amplitude of 2 mV, and the operating frequency
range was 1 to 10 MHz. All the measurements were carried
out in the temperature range 303—353 K.

Dielectric studies

The dielectric constant ¢’ and the dielectric loss ¢” can be
defined as follows:

E(W)Zm (1)

/

" z

9 (w) = m (2)

where z' represents the real impedance, z represents the
imaginary impedance, w is the angular frequency, C, repre-
sents the vacuum capacitance, ¢’ is the real permittivity and &~
is the imaginary permittivity.
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The real and imaginary parts of the electrical modulus M’
and imaginary parts of the electrical modulus were calculated
from the following:

’

/ 6
M (w) = 7(612 + 5112) (3)
M” _ 6” 4
(W) - (6,2 + Ellz) ( )
The tangent loss can be expressed as
5// MI
tand = — — 5
an - (or) i (5)

Out of the above electric and dielectrical analysis, polymer
electrolytes have also been subjected to AFM surface image
studies. The 3D AFM images were depicted using Agilent
Pico LE microscope.

TGA 2950 model was used to characterize the thermal
stability of the nanocomposite polymer electrolyte. Approxi-
mately 10 mg of sample was cut into minute pieces and loaded
onto a platinum pan before insertion into the TGA furnace and
purged with nitrogen gas. A temperature ramp of 20 °C/min
from approximately room temperature to 600 °C was
programmed.

Results and discussion
Ionic conductivity

Complex ac impedance plot of PEO-P(VdF-HFP)-LiClO4—
TiO, (X wt%) (where X=0, 2, 4, 6, 8 and 10) electrolytes
prepared via the conventional mechanical stirring is given in
Fig. 1a. These plots show a semicircle in the high-frequency
region and a spike in the low-frequency region. The high-
frequency semicircle is due to the parallel combination of a
resistor and capacitor, whereas the spike in the low-frequency
region is due to the formation of double-layer capacitance at
the electrode—electrolyte interface. Further, the spike is in-
clined at an angle less than 90°. This is due to the inhomoge-
neous nature of the electrode—electrolyte interface [13].

The ionic conductivity of NCPBEs is calculated from the
following equation:

/

o=—
ARp

(6)

where / is the thickness of the sample, 4 the area of the
electrolyte sample used and Rp the bulk resistance. Intercept

of the low-frequency spike at the real axis of the complex
impedance plot gives the value of Rp.

Plot of ionic conductivity Vs TiO, concentration of the
electrolytes prepared using conventional mechanical stirring
is shown in Fig. 1b. It is observed that the ionic conductivity
increased with respect to the TiO, concentration up to 6 wt%
and then it decreased for the further addition of 8 wt% of TiO,
concentration. Maximum value of ionic conductivity is ob-
tained as 1.451x107> S cm™ ' for 6 wt% TiO, added system
which is greater in two orders of magnitude when compared
with the value 9.570x 1077 S cm™" of TiO, free system. This
enhancement of ionic conductivity is due to the formation of
amorphous domains which results in the strong interaction of
filler particles with polymer chains [14]. The obtained ionic
conductivity is well correlated with the values obtained by
Rajendran et al. [§].

Thus, the enhancement of ionic conductivity results from
Lewis acid—base reactions between the TiO, nanoparticle and
the PEO-P(VdF-HFP) segments. Similar effect was observed
for PEO-P(VdF-HFP)-Al,03-based composite electrolyte
system by Liao et al. [14]. Nano TiO, competes with lithium
cations as Lewis acid for the formation of complexes of PEO-
P(VdAF-HFP). Thus, the nanoparticle acts as cross-linking
centres for the polymer segments, lowering the polymer chain
reorganization tendency and promoting an overall structure
stiffness. Such a structure modification provides lithium ion
conducting pathways at the high surface area of the nanopar-
ticles and shortens the Li" ion transport distance. The interac-
tions of Lewis acidic TiO, with ClO, anions lead to the
liberation of higher amounts of free Li" which is also respon-
sible for the increase of ionic conductivity against the concen-
tration of TiO,. The polymer electrolyte system at low filler
compositions may be imagined as a conducting medium
where filler grains are randomly and uniformly distributed
throughout the volume. This would give rise to additional
favourable conducting pathways in the vicinity of the surface
of'the grains, which could account for the observed increase in
ionic conductivity [15].

The Lewis acid—base interactions of TiO, with PEO—
P(VdF-HFP) blends and ClO, anions seem to be less
pronounced when the content of TiO, is higher than
6 wt%. This may be due to the enhancement of TiO,-
TiO, interactions over the Lewis acid-base interactions
at higher concentrations of TiO,. Further, when the filler
concentration is increased, the filler grains get close
enough to each other, such that the geometrical con-
strictions imposed by the more abundant nanofiller TiO,
grains become large. This enables the long polymer
chains to become more immobilized, leading to a lower
ionic conductivity [15]. Thus, the conductivity reaches a
maximum at low filler concentrations followed by a
subsequent drop at the high filler concentrations
(Fig. 1b).
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Fig. 1 a AC impedance plot of NCPBEs prepared through conventional
mechanical stirring at room temperature. b Ionic conductivity Vs con-
centration plot of the NCPBEs prepared through conventional mechanical

Effect of ultrasonic irradiation on the ionic conductivity
of NCPBEs

Appropriate ultrasonic irradiation helps to improve the amor-
phous region of the polymer electrolyte; hence, the ionic
conductivity of the samples was enhanced further [16]. The
AC impedance plot of the sample (6 wt% of TiO, added
system) exhibiting a maximum ionic conductivity for various
durations of ultrasonic irradiation is shown in Fig. lc. For a
better understanding, electrolytes with different concentra-
tions of TiO, are also subjected to ultrasonic irradiation at
different time durations; the obtained ionic conductivity
values are given in Table 1. It can be seen from Table 1 that
the effect of ultrasonic irradiation plays a significant role in the
determination of ionic conductivity, and it is varied with
respect to the sonication time from 5 to 20 mins with a
constant time interval of 5 mins. The optimum ultrasonic
irradiation time to achieve the maximum ionic conductivity
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is found to be different for different concentrations of TiO,-
based system. It is 15 mins for 2 wt% of TiO,, 5 mins for
4 wt% of TiO,, 10 mins for 6 wt% of TiO, and 5 mins for
8 wt% of TiO, added systems. At 10 wt% of TiO,, there is no
significant increase in ionic conductivity. However, other
concentrations from 2 to 8 wt% showed an enhanced ionic
conductivity by an order of magnitude for the aforementioned
optimum ultrasonic irradiation time.

Overall, the maximum value of ionic conductivity, 22.70 x
107 Scmﬁl, is obtained for 6 wt% TiO, added system at an
appropriate ultrasonic irradiation time of 10 mins; this value is
higher than the conductivity value 1.451x 107> S cm™ ' obtain-
ed from the conventional mechanical stirring method for the
6 wt% TiO, added system. It indicated that the increase in
ionic conductivity with optimum ultrasonic irradiation time is
due to the homogenous dispersion of TiO, nanoparticles in the
viscous polymer blend which in turn facilitates the better
migration of ions. However, at a higher TiO, concentration
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Table 1 Room temperature ionic conductivity value of the samples prepared using conventional mechanical stirring and ultrasonic irradiations
Sample Code Sample compositions Room temperature ionic conductivity Room temperature ionic conductivity

PEO (20 wt%)-P(VdF-HFP) of the sample prepared by mechanical at different ultra sonication times

(50 Wt%)-LiClO4 (30 wt%) stirring x107° S em !

TiO, (X wt.%) X107 S cm™!

5 mins 10 mins 15 mins 20 mins

Tl X=2 0.2153 0.4850 0.6571 1.0080 0.2700
T2 X=4 0.9855 2.7640 0.2335 0.1718 0.0361
T3 X=6 14510 5.0760 22.700 0.9990 0.8647
T4 X=8 0.2042 1.4950 0.9986 0.3281 0.1550
T5 X=10 0.1354 0.1519 0.2206 0.1718 0.1152

Values in italic correspond to the enhanced ionic conductivity

(10 wt %), there is no significant increase in ionic conductivity
which reveals that the ultrasonic irradiation does not help in
obtaining a homogenous dispersion of TiO, at the higher
concentration. The agglomeration of TiO, at the higher
concentration leads to a cluster which is not destroyed
by the ultrasonic irradiation, and hence, the cluster does
not permit Li" ions properly to move within the polymer
electrolyte. Hence, it is noted that the optimum ultrasonic
irradiation and the filler concentration is about 10 mins
and 6 wt % of TiO,, respectively, for PEO-P(VdF-HFP)-
LiClO4TiO, system which exhibited a maximum ionic
conductivity.

Evaluation of mobility, number of charge carriers
and diffusion coefficient

Conductivity of the sample can also be represented as
o= nqu (7)

where ‘n’ is the number of mobile charge carriers; ‘1’ is the
mobility and diffusion coefficient ‘D’.
Mobility (1) of the system is expressed as

_ gl
~ AM7.,KT

p (8)
where ¢ is the charge on the carrier, L is the sample
thickness, M is defined as the ratio of the sample thickness
to twice the Debye length and 7, is relaxation in the presence
of polarization [17].
M and 7, are correlated with tand as

WTep

tand = ————
L+ w2 (72,/M)

©)

The diffusion coefficient can be obtained using the Einstein
relation

D= (KT/e)/u (10)

where K is the Boltzmann constant, e is the elementary
charge and 7 is the absolute temperature.

Ton concentration is determined as

n= (c/D)(KT/e*) (11)

The values of #, iz and D are obtained for PEO—P(VdF-co-
HFP)-LiClO4TiO, (6 wt%) prepared by both conventional
mechanical stirring, and the optimum ultrasonic irradiation
time of 10 mins are given in Table 2. The values of the later
system are found to be higher than that of the former system.

This increase in ‘n” would be due to the availability of
loosely entangled Li" ions with the polymer chains, while the
increase in ‘i’ and ‘D’ would be a consequence of increased
degree of amorphousity of the prepared samples. The signif-
icant increase of the above values reveals that the ion-
conducting behaviour of the samples is enhanced due to
ultrasonic irradiation of the solution. It is also revealed that
the Li" ion is being the sole charge carriers in the samples [18].

Temperature dependence of the ionic conductivity

A study of the literature on SPEs of several electrolytes
suggests Arrhenius as well as non-Arrhenius or Vogel—
Tamman—Fulcher (VTF) types of ionic conduction which
depends on the type of the additives, polymer and temperature
range [19]. Figure 2 shows the variation of log o with inverse
absolute temperature for the systems PEO—P(VdF-HFP)-
LiClO4 and PEO-P(VdF-HFP)-LiClO4~TiO, (6 wt%) pre-
pared by both conventional mechanical stirring and the opti-
mum ultrasonic irradiation for 10 mins. Absence of any abrupt
jump of log o with temperature in Fig. 2 indicates that these
systems exhibit an amorphous structure [20]. The observed
increase in ionic conductivity with the increase of temperature
is ascribed to the decrease in viscosity and hence to the
increased chain flexibility [21]. When the temperature in-
creases, ions solvated molecules or polymer segment can
move into the free volume [22]. The segmental motion will
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Table 2 Mobility, diffusion coefficient, ion concentration of the prepared samples

Sample code Properties of the prepared samples by conventional mechanical

Properties of the prepared sample (T3) after 10 mins of ultrasonic

stirring irradiation
Mobility (1) Diftusion coefficient (D) n Mobility (1) Diftusion coefficient (D) n
Cm’V's™! em?/S cm Cm’v's! em?/S cm >
T1 7.110x1072 1.788x1073 1.373%10% - - -
T2 19.450%1072 4891x107 4.808x10" - - -
T3 26.532% 10 6.672% 1073 5.860% 107 54.836x 1077 1.379% 1072 3.525% 10™
T4 8.154x107° 2.050x1073 1.153x10 - - -
T5 3.401x1073 8.553x10°* 1.021x10™ - -

Values in italic correspond to the enhanced mobility, diffusion coefficient and ion concentration

either allow the ions to hop form one site to another or provide
an alternative for ions to move. Thus, the segmental move-
ment of the PEO and P(VAF-HFP) facilitates the transitional
ionic motion [1].

As the amorphous region increases, the polymer chain
needs faster internal modes in which bond rotation creates
segmental motion to favour inter and intra chain ion hopping.
This in turn increases the ionic conductivity [23].

The ionic conductivity of the prepared systems can be
expressed as

_Ea
o(T) = opexp {ﬁ} (12)

where oy is the conductivity pre-exponential factor and E, is
the activation energy for conduction. By the least-square meth-
od, the activation energy for the systems was determined and
the values are given in Table 3. According to Nookala et al.
[24], the energy required for Li" ion to cross the barrier is a
function of energy required for the reorganization of molecules.

E, value is 0.872 eV for the system PEO-P(VdF-HFP)-
LiClOq. It is 0.459 and 0.384 eV for the systems with TiO,
(6 wt%) prepared through both the conventional mechanical
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-3.5+
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-4.5 L] °
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Fig. 2 Variation of log o with inverse absolute temperature for the
prepared systems
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stirring and ultrasonic irradiation methods, respectively. The de-
creased £, value, 0.384 eV, of the later system suggests that, after
the optimum ultrasonic irradiation, the nano TiO, particles can
better facilitate the migration of ions. According to Druger et al.
[25], the change in conductivity with temperature in SPEs can be
explained by the increase in the free volume of the system which
improves the migration of ions. For devices, to operate over a
wide temperature range, it is desirable to have a maximum ionic
conductivity. Thus, systems with the low values of activation
energies are desirable [26]. Hence, the prepared NCPBEs pre-
pared using ultrasonic irradiation in the present work show prom-
ise for application in Li batteries over a wide temperature range.

Frequency-dependent conductivity

In order to explore the ion transport mechanism, the conduc-
tivity is calculated as a function of frequency from the real and
imaginary parts of the impedance data. Figure 3a shows the
frequency-dependent conductivity spectra of NCPBEs pre-
pared through conventional mechanical stirring whereas
Fig. 3b shows the said spectra for the system PEO-P(VdF-
HFP)-LiClO4~TiO, (6 wt%) prepared using ultrasonic irradi-
ation. It is observed from both figures that the frequency
dependence of conductivity spectra shows two regimes, (1)
the low-frequency plateau region and (2) the high-frequency
dispersion region. The low-frequency plateau region corre-
sponds to the frequency-independent conductivity o, (or) ogc.
The value of o, is obtained by extrapolating the plateau to the
lower frequency. The frequency dependence of conductivity
in the high-frequency dispersion region is analysed using the
universal Johnscher’s power law relation [27]

o(w) = 0, + A" (13)

where o, is the limiting zero frequency conductivity and A4 is
the pre-exponential constant, w is the angular frequency and n
is the power law exponent where 0<n<1. Using the above
equation, the fitting parameters o, 4 and n are obtained and
are given in Tables 4 and 5.
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Table 3 Comparison of the activation energy of the prepared samples

0,Scm !  Ea
(V)

Sample code

9.567x1077 0.872
1.451x107° 0.459
2270x107* 0.384

PEO-P(VdF-HFP)-LiClO,
PEO-P(VAF-HFP)-LiClOTiO, (6 wt%)

PEO-P(VAF-HFP)-LiClO4TiO5 (6 Wt%)
(ultrasonic irradiation time of 10 mins)

The values of o, obtained from the Jonscher’s power law
relation are found to slightly different from the conductivity
obtained from the Cole—Cole plot. This variation of conduc-
tivity is reflected in the mechanism of charge transport and
interactions among the charge carriers. According to the Jump
relaxation model [28], at low frequencies, ions jump from one
site to its neighbouring vacant site, while at higher frequen-
cies, due to the short time periods, the probability for ions to
go fall back to their original site increases and more hopping
of ions is responsible for the higher conductivity in lower
frequencies.

The power law exponent ‘n’ relates the back hop rate to the
site relaxation time [34]

n = back hop rate/site relaxation time

If n is less than one, the backward hopping is slower than
the site relaxation. It results in the translational motion of Li"
ion. But if the value of n is >1, then the backward hopping is
faster than the site relaxation time. In the present study, n
values are less than one which indicates that the backward
hopping is slower than the site relaxation. Further, it has been
stated that the low values of n (n<1) are due to the formation
of free sites for Li" ion transport [29].

a s
—E—PEO - P(VA¥-HFP) - LiC1O4
-3.0 4 —®—PEO - P(VAF-HFP) - LiClO - TiO; (2 wt%)
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4.0 -
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€ 4.5
[*3
2]
e
o 5.0 -
(=]
o
5.5 -]
6.0 -|
6.5 -]
. T . : . T . : .
3 4 5 6 7 8

loge (rad/sec)

The hopping frequency of the charge carriers (w,) can be
estimated by the following equation [30].

O\
= (7)

The values of w, for the system prepared through conven-
tional mechanical stirring and the system prepared through an
optimum irradiation time of 10 mins are given in Tables 4 and
5. The values of w;, decreased with the addition of nano TiO,
for the system prepared through conventional mechanical
stirring (Table 4). This indicates that the mobility of ions has
been enhanced after the incorporation of nano TiO, into the
polymer blend matrix.

Wy 18 6.562 % 10° for the sample, prepared with an optimum
ultrasonic irradiation time of 10 mins (Table 5), which is three
orders of magnitude lesser than the sample prepared through
conventional mechanical stirring. It suggests that the mobility
of ions has further been enhanced when the ultrasonic irradi-
ation method is adopted.

(14)

Dielectric analysis

Figure 4a, b shows the frequency dependence of the dielectric
constant € and dielectric loss €” for the prepared NCPBE
using conventional mechanical stirring, whereas Fig. 4c, d is
of the system prepared at different ultrasonic irradiation times.

No appreciable relaxation peaks are observed in the above
said figures. It indicates that the increase in ionic conductivity
is primarily due to an increase in the number density of mobile
ions. The values of " are given in Table 4. It is observed from
the tables that the value of €’ increases due to the addition of
nanofiller TiO, and also due to ultrasonic irradiation. This
increase in the value of €' indicates that the charge carrier
density at the electrode—electrolyte interface has been

b
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Fig.3 a Frequency-dependent conductivity spectra of NCPBEs (conventional mechanical stirring). b Frequency-dependent conductivity spectra for the
system PEO-P(VdF-HFP)-LiClO4~TiO, (6 wt%) at different ultrasonic irradiation times
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Table 4 Dielectric parameters o, 4, n, wy, €', 3 and 7 for the NCPBEs prepared using mechanical stirring

Concentration ¢ (S cm ") (from cole—cole plot) o, (S cm™") A n wp ¢ (atl1 KHz) [ 7(8)
of TiO, (Wt%) (from Jonscher’s
power law fit)

0 9.567x1077 4.633x1077 1.327x107'2 0983 0435x10°  2.268 0.765 7.450x107*
2 2.153x10°° 1.563x10°° 1403x10°  0.554 0.316x10°  6.987 0.689 1.125x107°
4 9.855x10°° 1.264x10°° 3.578x10°'°  0.684 0.153x10°  8.762 0.824 3.405x107°
6 1.451x107° 1.000x107° 3.995x107°  0.715 0.056x10° 21.124 0.762 2.692x107°
8 2.042x10°° 1.505x10°° 3.080x10°% 0371  0.035x10° 11.845 0.782  7.536x10°
10 1.354x10°° 1.186x10°° 1427x107" 0927 0.202x10°  5.955 0.693 8.495x107°

enhanced which results in the increase of equivalent capaci-
tance [31].

It is also observed from the plots of " and €” that the values
of e’ and €” are high in the low-frequency region followed by a
rapid decrease and reaches a constant value in the higher-
frequency side. This variation is attributed to the tendency of
dipoles in the macromolecules to orient themselves in the
direction of the applied field within the low-frequency range.
But, in the higher-frequency side, the dipoles are unable to
orient themselves in the direction of the applied field and
hence the values of ¢’ and " decrease [32]. A sharp increase
of ¢’ and &"” towards lower-frequency side is due to the
presence of electrode polarization effects [33]. Thus, the ad-
dition of nanofiller TiO, is expected to increase the degree of
salt dissociation and redissociation, which increases the num-
ber of mobile Li".

The observed variations in €' and " with frequency
is attributed to the formation of space charge region at
the electrode—electrolyte interface, which is known as
w1V varjation or the non-Debye behaviour. This im-
plies that the conductivity exhibits relaxation, which is
non-exponential in time [34]. It indicates the existence
of space charge polarization, where there is time for
charges to build up at the interface before the applied
field changes direction, giving larger values of &' and
€”. On the other hand, there is no time for charge build-
up at the interface with increasing frequencies due to
the increasing rate of electric field reversal. The polar-
ization due to charge accumulation decreases, which
leads to a decrease in values of ¢ and &” [35].

Modulus analysis

The further analysis of the dielectric behaviour would be
achieved by the dielectric modulii formulation, which sup-
presses the effect of the electrode polarization [36]. Electric
modulus M* is defined in terms of the reciprocal of the
complex relative permittivity €*, i.e.
M =1/ =M +M" (15)

The real and imaginary parts of the modulus for the
NCPBEs prepared using both the methods viz., conventional
mechanical stirring and the ultrasonic irradiation at different
irradiation times are given in Fig. 5a—d.

At low frequencies, the real and imaginary parts of the
modulus approach zero. This reveals that the electrode polar-
ization phenomenon makes a negligible contribution. The
long tail at low frequency is due to the large capacitance
associated with the electrodes, which confirms the non-
Debye behaviour nature of the system [37].

For all the filler concentrations, the shape of the spectrum
remains constant, but the position of the peak maximum is
shifted to higher frequencies for the 6 wt% filler concentration
and to lower frequencies for the rest of the system prepared
through the conventional mechanical stirring. Similarly, the
position of the peak maximum is shifted to higher frequency
for the system PEO—P(VdF-HFP)-LiClO4TiO, (6 wt%) at
an optimum ultrasonic irradiation time of 10 mins, while for
the other durations, the peak maximum is in the lower fre-
quency side. This behaviour suggests that the relaxation peak

Table 5 Dielectric parameters o, 4, 1, wy, €', 3 and 7 of the NCPBE subjected to ultrasonic irradiation

Sample name o (Scm ) o, (S cmﬁl) A n wp ¢'(atl1 KHz) f 7(8)
(from cole—ole plot)  (from Jonscher’s
power law fit)
TiO, (6 wt%) ultrasonic ~ 2.270x107* 1.146x107* 4885x10° 0359 6.562x10°  89.904 0712 5202x10°¢

irradiation time
of 10 mins
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Fig. 4 a and b Frequency dependence of the dielectric constant £’ and
dielectric loss €” for the prepared NCPBEs (conventional mechanical
stirring). ¢ and d Frequency dependence of the dielectric constant " and

is activated and charge carrier hopping is taken place due to
both the addition of nano TiO, and also due to the
ultrasonic irradiation.

The broad and asymmetrical shape of electric modulus is
generally described by the stretched exponential function of
the electric field as [38]
(1) =exp| (/)] (16)

where 0<3<1 is an exponent indicating departure from the
Debye relaxation (8=1) and 7 is the relaxation time. The
parameter (3 for the samples are calculated using the formula
(5=1.14/FWHM and are listed in Tables 4 and 5. From the
tables, it is noticed that the values of 3 does not vary signif-
icantly and is lesser than one which suggests a greater depar-
ture from Debye relaxation. These lower values of [ also
suggest co-operative motion of the ions in the electrolytes,
i.e. the jump of a mobile ion cannot be treated as an isolated
event. In other words, the jump of the ions from one equilib-
rium site to another causes a time-dependent movement of
other ions in the surroundings [39].
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dielectric loss €” for the system PEO-P(VdF-HFP)-LiClO4TiO,
(6 wt%) at different ultrasonic irradiation times

Tangent loss

Variations of tangent loss with a frequency of the NCPBEs are
shown in Fig. 6a, b. The loss spectra of the samples showed a
broad peak at a characteristic frequency which confirmed the
presences of relaxing dipoles in the polymer composite elec-
trolytes. The maximum of tand shift towards higher frequency
is due to the addition of TiO,. It is noted that the 6 wt% of
TiO, added system showed a shift in the higher-frequency
side while the rest of the systems in the low-frequency side
which are prepared by conventional mechanical stirring. On
the other hand, the samples prepared using ultrasonic irradia-
tion technique showed a high-frequency shift only for the
optimum irradiation time of 10 mins and the other irradiation
time showed a lower-frequency shift; as a result, segments of
the polymer chains get more relaxed, thereby, the free volume
of the complexes enhanced, hence more dipole relaxation is
obtained which means that the shift towards the lower-
frequency side suggests that the polymer chain segments get
more relaxed, which in turn produces more free volume and
results in more dipole relaxation [40], whereas the shift
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Fig. 5 a and b Real and imaginary parts of the electric modulus for the prepared NCPBEs (conventional mechanical stirring). ¢ and d Real and
imaginary parts of the electric modulus for the system PEO-P(VdF-HFP)-LiClO4~TiO, (6 wt%) at different ultrasonic irradiation times

towards the higher-frequency side is attributed to fast segmen-
tal motion coupled with the mobile ion. Thus, both the addi-
tion of nano TiO, and the optimum ultrasonic irradiation time
enhanced the amorphous region of polymer electrolytes. As
the peak shifts towards the higher-frequency side, the
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relaxation time is reduced. The relaxation parameters of the
systems are given in Tables 4 and 5, which reveal that the
relaxation time is lower for the sample with 6 wt% of nano
TiO, system when compared with the samples having other
concentration of nanofillers. The relaxation time gets further
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Fig. 6 a Variation of loss tangent with frequency for the prepared NCPBEs (conventional mechanical stirring). b Variation of loss tangent with
frequency for the system PEO-P(VdF-HFP)-LiClO4-TiO, (6 wt%) at different ultrasonic irradiation times
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Fig. 7 AFM micrographs of a PEO-P(VdF-HFP), b PEO-P(VdF-HFP)-LiClO,, ¢ PEO-P(VdF-HFP)-LiClO4-TiO, (6 wt%) (conventional mechan-
ical stirring), d PEO-P(VAF-HFP)-LiClO4TiO, (6 wt%) (ultrasonic irradiation time of 10 mins)

reduced when the system is ultrasonically irradiated for
10 mins. These results are well close in agreement with the
conductivity analysis.

AFM studies

AFM was used in tapping mode to study the morphological
property of the nano TiO, filled polymer blend electrolytes.
Three-dimensional surface plots of the polymer blend electro-
lytes are shown in Fig. 7a, b. Topographical images of the
electrolytes prepared by conventional mechanical stirring and
ultrasonic irradiation method are shown in Fig. 7c, d. A well-
defined mountain-valley pattern with a roughness (RMS)
value of 24.159 nm is observed for the surface of PEO—
P(VdF-HFP) blend system (Fig. 7a). The polymer blend elec-
trolyte, PEO-P(VdF-HFP)-LiClO,, also shows a clear
mountain-valley pattern (Fig. 7b) as observed for the blend
but with more number of mountains and valleys. The

roughness value, 75.713 nm, of the polymer blend electrolyte
is being higher than that of polymer blend (24.159 nm). This
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Fig. 8 TG/DTA thermogram of the sample PEO—P(VdF-HFP)-LiClO4—
TiO, (6 wt%)
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increase of roughness value for the polymer blend electrolyte
over the polymer blend suggests that there is good complex-
ation between polymer blend and the salt used. The AFM
micrograph of TiO, added polymer blend electrolyte prepared
through conventional mechanical stirring (Fig. 7c) shows a
definite morphological change when compared to that of the
TiO, free polymer blend electrolyte (Fig. 7b). Again, an
increase of roughness value (116.547 nm) is observed for
the TiO, added system over the TiO, free system
(75.173 nm). It can be inferred that the addition of
TiO, has led to the structural modification of the poly-
mer blend electrolyte.

Figure 7d is the AFM micrograph of TiO, added polymer
blend electrolyte prepared through optimum ultrasonic irradi-
ation. It also shows a well-defined mountain-valley pattern,
with an increased surface roughness value as 133.671 nm.
This confirmed the enhancement of amorphicity of the system
due to the ultrasonic irradiation and hence supported the ionic
transport.

TG/DTA analysis

TG/DTA analysis of the sample exhibiting a higher ionic
conductivity is shown in Fig. 8. From the TGA curve, it was
noted that the sample T3 showed a thermal stability about
280 °C. It was also noticed that there was a small valley
originated around 100-110 °C which may be due to the
removal of residual solvent present in the sample or by the
absorbance of the moistures during the sample preparations
[41]. The obtained TGA result was also well correlated with
the DTA results. The huge weight loss of the sample started at
280 °C was confirmed by the exothermic peak which implies
the usage thermal region of the sample.

Conclusion

Nanocomposite polymer electrolytes composed of PEO-
PVdF-HFP-LiClO4 were prepared for various concentrations
of TiO, nanofiller. It was noted that the ionic conductivity
increased by increasing the filler content, and the complex
containing 6 wt% showed a maximum ionic conductivity
about 1.451x107° S cm™'. The composite polymer electro-
lytes were also subjected to ultrasonic irradiation for further
improving the conductivity; it was noted that the sample
containing 6 wt% irradiated about 10 mins exhibited a higher
ionic conductivity value about 2.270x10™* S cm ™. Surface
morphology of the samples was studied using AFM analysis.
Thermal stability of the sample exhibiting higher ionic con-
ductivity was determined from TG/DTA analysis. Thus, from
the obtained analysis, it was clearly noted that the polymer

@ Springer

electrolytes met the required electrical properties; hence, it can
be used as electrolyte in the possible device fabrications.
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