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In the present study, polymer electrolyte with poly(vinyl alcohol) (PVA) blended with cellulose acetate (CA) was chosen to prepare |
composite electrolyte using ammonium triflate salt and nano sized alumina (ALO;- < 50 nm) by the solution casting method. The as |
prepared samples were characterized by X-ray diffraction, FT-IR, differential scanning calorimetry and AC impedance spectra. The loss
tangent and dielectric studies were carried out for all the prepared samples using AC impedance analysis. Activation energy with regression |
values and relaxation time were calculated and found to be low for the highest conducting membranes. The presence of 0.1 mol content |
of nano alumina has enhanced the ionic conductivity significantly to the value of 2.012 x 10® S/cm from that of the filler-free electrolyte |
(2.93 x 10™* S/cm). Tonic transference number was calculated by electrostatic polarization method and it was found to be 0.9684, which |
shows the conducting species were ions. A proton battery fabricated using the configuration Zn+ZnSO4. H,O Il PVA-CA-0.5 mol NH,CF;SO;- |
0.1 mol ALO; Il PbO, + V,0s produced a steady state open circuit voltage of 1.39 V, which proves the prepared composite electrolyte is
suitable solid electrolyte for electrochemical devices. I
|
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INTRODUCTION

In the process of achieving a good solid electrolyte for
electrochemical devices the composite polymer electrolytes
plays an important role. Over the past few years, many polymer
blends with different lithium and ammonium salts have been
reported as a potential polymer electrolyte material for solid
state batteries and other electrochemical devices [1-3]. In the
preparation of proton exchange membrane materials, different
polymers like SPEEK, PVdF, PMMA, PVA, cellulose acetate,
PEO, PANI and nano wires were used [4,5]. Among those,
poly(vinyl alcohol) has been widely used because of its potential
property to form good miscible blends. Poly(vinyl alcohol) has
been separately reported to produce highly conducting elec-
trolytes with salts and acids [6], but its mechanical stability is
always a concern for the application of those membranes as a
potential electrolyte for solid state electrochemical devices.
Further, the blending of natural polymers like cellulose acetate
with poly(vinyl alcohol) has been shown to give notable incre-

ments in the conductivity values and its mechanical stability.
However, the ionic conductivity value was not preferable for
the application in electrochemical devices. This problem can
be overcome by the incorporation of organic/inorganic nano
fillers with suitable ammonium salt complex polymer electro-
lytes [7].

The usage of ammonium triflate salt has enhanced the
ionic conductivity, as one of the H atoms in the NH," ions of
ammonium triflate is weakly bound to the polar group of host
polymers and it easily dissociates under the electric field [8].
The transport of H* ions by Grottus mechanism through the
coordinating sites of polymer matrix is the main reason for
selecting this salt as a dopant in our system. From the earlier
works reported by many researchers [9-11], the incorporation
of inorganic fillers over the organic fillers reduces the cost of
polymer electrolyte and thus the nano alumina was chosen to
be a filler material. It helps to enhance H* transport through
the expected interaction between the surface group of fillers
and the migrating ions.
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Hence in the present study poly(vinyl alcohol) (PVA) and
cellulose acetate (CA) were used as the base polymers for
blend. Ammonium triflate was chosen as the dopant salt and
nano-sized alumina was chosen as the inorganic filler in order
to study the conductivity behaviour of composite polymer elec-
trolytes. Their application on proton battery is also investigated
using the maximum conducting composite membrane as an
electrolyte.

EXPERIMENTAL

Poly(vinyl alcohol) (PVA, My =1,25,000, 88 % hydro-
lyzed, AR grade, MERCK made) and cellulose acetate (CA,
Loba made) were used as starting materials for polymer blen-
ding and ammonium trifluro methane sulfonate (ammonium
triflate-AT) (NH4CF;SOs, Sigma-Aldrich) salt was used as the
dopant in the polymer blend. Nano-sized alumina powder (average
particle size of ~ < 50nm) (Sigma-Aldrich made) was used as
the inorganic filler with dimethyl sulfoxide as a solvent. All the
chemicals were used as procured from the manufacturer.

Preparation of composite electrolytes: The entire polymer
electrolytes were prepared by conventional solution casting
method. The ratio of PVA and cellulose acetate in this study
was used as reported in our previous work [5]. The different
mol contents of NHsCF;SO; (AT) salt with the optimized polymer
blend were dissolved in DMSO and magnetically stirred to
get the homogenous solution. Each mixture was stirred at 45 °C
for 24 h to achieve complete dissolution. The resulting solution
was poured in the clean polypropylene petri dish and the sol-
vent was evaporated using hot air oven. After optimizing the
salt concentration for the best conducting electrolyte, the nano-
sized alumina in different mol concentrations were added in
the aforesaid mixture and the same procedure was used to get
the composite polymer electrolyte membrane for the investi-
gation. The prepared membranes were kept in a desiccator
until use.

Characterization: X-ray diffraction patterns of the polymer
electrolytes at room temperature have been obtained by Philips
X-Ray diffractometer with CuK, radiation in the 26 range from
5° to 60° at a scan speed of 2 °/min. FT-IR spectroscopy was
used to study the interaction between salt and polymer in the
electrolyte using SHIMADZU-8000 spectrophotometer in the
range 4000-600 cm™ with the scanning rate of 50 scans per
second. Thermal analyses of polymer electrolytes were carried
out by differential scanning calorimetry technique (DSC)
(NETZSCH DSC-204) at a temperature range of 298-523 K
in nitrogen atmosphere. AC impedance spectroscopy studies
were done by broadband dielectric/impedance spectrometer
— Novo control Technologies to measure the impedance with
frequency limit up to 10 MHz. Moreover, dielectric and loss
tangent studies were also conducted. The highest conductive
membrane was chosen for the construction of proton battery.

RESULTS AND DISCUSSION

XRD studies: The XRD patterns for PVA-CA-AT-x AL,Os
(x =0, 0.06, 0.08, 0.1 and 0.3 mol) polymer composites are
shown in Fig. 1. The crystalline nature of the polymer compo-
sites is correlated with the intensity of the diffraction peaks
with reference to the work done by Hodge et al. [12]. Accor-
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Fig. 1. XRD patterns for PVA-CA-AT-x AL,O; (a) x = 0, (b) 0.06, (c) 0.08
and (d) 0.1 mol polymer composites

ding to them, the reductions in intensity of the diffraction peaks
are related to the amorphous nature of the polymer. The nano
alumina free polymer electrolyte has relatively high intensity
diffraction peaks (curve a) and it reduces with increase in the
nano alumina concentration in polymer composites (curves
b-d). The sample containing 0.1 mol Al,O; shows less intensity
of XRD peaks, which refers to the increase in amorphous nature
of the polymer composite by the addition of nano alumina
[9]. These results are comparable with the conductivity values
of the polymer composites calculated by AC impedance spectro-
scopy analysis. With higher concentrations of alumina, small
diffraction peaks in the region of 20 = 46° and 67° are observed,
which may be attributed to the presence of alumina in the
polymer composite.

FT-IR studies: The FT-IR spectra obtained for pristine
PVA, PVA-CA and for PVA-CA-AT-xALLO; (x =0, 0.06, 0.08,
0.1 and 0.3 mol) are shown in Fig. 2. This analysis was perfor-
med to confirm the blending between the two polymers and
the interaction of salt and filler with the polymer matrix. From
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Fig. 2. FT-IR spectra for (a) pristine PVA, (b) PVA-CA and (c-g) PVA-
CA-AT-x ALL,O; (x =0, 0.06, 0.08, 0.1 and 0.3 mol)
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the spectrum of pristine PVA, a strong broad vibration band at
3291 cm™ is observed due to the intermolecular hydrogen
bonding and the hydroxyl (O-H) stretching vibration of PVA.
The peaks observed at 2940, 2916, 1088 and 1328 cm™ are
attributed to the asymmetrical stretching of C-H bond, symme-
trical stretching of C-H bond, stretching vibration of C-O and
O-H bending of pure PVA [13] respectively. The peak respon-
sible for O-H stretching in cellulose acetate is observed at 3466
cm’ in the PVA-CA blend spectrum. This confirms the comple-
xation between the —OH groups of PVA-CA blend spectrum.
The broad peak in this region indicates the significant number
of —OH groups due to the unreacted -OH groups of PVA [11].

The wave number shifts in the region between 3470 and
3458 cm™ show that the hydroxyl bond shifted due to the
addition of salt [ 14]. The peak observed In the PVA-CA spectra
at 2920 cm™ is shifted to 2923 cm™ while adding the salt; this
attributes to the symmetric C-H stretching [13]. The peak
observed at 3225 cm™ in PVA-CA-AT- 0 mol AlLO; spectra
shows the asymmetric stretching of NH4* [15]. These results
confirm the complexation between NH,* ion from ammonium
triflate and —OH group of PVA-CA blend polymer [16]. The
disappearance of the peak at 1317 cm™ from the PVA-CA spectra
after the addition of salt confirms the breaking of -acyl group
from the O-Ac functional group of cellulose acetate, allowing
the oxygen as the unoccupied site for the transmission of cation
from the salt [17]. From this interaction, the NH," ion from
ammonium triflate may be hydrogen bonded with the hydroxyl
group of polymer or with the —O site of —-O-Ac group of cellu-
lose acetate.

The peaks observed at 761, 1027 and 1225 cm™ in PVA-
CA-AT-x ALO; (x=0,0.06,0.08, 0.1 and 0.3 mol) are referred
to as &\(CFs), vs(SO;) and v{(CF;) in free triflate ion, respec-
tively. These results suggest that the free triflate ion is hydrogen
bonded with the OH end groups [18]. The spectra for the nano-
ALOs incorporated polymer complexes have observed no
change in the vibrational bands and no new vibrational bands
have been observed. This may be because the fillers are not
chemically bound to the polymer matrix [19].

Differential scanning calorimetric analysis: DSC thermo-
grams of pure PVA, PVA-CA and x mol AL,Os with PVA-CA-
AT- x ALLOs3 (x =0 and 0.1 mol) were shown in Fig. 3. As PVA
is the semi crystalline polymer, it has both glass transition and
melting temperature due to the presence of amorphous and
crystalline phase. It is observed from (Fig. 3) the DSC thermo-
gram (curve a) that the glass transition of 76 °C and the melting
temperature of 189.7 °C for pure PVA electrolyte is close to
the results reported by Agarwal & Awadhia [20] and Rudhziah
et al. [21]. The glass transition temperature for pure PVA is
less than those reported earlier which may be due to the plastici-
zation effect by the presence of DMSO solvent in the polymer
electrolyte. The same may be the evidence for higher conduc-
tivity value (2.8 x 10™® S/cm) obtained for pure PVA electrolyte
membrane than the reported value (5.9 x 10""° S/cm). The traces
of DMSO in all composite electrolytes were evidenced by the
small endothermic transition in the temperature range of 36-41
°C, which may be due to the interaction between DMSO and
polymer matrix [20-22]. The same can be supported by the
FT-IR results.
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Fig. 3. DSC thermograms of (a) pure PVA, (b) PVA- CA and (c—d) x mol
ALO; with PVA-CA-AT (x = 0 and 0.1 mol %)
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The thermal behaviour of blended PVA-CA also resulted
(curve b) in the same manner as that of pure PVA whose melting
temperature is 190 °C. This may be due to the small amount
of cellulose acetate present in the polymer matrix. But the heating
enthalpy of pure PVA (33.94 J/g) is reduced by the blending
of PVA-CA (24.39 J/g), which may refer to the increase in flexi-
bility of polymer electrolyte.

Thermal behaviour of polymer is affected by the inter-
action of salt and fillers with that of the polymer matrix. The
curves (c) and (d) indicate the thermal behaviour of polymer
electrolytes of 0 mol ALO3-PVA-CA-AT and 0.1 mol ALLOs-
PVA-CA-AT, which shows the single broad endothermic
transition at 106 °C (filler free) and 84.4 °C (with nano fller),
respectively. The broad endothermic transition observed for
the nano-filler free electrolyte (curve c) refers to the melting
of PVA—-CA-AT complex along with some uncomplexed PVA
[23]. While observing the 0.1 mol Al,Os; added composite
electrolyte, the broad endothermic transition is reduced to 84.4
°C. From this, it may be inferred that the melting temperature
of the composite electrolyte has been reduced by the addition
of nano-alumina fillers to the polymer matrix. These results
well agree with the results reported by Agarwal, Masoud and
Patel in their work [20,23,24]. This attributes that the addition
of filler makes the composite polymer electrolyte more flexible
and hence the reason for higher conductivity.

Impedance spectroscopy analysis: Fig. 4 shows the
impedance plots (Z" vs. Z”) for the PVA-CA-AT-x mol Al,O;
(x=0,0.06,0.08, 0.1 and 0.3 mol) composite polymer electro-
lytes at room temperature. It has a depressed semicircle with a
long spike and the conductivity values are calculated by the
relation given in eqn. 1:

o =t/RA ey

where t is the thickness of the electrolyte membrane, R is the
bulk resistance measured from the intercept of impedance plot
and A is the area of the electrolyte. The conductivity values at
room temperature for all the composite electrolytes are listed
in Table-1.
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250 Fig. 6 depicts the relationship of conductivity values with

A increasing Al,O; concentration in the polymer matrix. This

shows that the maximum conductivity value (2.12 x 10~ S/cm)

2004 =0 / is observed for the 0.1 mol nano-alumina content, which
_:_ : can attribute to the point that addition of nano-alumina in the

1504 |-w-d polymer matrix could increase the ion motion due to the increase
£ i o A in amorphous nature of this sample. The same sample has been
e A shown to express high amorphous nature from XRD analysis.
N 400 - However, the conductivity value decreases with further increase

in ALLOs content, which can suggest that more aggregation of
nano particles in the polymer matrix may block the path way

50 of ions [19].
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0, 0.06, 0.08, 01 and 0.3 mol) composite polymer electrolytes
and the plots are not completely linear as predicted by Arrhenius
equation. Usually, the polymer electrolyte exhibits one of the
five behaviours [25,26], thus our system exhibits Arrhenius
behaviour at low temperature and VTF behaviour at high

Fig. 5 shows that the impedance plots for 0.1 mol Al,Os
content of composite electrolyte (which results in maximum
conductivity) at different temperatures showed a similar beha-

viour. temperature and our results are comparable with those obtained
70+ by Huang et al. [25].
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Fig. 5. Impedance plots (Z" vs. Z”) for 0.1 mol ALO; content of composite
electrolyte at (a) 30 °C, (b) 40 °C, (c) 50 °C, (d) 60 °C, (e) 70 °C
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The enhancement of conductivity values with increasing
temperature for all the nano-Al,O; added composite electro-
lytes can be attributed to the increase in flexibility in the poly-
mer chain due to the decrease in their viscosity and Lewis acid-
base type of interaction between the migrating ions and the O/
OH groups on the Al,Os surface; thus adsorption of anions on to
the surface of Al,Os reduces ion pairing, creating additional
hopping sites for ionic motion [7]. The activation energies for
transport of the conducting species are calculated from the linear
plot of log 6 versus 1000/T using Arrhenius equation in the
temperature region 303-323 K as shown in Fig. 8. The calculated
values are listed with the regression values in Table-1 and R*
values are 0.99 and 0.98. This shows that the plots are linear fit
and Arrhenius behaviour can be adopted for all the samples.
From the table, the activation energy for the maximum conduc-
ting electrolyte with 0.1 mol AL,O; content is observed to be low
(0.095 eV) when compared with the ALO:; free electrolyte (0.165
eV). The low value of activation energy can be attributed to the
amorphous nature of the polymer composite, which facilitates
H* ion motion in the polymer matrix. The results shown by Huang
et al. [25], Kadir et al. [14], Masoud et al. [24] and Bhide &
Hariharan [27] suggest that the material with low activation
energy will be a good electrolyte system.
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Fig. 8. log o versus 1000/T in the temperature region of 30-50 °C for PVA-

CA-AT-x nano-Al,O; composite polymer electrolytes (a) x = 0, (b)
0.06, (c) 0.08, (d) 0.1 and (e) 0.3 mol

Fig. 9 shows the relationship between log ¢ and log f for
0.1 mol Al,O; content of composite electrolyte at a frequency
range of 10 Hz to 5SMHz and at a temperature range between
303 and 343 K. It shows that the conductivity increases with
each frequency and temperature and the conductivity values
are closer to that of the values obtained from Z’ vs. Z” plots.
The increase in conductivity with frequency may be due to
the change in mobility of the charge carriers [24], it can also
be suggested that more structural relaxations with the rise of
temperature causes increase in mobility of ions, thus increasing
the conductivity of the composite electrolyte.

Dielectric relaxation studies: The real part (dielectric
constant — €”) and imaginary part (dielectric loss — €”) of
dielectric permittivity with log frequency plots for all nano-
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Fig. 9. log o versus log f for 0.1 mol ALOs content of composite electrolyte

at a frequency range of 10 Hz to 5 MHz and at a temperature range
between 30 and 70 °C

alumina-free and incorporated polymer electrolytes are shown
in Figs. 10 and 11, respectively. The measure of dielectric cons-
tant suggests the amount of mobile ions stored in the electrolyte
system and it is observed from Fig. 10 that the value of dielectric
constant at low frequency is high and decreases with increase
in frequency. It can be attributed with the accumulation of
free charges at the interface between electrolyte and electrodes,
which contributes to large values of €”. The dielectric constant
obtained in our system at room temperature is high (7.21 x
107) compared with the values reported for the nano composite
materials (2.2 x 10°) reported by Masoud et al. [24]. The dielec-
tric constant and dielectric loss values are high for 0.1 mol
nano-Al,Os; content polymer composites when compared to
that of alumina-free polymer electrolyte and this may be related
to the higher conductivity values obtained for these electrolytes
from the impedance analysis. This can be attributed to the
presence of nano alumina in the polymer matrix and their Lewis
acid-base type of interaction on the surface of nano alumina.
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Fig. 10. Real part (¢") of dielectric permittivity with log frequency plots for

all PVA-CA-AT-x nano-Al,Os; composite polymer electrolytes (a)
x =0, (b) 0.06, (c) 0.08, (d) 0.1 and (e) 0.3 mol
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plots for all PVA-CA-AT-x nano-Al,O; composite polymer
electrolytes (a) x = 0, (b) 0.06, (c) 0.08, (d) 0.1 and (e) 0.3 mol

The values of dielectric constant and dielectric loss decrease
for higher concentration of alumina (0.3 mol), which suggests
decrease in their conductivity that may be attributed to the
aggregation of nano particles in the polymer matrix which
decreases the mobility of ions in the composite electrolyte.

The decrease in the dielectric constant values at the higher
frequency region for all the composite electrolytes may be
due to the inability of dipoles to rotate with the high frequency
of the applied field.

Loss tangent spectra: Fig. 12 depicts loss tangent curves
(tan § versus log frequency values) for PVA-CA-AT-x nano
ALO; (x=0,0.06,0.08, 0.1 and 0.3) composite polymer elec-
trolytes. Ratio between the dielectric loss (¢”) and the dielectric
constant (¢’) is known as tan & or dissipation factor, which
describes the electric energy loss of polymer electrolyte system
at relaxation frequency. The frequency- dependent loss tangent
curve shows an increase in tan d value with increasing frequency;
and after attaining a maximum value at f,,, it further reduces
with increase in frequency. This illustrates that relaxation of
dipoles occurred in all the prepared samples [28]. From Fig. 12,
the peaks for nano alumina added polymer composite electro-
lytes are observed to shift in the higher frequency region and
it illustrates the reduction of relaxation time, which in turn
increases the mobility of the cations in the polymer electrolyte.
The relaxation time is calculated from the maximum frequency
at which the peak is observed by using the relation 2nf,t =1
and the values are listed in Table-1. From these values, the
low relaxation value (2.24 x 107 s) is observed for the higher
conducting electrolyte, which suggests that quick segmental
motion occurred in the polymer chain [28]. From Fig. 6, the
decrease in relaxation time with increase in nano alumina up
to 0.1 mol Al,O; content of polymer composite electrolyte
suggests the increase in the amorphous region, which in turn
enhances the ion transport by increasing the conductivity value
[29]. These results are comparable with the impedance analysis
values and XRD results. The incorporation of nano-sized
alumina particles in the polymer matrix has been depicted in
Scheme-I as suggested by the above studies.
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Fig. 12. Loss tangent curves for PVA-CA-AT-x nano-Al,Os; composite
polymer electrolytes (a) x =0, (b) 0.06, (c) 0.08, (d) 0.1 and (e) 0.3
mol

Battery characterization: The type of charge transport
in the electrolyte can be identified with the help of transference
number [29]. Various methods have already been used by many
researchers. In present study, the potentiostatic polarization
method was used, which is an ideal method for solid polymer
electrolyte [25].

Fig. 13 showed the result of polarization measurement
on PVA-CA-AT-0.1 mol nano Al,Os electrolyte using stainless
steel plates as blocking electrodes at DC bias voltage (1.0 V)
atroom temperature. The ionic transference numbers were calcu-
lated from the initial current and the final current values using
the following equation:

1-1
t,, =450 B z 2)

where [; is the initial current and I is the final residual current.
The ionic transference number (tion) for PVA-CA-AT-0.1 nano
Al,O; was calculated as 0.9684, which could infer that the
charge transport in the electrolyte membrane was due to the
ions [8].

Fig. 14 represents the voltage with time plot for the proton
battery of configuration Zn + ZnSO.-H,OIPVA-CA-AT-0.1 mol
AL O;IPbO; + V,0s. The method of construction of battery is
given elsewhere [8]. The open circuit voltage was measured
for the above fabricated battery for a period of 17 h. The OCV
was measured as 1.49 V at the beginning and it slowly decre-
ased to 1.39 V and it was almost stable in that value for a long
period [30,31]. These values are comparable with the values
reported by Mishra et al. [32] (OCV = 1.45 V). The initial
drop in OCV can be due to the polarization of the cell which
arises from the concentration gradient of the reactants at the
electrode surface. From this, we can attribute that the fabricated
proton battery is considerably stable in the open cell condition.

Conclusion

In this paper, the polymer composite membranes were
prepared by solution casting method. The ionic conductivity
at the temperature range 303-343 K for PVA-CA-AT - x nano
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Fig. 13. Polarization curve for PVA-CA-AT-0.1 mol nano Al,Os electrolyte
Fig. 14. Voltage versus time plot for the proton battery of conguration Zn +

ZnSO,-H,OIPVA-CA-AT-0.1 mol wt % ALOsl PbOx+V,0s

without chemically bonded to the polymer matrix. X-ray

diffraction results confirm the increased amorphous nature of

the composite electrolyte, which in turn increases conductivity

value upon the addition of filler. DSC analyses revealed the
melting points of all the membranes. The electrolyte containing

AlLO; (x =0, 0.06, 0.08, 0.1 and 0.3 mol) composite polymer
electrolytes were measured by AC impedance spectroscopy
analysis. All the membranes were characterized by infrared
spectra, X-ray diffraction and DSC analysis. The change in
intensity and shifts of IR peaks confirm the complexation
between the salt and polymer matrix. It also confirms the
presence of nano filler in the composite polymer electrolyte
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0.1 mol content of nano alumina showed the highest con-
ductivity value of 2.03 x 10~ S/cm at room temperature. The
dielectric constant and dielectric loss values of 7.21 x 10" and
4.79 x 107 at room temperature, respectively, were measured
by AC impedance spectroscopy studies. The transference
number for this composite electrolyte confirms the ionic mobi-
lity in the electrolyte. The measured OCV for the sustained
period of 17 h confirms its stability as a suitable electrolyte for
an electrochemical cell. The high values of ionic conductivity,
dielectric constant and dielectric loss of the polymer composite
electrolyte lead to encourage the addition of filler in the poly-
mer matrix and make this composite electrolyte membrane a
promising material in devices using the solid polymer elec-
trolyte.
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