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Abstract

Solid polymer electrolytes (SPEs) have attracted greater attention for var-
ious technological applications such as fuel cells, sensors, photochemical solar
cells, super-capacitors, and electrochromic display devices. The main advantages
of SPEs are good electrochemical stability, safety, flexibility, and durability. How-
ever, SPEs have limitations due to their poor conductivity at ambient tempera-
ture. In this context, many researchers have explored various methods to enhance
the ionic conductivity by taking blended SPEs, plasticized-SPEs, nanocompos-
ite-SPEs and plasticized-nanocomposite SPEs during the last few decades. In
this study, composite solid polymer electrolyte systems (CSPEs) were developed
by combining polyethylene oxide (PEO) and polyvinylidene fluoride (PVAF) is
host polymer matrix. The solution casting method was used to prepare CSPEs
using sodium nitrate (NaNQO,) salt as an ion dopant, ethylene carbonate (EC) as
a plasticizer and silicon dioxide (5i0,) as a nanofiller. X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), differential scanning calorim-
etry (DSC) and scanning electron microscopy (SEM) were used to characterize
the CSPEs. Impedance spectroscopy was used to investigate the electrical, di-
electric, and electric modulus properties of the CSPEs between temperatures of
298 K and 343 K. The maximum ionic conductivity measured using impedance
study was found to be 8 wt.% SiO, nanofiller. It was attributed to the addition of
SiO, increasing the amorphous nature and conducting paths. The ionic transport
number was calculated using Wagner’s polarization method.
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Introduction

Nanotechnology involves manipulating matter on an atomic or molecular
scale, typically at the nanometer scale. It’s a multidisciplinary field that merg-
es science and engineering, aiming to understand, control, and utilize materials
and devices at the nanoscale. Nano-engineered materials have enhanced prop-
erties, like increased strength, conductivity, or flexibility, which find applications
in various industries from aerospace to construction. Lithium-ion batteries are
prominent among the numerous energy storage devices available because of their
favorable commercial applications [1-3]. However, the high cost, diminishing
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abundance, environmental and health issues associated with
lithium materials hinder their future use of battery improve-
ments [4]. As a result, an alternative energy storage device is
required to compensate for the lithium battery. Sodium-ion
batteries have received much attention due to their low cost,
environmental friendliness, non-toxicity, and material avail-
ability. The thermoplastic polymer PEO is extensively used in
battery development due to its versatile mechanical properties.
In 1975, Peter V. Wright noticed that PEO could serve as a
host for Na and K salts, causing in a steady solid polymer elec-
trolyte [5]. The crystalline nature is the main disadvantage for
the movement of the ions in PEO-based SPEs [6].

To reduce crystallinity, several co-polymer matrices can be
used in place of a single polymer as the base matrix. As a result,
for multifunctional devices, new blended polymer electrolyte
materials with probable physicochemical, optical, and dielec-
tric properties are being developed [7-10]. Combining PEO
with other polymers is becoming increasingly appealing in the
preparation of all potential SPE materials [11-14]. The semi
crystalline polar PVAF has better physicochemical and elec-
troactive properties. Hence it has been used in several blended
polymer systems [15, 16]. The miscibility of PEO and PVdF
blending was reported by [17].

Plasticizers can increase the mobility of the polymer seg-
ment by making the polymer-salt complex more amorphous.
EC and propylene carbonate (PC) appear to be important
among several plasticizers that have been found to improve
conductivity in polymer electrolytes. Between EC and PC,EC
would be the better plasticizer due to its less viscosity com-
pared to PC, which results in better mobility of polymer seg-
ments [18].

The incorporation of nanofillers such as AlLO,, Fe,O,,
Sn0,, ZrO,, silicon dioxide (Si0,) and others, has been shown
to be an active method for increasing in ionic conductivity of
electrolyte materials with improved thermomechanical dura-
bility. All synthesis methods described above are crucial for im-
proving the properties of various electrochemical applications
[19, 20]. Because of their high strength, admirable durability,
significant corrosion resistance and acidic environment resis-
tance, SiO, is widely used in polymer nanocomposite-based
nano dielectrics. Since the permittivity of SiO, is compara-
ble to that of different polymers, SiO, is used as nanofiller in
this work [21, 22]. The impact of SiO, nanoparticles on the
plasticized blend polymer matrix has been studied through the
structural and electrical properties of the resultant electrolyte
material.

Experimentation

PEO (M, = 2,00,000), PVdF (M = 2,70,000), NaNO,
M, = 84.99), EC (M, = 88.06) and SiO, (size = 10 - 20
nm) and dimethyl formamide were procured from Sigma Al-
drich. CSPEs have been synthesized as 80 PEO/20 PVdF/5
NaNO,/5 EC/xSiO, (where x = 0, 2, 4, 6, 8, 10, and 12 wt.%)
by solution casting method. PEO, PVdF, NaNO,, EC, and
SiO, are dissolved in 50 ml of dimethyl formamide with the
help of a magnetic stirrer keeping a break of an hour between
every chemical dissolution. The entire solution was heated for

2 h at 60 °C. Stirring continued for another 36 h to achieve a
homogeneous solution, which was poured into a petri dish and
dried for 48 h at 60 °C. The processed systems were labeled
and stored in a desiccator as described in table 1.

Results and Discussion
XRD studies

Figure 1 represents the XRD configurations of the pure
PEO, PVdF, NaNO,, EC, §iO, and different wt.% of SiO,
dispersed CSPEs. The peaks at 19.08°, 23.1° and 23.52° are
related to pure PEO, which is characteristic of the crystalline
host polymer. The broader peaks at 38.9° and 20.22° indicate
the semi crystalline nature of a and f8 phases of pure PVAF re-
spectively and are correlated to the earlier reported results [23,
24]. A broad hump observed in the XRD configurations in-
dicates the amorphous nature of pure SiO,.The characteristic
peak of NaNO, at 29.11° has disappeared in all PPNES sys-
tems, which confirms the complexation of salt in all CSPEs.
The peaks that appeared around 19° and 23° in all PPNES sys-
tems correspond to the un-complexed PEO. The peak widen-
ing progressively increases and shifts to lower-angles as SiO,
nanofiller is loaded to PPNES-0 up to 8 wt.%. This can be
due to SiO, nanoparticles interacting with the host polymer
matrix, leading to the structural reformation of the host poly-
mer electrolyte systems [25]. The size of crystallite has been
evaluated using Scherrer’s formula for all PPNES systems and
is shown in table 1. The lowest crystallite size noticed for the
PPNES-8 system indicates the attainment of a highly amor-
phous nature compared to all other compositions.

/Tablc 1: System code, composition ratio, XRD parameters and crystallite\
size of various CSPEs.
System PEO:PVd- 20 Crystallite
Zode F:NaNO_:EC:SiO, | (Degree) FWHM sizye (nm)
PPNES-0 80:20:05:05:00 22.76 0.80 10.16
PPNES-2 80:20:05:05:02 23.17 0.72 11.21
PPNES-4 80:20:05:05:04 23.08 0.76 10.68
PPNES-6 80:20:05:05:06 23.05 0.76 10.60
PPNES-8 80:20:05:05:08 22.70 0.86 9.45
PPNES-10 80:20:05:05:10 23.04 0.79 10.27
PPNES-12 80:20:05:05:12 23.03 0.77 10.57
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\Figure 1: XRD patterns of pure base materials and SiO, dispersed CSPEs. )
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FTIR studies ( )
FTIR has been carried out to investigate the functional [ ey | TEmES-z
groups present in composite polymer electrolytes dispersed B —~—— |, || PPNES-10
with SiO,. The interaction between atoms or ions in the elec- < : T
trolyte system causes a change in molecular vibration modes. L T s |
The FTIR spectra of PPNES systems with SiO, dispersed s [T+ ~+———r——— | reumss
electrolyte membranes are shown in figure 2. A peak around E obr+——1 0 ermmsa
3417 cm™ in all PPNES systems is ascribed to the stretching .g | 2 . T~
hydroxyl group (O-H). The peaks at 511 cm™, 841 cm™ and = s r_—v—\"\““\m)fs_\z_
1384 cm™ are allocated to the respective ¥, 5, and @ phases of r_;;"‘\‘ﬁmh-“ | FrNES-0
PVAF [24]. The asymmetric vibrations of CH, of PVdF are i~ g % ER 2 ég =i |
noticed at 2850 cm™. PEO’s C=0 stretching mode vibrations \/— N | | e

have been observed at 1751 cm™ [26]. The C=O stretching vi- S e mbon comaty 7500 000

brations around 1630 cm™ confirm the plasticizer (EC) pres-
ence in all PPNES systems. The peak at 664 cm™ is assigned
to contact ion pair with PEO/PVAF blend polymer. It is ob-
served from the figure that the peak of the contact ion pair
(664 cm™) shifted slightly towards lower frequency by increas-
ing the nanofiller concentration suggesting higher dis-socia-
bility of sodium salt [27]. A peak at 1698 cm™ corresponds
to the interaction between sodium cation and C-O group of
blend polymer, which shift to lower frequency as filler content
increases. This shows that there is an interaction between sodi-
um cation and carbonyl group existing in all PPNES systems.

DSC studies

DSC is an essential tool to analyze the thermal proper-
ties of materials. DSC thermograms of pure form of PEO,
PVAE, EC and composite polymer-electrolytes with different
concentrations of SiO, have been shown in figure 3. The en-
dothermic peaks at 65.2 °C and 41.6 °C correspond to PEO
and EC melting temperatures (T ), respectively. The melting
temperatures of all PPNES systems decrease nearly 5 °C upon
adding SiO, nanofiller up to 8 wt.%. The lowest T (59.8 °C)
was noticed for PPNES-8 system. The decrease in T could
be due to the orientation of polymer chains caused by the in-
teraction between SiO, nanofiller and polymer segments [28].
The glass transition temperature is usually less than T and
is a measure of polymer chains flexibility, which increases as
the T decreases. A decrease in the value of T helps increase
the movements of polymer chains, which enhances the con-
ductivity of polymer electrolytes [29]. It is also observed that
the endothermic peak of PPNES-8 is more broadened than
all other PPNES systems. The sharp to broad melting point
conversion clearly shows the rise in the amorphous phase of
the PPNES-8 system.

SEM studies

Figure 4 illustrates the SEM images of CSPEs with and
without nanofiller at 2.5 kx magnifications. It is observed
from figure 4a that the surface of PPNES-0 (without nano-
filler) system has many variable sizes with distinct boundaries
of the amorphous regions. When 2 wt.% of SiO, nanofiller
is added to PPNES-0, it can be seen from figure 4b; small
size balloon-shaped spherulites have been formed, which are
frequently isolated from each other by the surrounding large
amorphous regions. As the filler content increases up to 6
wt.%, the balloon-shaped spherulite size increases along with

\Figure 2: FTIR patterns of pure SiO, and SiO, dispersed CSPEs.
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\Figure 3: DSC patterns of pure base materials and SiO, dispersed CSPEs. )

Figure 4: SEM images of (a) PPNES-0 (without nanofiller), (b) PPNES-2,

\(c) PPNES-4, (d) PPNES-6, (¢) PPNES-8, and (f) PPNES-10.
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a decrease in surrounding amorphous regions shown in fig-
ure 4c and 4d [30]. A large number of small spherulites have
overlapped for the 8 wt.% SiO, composition, demonstrating
the good compatibility of nanoparticles with a high degree of
homogeneity. The SiO, nanoparticles in the PPNES-8 system
are distributed uniformly, confirming the formation of admi-
rable nanocomposites as shown in figure 4e [31].

Impedance studies

Complex impedance measurements at various tempera-
tures have been carried out from 100 Hz to 10 MHz to under-
stand the impact of SiO, nanofiller on the ionic conductivity
of CSPE systems. Figure 5a depicts the complex impedance
plots of various SiO, concentrations of CSPEs at room tem-
perature. It is observed from the figure that the existence of
semicircle in all PPNES systems in the higher frequency re-
gion and a spike at an angle-less than 90° in the lower-fre-
quency region indicates that all the systems are partially re-
sistive and capacitive. The intercept of extrapolated semicircle
on the X-axis (real Z’) provides the bulk resistance (R) of
the CSPE systems [32]. As the SiO, nanofiller wt.% increases,
the R, decreases up to 8 wt.%. The lowest R, noticed for the
PPNES-8 system could be due to the many charge carriers
present and increased movement of ions. The increase in bulk
resistance above 8 wt.% is attributed to ion-ion interaction,
which causes ion species to aggregate, causing in the forma-
tion of ion-clusters, which restricts charge carrier movement.

'The impedance plots of the PPNES-8 system at different
temperatures are shown in figure 5b. It is observed from figure
5b that the intercept of the semicircle on the X-axis moves
towards the origin as the temperature increases resulting in the
growth of ionic conductivity, which could be attributed to the
rise in ion dissociation.

DC ionic conductivity

'The DC ionic conductivity has been evaluated from the
complex impedance plot using relation "dc:fm, where ‘t’ is
thickness, A'is area of cross-section of the CSPE systems and
is shown in table 2. The ionic conductivity with inverse tem-
perature plots for all PPNES systems has been displayed in
figure 6. It has been noticed that the ionic conductivities of
PPNES-2 and PPNES-4 are lower than that of PPNES-0.
'This may be due to the blockage of the existing conductive
pathways and the possible aggregation of low-weight percent
silica, thereby reducing the polymer-filler interface. When the
silica content increases to more than 4 wt.%, then the surface
charge layer formed at the polymer/filler-interface provides a
conductive path for sodium ions, the conductive path again
generates up to 8 wt.%. Further increase in filler content leads
to blockage and termination of conductive pathways [33]. The
activation-energy (E ) has been evaluated using slopes ob-
tained from log o vs 1000/T plot and the E_values are listed
in table 2. It can be noticed that PPNES-8 system has the
lowest E , which corresponds to the highest ionic conductivity

(2.107x10* S cm™) compared to all other systems.
AC conductivity

Figure 7a depicts the variation of AC-conductivity with
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Figure 5: Complex impedance plots of (a) SiO, dispersed CSPEs at room
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S
Table 2: Activation energy, ionic conductivity, and ion transport number
of various CSPEs.

System | Activation energy | Ionic conductivity | Ion transport
code E (eV) (Sem™) number (T, )
PPNES-0 0.468 1.275x 10" 0.93
PPNES-2 0.489 4.561x10° 0.88
PPNES-4 0.452 1.119x 10" 0.90
PPNES-6 0.419 1.344x 10" 0.94
PPNES-8 0.412 2.107x 10 0.96
PPNES-10 0.463 5.465x 10 0.89
PPNES-12 0.512 5.694x10° 0.86
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Figure 7: Frequency dependent conductivity of (a) SiO, dispersed CSPEs
at room temperature and (b) PPNES-8 at various temperatures.

AN J/

the frequency of different PPNES systems at room tem-
perature. This can be understood by dividing the frequency
response into three different characteristic regions. In the
low-frequency area, the conductivity slightly increases with
frequency due to a slight decrease in the space charge polar-
ization. The frequency-independent DC conductivity in the
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intermediate frequency area could be ascribed to the absence
of space charge polarization and mobility of free charges. In
the high-frequency dispersion area, conductivity increases
abruptly with the rise of frequency due to the short-range
ion mobility and dipole relaxation. In general, conductivity
follows the customary Jonscher power law [34]. From fig-
ure 7a, it can be seen that PPNES-8 system has the highest
conductivity among all CSPE systems. PPNES-8 is the op-
timum- conducting composition in the current study. Figure
7b depicts the variation of PPNES-8 system AC conductivity
with frequency at various temperatures. It has been observed
that the conductivity is independent of frequency, even in
the high-frequency region at higher temperatures. At higher
temperatures, the increased plateau region is a characteristic
feature of nanocomposite polymer electrolytes arising out of
thermally activated processes.

Dielectric constant and loss tangent

The frequency dependent dielectric constant (¢’) of various
PPNES systems at ambient temperature is depicted in figure
8a. It can be observed that €’ spectra show dispersion at lower
frequency. The high value of € at lower frequency, ascribed to
electrode/electrolyte and space charge polarization decreases
exponentially with frequency. In the low frequency area, ions
move towards the blocking electrodes when an external elec-
tric field is applied but cannot be transported to the external
circuit. As a result, ions become trapped near the electrode/
electrolyte interface, forming a heterogeneous charge layer. As
the frequency increases, £ drops sharply and finally reaches a
saturation value in the high frequency area because, the ion
cannot follow the fast periodic orientation of the applied field
[35]. It can be seen that PPNES-8 shows a high &’ at room
temperature concerning all other systems. Figure 8b illustrates
the temperature-dependent & of PPNES-8. From the figure,
the € values of PPNES-8 system were observed to increases
with rise in temperature. This could be due to the expansion
of the free volume in the polymer matrix. This allows more
rotational freedom for the polarization of the polymer chain
dipolar groups, resulting in a larger value of €’[36].

Figure 9a illustrates the frequency-dependence of dielec-
tric loss (€”) of different PPNES systems at ambient tem-
perature. The £” followed the similar behavior as that of €’in
all PPNES systems. At lower frequencies, there is a plentiful
time for charges to accumulate at the boundary before the
electric-field reversal, resulting in a large apparent value of €”
which is the maximum for PPNES-8 system. As the frequen-
cy increases, charges do not have enough time to accumulate
at the interface, resulting in decreased €” [37, 38]. Figure 9b
shows the temperature-dependent €” of PPNES-8 system at
various temperatures. It is observed from the figure, as the
temperature increases the €” rises due to an increase in mo-
tion of free ions at the interface. High temperatures can resist
the formation of ion aggregation and clustering in the poly-
mer-matrix resulting in high £” [39, 40].

'The variation of loss tangent (tan ) of all PPNES systems
as a function of frequency at 298 K are shown in figure 10a.
The relation between loss-tangent in terms of €’and £”is given
by tan 6 = (¢7/€)) and indicates the proportion of electric ener-
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gy lost to energy stored. The figure shows that the tan 6 rises
with frequency, approaches a maximum value at the resonance
frequency (f), and decreases rapidly above f. The maximum
loss tangent has been noticed for the PPNES-8 system, which
shifted most towards higher frequency than all other systems.
The relaxation time can be calculated by T = 1/(2nf)), where £ is
the resonance frequency corresponding to the relaxation-peak.
The expression shows clearly that the peak f is inversely pro-
portional to the ion’s relaxation time. The variation of tan 6 of
PPNES-8 with temperature has been displayed in figure 10b.
As the temperature of the polymer electrolyte rises, the peak
position moves towards a higher frequency. As a result, the
relaxation time decreases. This could be due to thermally gen-
erated imperfections in the polymer electrolyte that cause the
significant value of loss tangent at high temperatures [41, 42].

Electric modulus studies

Figure 11a depicts the variation of real modulus (M) of
all PPNES systems with frequency at room temperature. M’
of all the systems can be noticed to shift to higher frequency
region by enhancing the wt.% of SiO, up to 8 wt.%. In the
lower frequency area, the M' values of all PPNES seems to
be steady up to 10* Hz and become non-linear from 10* Hz
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J

to 10 MHz. From figure 11b, the M’ dispersion can be shifted
towards higher frequency with an increase in temperature. The
sudden rise in M’ not only indicates the absence of electrode
polarization and the onset of the hopping mechanism [43,
44]. Figure 11c and 11d represent the variation of imaginary
modulus (M") of all PPNES systems with frequency at room
temperature and optimum composition (PPNES-8) at various
temperatures respectively. Due to the insignificant contribu-
tion of electrode polarization, the imaginary part of the elec-
tric modulus in the low-frequency range is approaching zero.
'The values of M" rise with frequency and reach a maximum at
a specific frequency which could be due to long-range random
hopping of ions in the material. The ionic relaxation process in
polymer electrolytes, where long-range motion is constrained
to caged motion, is attributed to the peaks observed in M"
spectra at higher frequency [45, 46]. The wider and asymmet-
ric peaks in M" spectrum can be assigned to the non-Debye
behavior. As the temperature of the polymer electrolyte rises,
the peak location changes to a higher frequency, as shown in
figure 11d. This could be due to the fast charge carrier move-
ment resulting in a shorter relaxation time [47, 48].

Ion transport number

Wagner’s polarization technique has been used to eval-
uated the ion transport number for all CSPE systems. The
transport number is defined as the ion conductivity to total
conductivity ratio. By applying a constant voltage to two stain-
less steel electrodes, the system was trapped and polarized. The
total primary current (i) is due to both ions and electrons.
The final current (i) after prolonged hours of polarization is
only from electronic contribution. The electronic transference
number (t) is evaluated as ffllf” and the ionic transference
number is calculated as 7 = 1 - ¢. 'The evaluated values are
shown in table 2. PPNES-8 system has the highest ionic
transference number compared to all other systems.

Conclusion

SiO, nanofiller dispersed composite solid polymer elec-
trolytes are synthesized by solution-cast method with varying
nanofiller wt.%. According to XRD results, the amorphous
area increased up to 8 wt.% with the addition of SiO, and then
decreased. The results of the DSC and FTIR studies could
be correlated with those of the XRD. Electrical and dielectric
studies confirmed the structural reformation of the polymer
electrolyte materials. The optimum conducting composition
was found to be 8 wt.% of nanofiller, resulting in a maximum
enhancement in ionic conductivity, dielectric constant, and
maximum ion mobility. In composite polymer electrolyte sys-
tems, the addition of SiO, nanofiller significantly increases the
number of free ions and charge carrier mobility.
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