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ABSTRACT: We report the investigation on examining the impact of nanofiller (NF)- versus nanorod (NR)-shaped titanium oxide
(TiO2) nanoparticle on the structural, electrochemical, transport, thermal, and dielectric properties of the solid polymer electrolyte
(SPE). Thin SPE films comprising of poly(ethylene oxide), sodium hexafluorophosphate, and dispersed with TiO2 NF, TiO2 NR (synthe-
sized by hydrothermal route) has been prepared via solution cast technique. The shape of nanoparticle influences the morphological
and structural properties as observed in field emission scanning electron microscope and X-ray diffraction analysis. The highest ionic
conductivity was exhibited by the NR dispersed system and is higher than NF dispersed system for all recorded concentration consis-
tently. It is attributed to the formation of the long-range conductive path with NR when compared with NF. In addition, the electro-
chemical stability window is much higher (~5 V) than the NF-doped system. Furthermore, the dielectric properties of SPE were
investigated and fitted in the complete frequency window (1 Hz–1 MHz; T = 40–100 �C @ 10 �C). It is observed that the NR dispersed
system shows higher dielectric strength and low relaxation time with respect to NF dispersed system. The results suggest that the NR
dispersed SPE possess enhanced properties and is more appropriate for an application in high energy density solid-state Na ion batte-
ries. © 2018 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 136, 47361.
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INTRODUCTION

Due to limited traditional energy resources (fossil fuel, coal,
etc.) and increasing demand of green energy, a search of alter-
native sources of energy (wind, solar, hydro, primary/secondary
batteries) become mandatory. The researchers from the past
decade have devoted an intensive effort to develop advanced
and renewable energy resources. In line of aforementioned effi-
cient energy resources, secondary battery (Li+/Na+) getting
more attention due to their multidimensional nature of applica-
tions (like: boost up in the stationary as well as portable elec-
tronic appliances, electronic industry, agriculture sector, and in
the transportation industry, etc.).1–6 As electrolyte is the key
component of such batteries and it plays important role in the
light of high capacity and safety issue. Since an electrolyte is
sandwiched between the two electrodes and provide shuttling of
ions into it. Therefore, its importance become manifold when
compared with the other components. It certainly overcome the
traditional batteries as it suppresses the problems associated
(leakage, flammable nature, and safety issue with a liquid
part in it.7–9

In particular, polymer electrolytes are the most attractive candi-
date as an alternate of the traditional liquid electrolytes and have
advantages enhanced safety, flexibility, and various shape
geometries.10–12 Although gel polymer electrolytes improve the
safety issue at large extent, but an extra component (organic/
inorganic liquid) reduces the efficiency in terms of short circuit-
ing and heating.13 To overcome these obstacles, the most feasible
approach is the development of free-standing solid polymer elec-
trolyte (SPE) which serve both purpose (organic/inorganic sepa-
rator and electrolyte) and help multiple ways like: larger surface
area for better compatibility to electrodes, miniaturization in
shape, and lighter in mass, large efficiencies and so forth.14 The
SPEs comprise of a polymer host matrix having an electron rich
group in the polymer backbone and a salt of low lattice energy is
dissolved in it. Generally, in the case of polymer electrolytes, the
ion migration is mainly through the amorphous phase of the
polymer. Since most of the polymers are of semicrystalline
nature. Therefore, suppression of the crystalline phase by improv-
ing the amorphous phase is another strategy to improve the
electrochemical properties. The frequency- and temperature-
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dependent conductivity strongly evidence that a favorable ion
migration in amorphous phase is attained by the two simulta-
neous phenomena: (1) hopping and (2) segmental motion or
dynamics of polymer matrix.15–22 It infers the need of amorphous
phase in such systems.

The addition of nanoparticle is a most interesting approach that
effectively improves the ionic conductivity along with desirable
stability (thermal/mechanical/voltage) properties. A number of
nanoparticles [titanium oxide (TiO2), BaTiO3, SiO2, ZrO2, etc.]
have been investigated and all display the noticeable enhance-
ment of the electrical conductivity along with other key proper-
ties. The addition of nanofiller (NF) provides favorable
interactions between the: (1) polymer chain and NF surface and
(2) cation/anion of salt and surface group of NF. The nanoparti-
cle weakens the polymer cation interaction and also helps in the
salt dissociation by interacting with an anion.23–25 The ion migra-
tion is linked with the hopping of ions via coordinating sites and
segmental motion of polymer chain. In order to understand the
ion transport mechanism in the SPEs, the investigation of dielec-
tric properties parameters (like complex permittivity, complex
conductivity, modulus formalism, and relaxation time) are fore-
most essential.21,26–29

The literature lacks reports based on the dispersion of nanoparti-
cle of different shapes and investigations of dielectric and electri-
cal properties has not been reported. Therefore, it has planned to
combine the properties of a polymer host matrix with the shape
of the nanoparticle. The nanorod (NR) dispersion may overcome
the issue of agglomeration observed in the case of NF at a high
content. One approach may be that NR may provide continuous
percolating conducting path even at low content to the cation
migration which gets deteriorates in NF at a high content.

In the solid-state batteries, Li-ion batteries are supposed to be
mostly used in the commercial sector, but, some drawbacks such
as nonabundant metal, forces to search suitable alternative for
large-scale applications. The most appropriate alternative is
development of sodium ion (Na; ionic radius: 0.98 Å)-based bat-
teries and has potential to substitute the Li-ion batteries due to
advantages such as: (1) high abundance, (2) cost-effective,
(3) suitable redox potential [E� (Na+/Na)= −2.71 V; versus the
standard hydrogen electrode], (4) nontoxic nature, and (5) low
atomic mass.30–34 In the present investigation, an attempt is made
to study the effect of TiO2 nanoparticle (NF vs. NR) in the SPE
comprising of the poly(ethylene oxide) (PEO)–sodium hexafluor-
ophosphate (NaPF6) matrix. Important studies such as field emis-
sion scanning electron microscope (FESEM), Fourier transform
infrared (FTIR), impedance study, complex dielectric permittiv-
ity, alternating current (ac) conductivity, and modulus formalism
were performed for getting insights of the effect of nanoparticle
shape on the polymer matrix and ion transport mechanism. The
advantage of the dielectric investigation is that it separates out
the bulk and interfacial contribution in such a system.

EXPERIMENTAL

Materials
PEO (Mw = 1 × 106 g mol−1), NaPF6, and TiO2 were purchased
from the Sigma Aldrich. Acetonitrile was used as a solvent and

purchased from the Sigma Aldrich. The polymer and the salt
were vacuum dried prior to use.

Synthesis of TiO2 NRs Using the Hydrothermal Method
The TiO2 NRs were synthesized using the hydrothermal synthesis
reported previously.35 Briefly, 7 mL of deionized water was mixed
with 7 mL of concentrated hydrochloric acid (36.5–38%). The
resultant mixture was stirred under ambient conditions for
15 min before adding 0.13 mL of titanium isopropoxide (Sigma
Aldrich). The whole mixture stirred till the solution is turns to
transparent. After stirring, the mixture was placed in a Teflon-
lined stainless steel (SS) autoclave of 25 mL volume and heated
to 180�C for 24 h. On the completion of the reaction, the resul-
tant precipitate was washed two to three times with distilled
water.

Preparation of Polymer Electrolytes
All the polymer electrolytes are prepared by the standard solution
cast technique. The salt ratio (O/Na+) is kept constant (8:1) that
is an optimized value for high ionic conductivity and has been
calculated considering oxygen as coordinating site of PEO.36

First, the 0.5 g of PEO is dissolved in the acetonitrile (15 mL) by
stirring until a homogenous solution is obtained. After that, an
appropriate salt (O/Na+ = 8:1) is added to the polymer solution
and again stirred for 6–8 h. A transparent polymer salt solution
is obtained. Now, the appropriate amount of the varied NF and
NR is added separately in 5 mL solvent and sonicated for half an
hour to disperse nanoparticles properly. After sonication, the
nanoparticle solution is added to the polymer salt solution and
stirred for 18–20 h. Finally, the obtained solution is cast on the
glass Petri dishes and left for drying at room temperature. After
that, kept in a vacuum oven to completely remove the residual
solvent. Now, the films are peeled off from the Petri dishes and
kept in the desiccator (with silica gel inside) for performing the
characterizations further.

The samples are designated as 1 NF, 2 NF, 3 NF, 4 NF (TiO2

NF) and 1 NR, 2 NR, 3 NR, 4 NR (TiO2 NR). Figure 1(a–c)
shows the interaction between the polymer, salt, nanoparticle
(NF/NR) and Figure 1(d) shows the schematic diagram of solu-
tion cast technique.

Characterization of Materials
Structural and Microstructural Studies. X-ray diffraction (XRD)
(Bruker D8 Advance) has been performed for the determination
of d-spacing, interchain separation and recorded with Cu Kα
radiation (λ = 1.54 Å) in the Braggs angle range (2θ) from 10� to
60�. The FTIR spectra (Bruker Tensor 27, Model: NEXUS–870)
are recorded in absorbance mode over the wave-number region
from 600 to 3500 cm−1 to probe the presence of various interac-
tions such as polymer–ion, ion–ion interaction, and complex
formation.

Electrical Analysis. The ionic conductivity (σ) has been mea-
sured by complex impedance spectroscopy in the frequency range
of 1 Hz–1 MHz using the CHI760 electrochemical analyzer
(T = 40–100 �C with temperature controller: Marine India). An
ac sinusoidal signal of 10 mV has been applied to the cell config-
uration SS|SPE|SS where SPE films are sandwiched between two

ARTICLE WILEYONLINELIBRARY.COM/APP

47361 (2 of 15) J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.47361

http://WILEYONLINELIBRARY.COM/APP


SS electrodes. The intercept between the semicircle at high fre-
quency and tilted spike at low frequency were taken as the bulk
resistance (Rb). The electrical conductivity (σ) value was obtained
using eq. (1):

σdc ¼ 1
Rb

t
A

ð1Þ

where “t” is the thickness (cm) of the polymer film
(100–115 μm), Rb is the bulk resistance (Ω), and A is the contact
area (cm2) of working electrode. The thermal activation energy
for ionic transport has been estimated from the slope of the lin-
ear fit of the Arrhenius plot. The linear variation in log (σ/S
cm−1) versus 1000/T plot suggests a thermally activated process
represented by σ = σo exp(−Ea/kT), where σo is the constant pre-
exponential factor and Ea is the activation energy. The parameter
T stands for the absolute temperature and k for the Boltzmann
constant. The ion transference number was obtained via i-t char-
acteristics with a voltage of 10 mV. using SS|SPE|SS cell and using
the following eq. (2):

tion ¼ It − Ie
It

� �
× 100 ð2Þ

Dielectric Spectroscopy. The impedance data are transformed
into the dielectric constant, dielectric loss, complex conductivity
data which is further transformed into the real and imaginary
parts of the modulus. All plots are fitted with corresponding
equations by Origin 8 software to evaluate the various parameters
that enable us to explore the ion dynamics.

Stability Analysis. Thermal stability of the synthesized SPE films
has been investigated using thermogravimetric analysis (TGA;
SHIMADZU DTG-60H) under dynamic temperature conditions
from 30 to 600 �C, in a controlled nitrogen atmosphere at a con-
stant heating scan rate of 10 �C min−1. The linear sweep voltam-
metry (LSV) was performed to obtain the operating voltage of
the electrolyte.

RESULTS AND DISCUSSION

Structural and Microstructural Analysis
FESEM Analysis. Figure 2(a) shows the FESEM of the TiO2 NF
and the particles are spherical with an average size of ~25 nm.
Figure 2(b) clearly indicates the rod-type morphology as prepared
by the hydrothermal method. The diameter of the TiO2 NR is
30–70 nm while the length is about 800–1000 nm.

Figure 3(a) shows the FESEM micrograph of the pure PEO and it
shows the rough surface with cracks that evidence the semicrys-
talline nature of the PEO. On the addition of the salt, crystalline
nature disrupts and change in morphology is evidenced as shown
in Figure 3(b). The Lewis-acid–base interactions evidence the
alteration in the morphology and enhancement of the amorphous
content is observed. Figure 3(c) shows the energy-dispersive
X-ray (EDX) spectra of the polymer salt matrix dispersed with
the 3 NF and it evidences the dispersion of the NF in the poly-
mer matrix. Figure 3(d) depicts the polymer salt matrix with dis-
persed NR inside (3 NR). It is clearly visible that the rod type
structures are inside the polymer matrix and polymer salt matrix

Figure 1. (a) Polymer salt complex formation, (b) role of NF in ion transport, (c) role of NR in ion transport, and (d) schematic flowchart of solution cast
technique. [Color figure can be viewed at wileyonlinelibrary.com]
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is enveloped on the NR (shown by circles). Although the length
of the NR is not identical, the micrograph confirms the nano-
composite formation.

Figure 3(e) depicts the EDX spectra of the 3 NR system and evi-
dences the formation of the polymer nanocomposites (PNCs).
Another important approach is the elemental mapping that

Figure 2. FESEM micrographs of (a) commercial TiO2 NF and (b) TiO2 NR prepared by hydrothermal method. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 3. FESEM micrographs of the (a) pure PEO, (b) polymer salt complex, (c) EDX of optimum sample with TiO2 NF, (d) PEO–NaPF6–3NR, (e) EDX
of 3NR system, (f ) PEO–NaPF6–3 NF, (g) elemental mapping of Ti in polymer electrolyte with 3NR, (h) elemental mapping of O in 3 NF, and (i) elemental
mapping of Ti in 3 NF system. [Color figure can be viewed at wileyonlinelibrary.com]
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confirms the nanoparticle (NF/NR) dispersion. Figure 3(f ) shows
the micrograph of the polymer salt matrix with TiO2 3 NF. It
may be noticed that the NF is uniformly dispersed in the polymer
matrix attributed to the polymer–ion–NF interaction. Figure 3(g,
i) shows the elemental mapping of element Ti for the NR and
NF, respectively. It suggests the clear indication of the rod-like
morphology and NF uniform dispersion. Furthermore, the effect
of the nanoparticle shape will be explored in the impedance study
section.

XRD Analysis. The XRD has been performed to qualitatively
identify the SPE structural properties by analyzing the peak
intensity and broadening. Figure 4 depicts the X-ray diffracto-
gram of the PEO as a host polymer, polymer salt and polymer
salt dispersed with NF and NR in the angular range 2θ from 10�

to 40�. The XRD pattern of the pure PEO shows the two sharp
crystalline peaks at 2θ = 19.3� and 23.2�, associated with (120)
and (112), (032) planes, respectively.37

The salt added is NaPF6 and exhibits sharp and intense diffrac-
tion peaks at 20�, 22�, 32�, and 44�. When salt is added in the
PEO, then the peak of pure PEO remains there but now with a
reduction in intensity is observed for peak located @ 19.3� and
broadening for peak located @ 23.2�.

The absence of any peak associated with salt indicates the com-
plete salt dissociation. The two additional peaks near 13� and 16�

are not of PEO and salt which may be attributed to the formation
of a long-range order owing to the presence of ion multiplets
(as Na2X

+, NaX2
−, etc.).38,39 After the addition of nanoparticle

(1 NF–4 NF), the small change in intensity is observed for
the (120) peak while major change is observed for the peak
(112)/(032). This indicates the modification of the polymer chain
arrangement and evidences the increase of the amorphous con-
tent owing to the interaction polymer–TiO2 NF. After the incor-
poration of NR in the polymer salt matrix, (120) and (112)/(032)

peak are highly suppressed, indicating the reduction of the crys-
tallinity. This suggests the NR interaction with polymer salt
matrix. Also, the characteristics peak of the salt was not present
in the NF and NR dispersed system which confirms the complete
dissociation of salt. This confirms the reduction of the crystallin-
ity due to the lowering of chain reorganization tendency. The
d-spacing between the diffraction planes was obtained using
Bragg’s formula 2dsinθ = nλ and interchain separation (R) using
the equation R = 5λ/8sinθ.40 The recorded parameters are sum-
marized in Table I.

FTIR Spectroscopy. FTIR spectroscopy is the powerful technique
to get information about the interactions in the polymer matrix
and the functional groups. Figure 5 shows the FTIR spectra of
the PNCs with different contents of the NF and NR in the wave-
number region 600–3000 cm−1. Figure 5(a) shows the fingerprint
region of FTIR spectra of the pure PEO and the fundamental
peak of the PEO are observed. The peak located near 950, 1100,
1230, 1280, and 1340 cm−1 are assigned to the C–O stretching
vibration mode, symmetric and asymmetric C-O-C stretching
mode, CH2 asymmetric/symmetric twisting mode, and CH2

bending mode, respectively. The peak at 1100 cm−1 is attributed
to the amorphous content of the PEO.41 The symmetric and
asymmetric vibrations of C-H stretching mode of CH2 group in
PEO are observed near 2900 cm−1. Now, on the addition of the
salt, there is a change in the peak intensity, peak position, and
the peak shape. On the addition of salt, the fundamental peak of
PEO gets broadened and a shoulder appears. This alteration is
attributed to the cation coordination with the ether group of the
polymer host. The shift in peak position on the addition of salt
in the region 800–1000 cm−1 is attributed to the alteration in the
polymer backbone. When salt gets separated in the cations and
anions then cation gets coordinated with ether group while anion
is supposed to attach with the methyl group (CH2) of the poly-
mer backbone. The peak broadening in the peak located at
950 cm−1 after the dispersion of NR is effective than NF and it
indicates that crystallinity is reduced effectively by NR as com-
pared to NF.42 Furthermore, the effect of the addition of salt is
also visible in the peak located at 2900 cm−1.

On the addition of the salt, peak shifts toward higher wave-
number side and is split in two. Both the above key points evi-
dence the complex formation.43 In the PNC, the fundamental
group of the PEO, NaPF6, and nanoparticles is observed; it indi-
cates the complex formation. Addition of the NF and NR alters
the peak located at 1100 cm−1 associated with C-O-C stretching
and peak get broadened and splits in two after NF and NR
dispersion.

The peak splitting and shifting toward the lower wave-number
side confirms the dominance of the Na+–O interaction owing to
the better salt dissociation. The peak broadening suggests the
enhancement in the amorphous content. From the FTIR analysis,
it may be concluded that the salt gets dissociated properly in the
polymer matrix and dispersion of the NF and NR alters the poly-
mer chain arrangement that will support the fast ion migration
which will be analyzed in the upcoming section.

Figure 4. XRD diffractograms of SPE. [Color figure can be viewed at
wileyonlinelibrary.com]
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Electrical Analysis
Impedance Spectroscopy and Conductivity Analysis. The elec-
trical conductivity of the prepared PNC films has been evaluated
using the impedance spectroscopy by sandwiching PNC between
two SS ion blocking electrodes with a voltage signal of ~20 mV
in the temperature range 40–100 �C. The Nyquist plot is dis-
played in Figure 6(a) (in log–log representation) for the 3NR sys-
tem. The log–log presentation has various advantages over the
traditional Nyquist plot as elaborated by Jonscher.44,45 The dip in
the plot on the x axis is associated with the bulk resistance in the
polymer electrolyte system. With the increase of the temperature,
the dip shifts toward the lower value as shown by the arrow. The
lowering of the bulk resistance indicates the thermal activation of
the charge carriers which results in an enhancement of the con-
ductivity. It may be observed from the plot that right side of the
graph (in low frequency) is associated with double-layer capaci-
tance effect owing to the ion blockage at the end of blocking SS
electrodes.46 With the increase in temperature, this effect
increases due to the availability of more free ions for double-layer

formation. The ionic conductivity depends on: (1) concentration
of the mobile ions, (2) ion charge, and (3) ion mobility (how
easily an ion is moved through the solid) and expressed as;
σ = neμ.47 The ionic conductivity of all SPEs was calculated by
using eq. (1).

On comparing the ionic conductivity values of NF and NR dis-
persed system from Figure 6(b), it may be noticed that the high-
est ionic conductivity is for the PNC dispersed with NR as
compared to the NF. The observed increase in the conductivity
may be due to the increased surface area of interaction for NR
and it provides a continuous conducting path which promotes
long-range ion migration [Figure 6(d)]. Therefore, the nanoparti-
cle creates a continuous path for a long time leading to enhanced
ionic conductivity. In brief, the enhancement in the conductivity
may be due to the following reasons: (1) formation of continuous
conducting pathways, (2) lowering of the crystallinity, and (3) bet-
ter salt dissociation.48 However, at high NF/NR content, decrease
in the ionic conductivity is observed that may be due to the
agglomeration of NF/NR which results in the formation of ion
pairs or may block the path for ion migration by restricting the
polymer chain motion. The maximum ionic conductivity was
obtained for the NR dispersed polymer electrolyte as compared
to NF in the temperature range 40–100 �C.

Temperature Dependence of Ionic Conductivity. The ionic con-
ductivity of the prepared PNC film has been further investigated
in the temperature range of 40–100�C. Figure 6(b) displays the
variation of conductivity with temperature for different polymer
electrolytes dispersed with NF and NR. It is observed that with
an increase in temperature, conductivity increases for all samples
and may be due to the enhanced polymer chain flexibility which
results in high ion mobility and hence the ionic conductivity. The
increase of temperature increases the free volume available for
the ion migration due to the expansion of polymer chains and
provides easy accesses to cation dynamics with the coordinating
sites provide by the polymer chains.16 The increase in the seg-
mental motion of the polymer chains results in faster ion migra-
tion and ionic conductivity of the composite polymer electrolyte
increases. It was found that TiO2 NRs were able to provide effec-
tive percolation conductive path in the polymer salt matrix.

Figure 5. FTIR spectra of the SPE (a) PEO, (b) PEO-NaPF6, (c–f ) 1NF-4
NF, and (g–j) 1NR-4NR. [Color figure can be viewed at
wileyonlinelibrary.com]

Table I. Values of 2θ (�), d-Spacing (Å), and R (Å) of SPE Dispersed with NF and NR

Sample

(120) Reflection peak parameters (112)/(032) Reflection peak parameters

2θ (�) d-spacing (Å) R (Å) 2θ (�) d-spacing (Å) R (Å)

PEO 19.07 4.65 5.81 23.28 3.81 4.76

Polymer salt 19.00 4.66 5.82 23.18 3.83 4.78

1NF 19.00 4.66 5.82 23.10 3.84 4.80

2NF 19.15 4.63 5.78 23.26 3.81 4.77

3NF 19.15 4.63 5.78 23.26 3.81 4.77

4NF 19.12 4.63 5.79 23.92 3.71 4.65

1NR 19.05 4.65 5.81 23.13 3.84 4.80

2NR 19.09 4.64 5.80 23.15 3.83 4.79

3NR 19.17 4.62 5.78 23.18 3.83 4.78

ARTICLE WILEYONLINELIBRARY.COM/APP

47361 (6 of 15) J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.47361

http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP


Thermal Activation Energy Measurement. Figure 6(c) shows
the linear variation in log (σ/S cm−1) versus 1000/T plot and the
red solid line is the Arrhenius fit. The activation energy of the
PNC was obtained by the Arrhenius equation, σ¼σo exp − Ea

kT

� �
,

where σo is the constant pre-exponential factor and Ea is the acti-
vation energy. The parameter T stands for the absolute tempera-
ture and k for the Boltzmann constant. The activation energy is
the energy required to jump an ion from one coordinating site to
another and probably enable us to find the favorable environ-
ment for the ion migration.49,50 Figure 6(c) shows the Arrhenius
fit and for all samples, it shows good agreement with the experi-
mental data. The activation energy was lowest for the 3NR sam-
ple that confirms the highest ionic conductivity associated with it
(Figure 7). This reduction of the activation energy value is attrib-
uted to the increased free volume and faster chain segmental
motion.

Transference Number Measurement. To support the ionic con-
ductivity study, measurement of the ion transference number
(tion) is crucial of the prepared system. The polarization plot as a
function of time (@ RT) for the NF and NR dispersed system is
shown in Figure 8. It may be noticed from the plot that initially
current is very high (It = Ie + Iion) and is a contribution from the

flow of both ions and electrons, with an increase of time
decreases reached to the steady state after some time. The initial
decrease in the current is due to the polarization mechanism that

Figure 6. (a) Nyquist plot for the 3NR sample at a different temperature, (b) variation of conductivity for prepared PNC with temperature, (c) Arrhenius
plot of the temperature-dependent conductivity of the PNC with NF/NR, and (d) ion conduction pathways for NF and NR. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 7. Comparison of activation energy for nanoparticle and NR dis-
persed systems. [Color figure can be viewed at wileyonlinelibrary.com]
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leads to ion accumulation at electrodes and the residual current
is due to electron only as ion get blocked with time. The ion
transference number was 0.97–0.99 for all systems that evidences
the predominantly ionic nature of the prepared system with a
negligible electronic contribution (te = 0.01–0.03) and is obtained
using eq. (2). The high value of the ion transference number is
due to the faster cation migration in the polymer matrix dis-
persed with nanoparticles, which is explained as follows.

The cation of the salt interacts with the electron rich group (ether
group) of the polymer host and hence alters the polymer chain
arrangement that reflects the enhancement of the amorphous
content. This enhancement in the amorphous content facilities
the faster ion migration that leads to enhanced ion transference
number. The high value of the ion transference number (0.99) is
sufficient for application in the solid-state batteries.51

Dielectric Studies
Complex Permittivity Analysis. The complex dielectric permit-
tivity (ε*) comprise of the real (ε

0
) and imaginary part (ε

00
) that

may combined by equation expressed as:

ε* ¼ ε0 – jε00 ð3Þ

The dielectric constant (ε
0
) and dielectric loss (ε

00
) are two very

important properties that may be taken care seriously for their
suitability of polymer electrolyte in energy storage/conversion
devices. The dielectric constant (ε

0
) depicts the polarizing ability

(during formation of hetero charge layer) on application of the
electric field which creates ion accumulation on electrodes/elec-
trolyte interface. The dielectric loss (ε

00
) indicates the loss in the

polymer matrix due to ion oscillation and dipoles alignment on
the application of field.52–54 Figure 9(a–f ) displays the plot of real
and imaginary parts of complex permittivity for NF and NR

dispersed PNCs. The frequency-dependent real and imaginary
part of the complex permittivity has been analyzed further by
eqs. (4a) and (4b)

ε0 ¼ ϵ∞ +
Δε 1 + xα cos απ

2

� �
1 + 2xα cos απ2 + x2α

ð4aÞ

ε00 ¼Δε
xα sin απ

2

1 + 2xα cos απ2 + x2α
ð4bÞ

Here, εs is the static dielectric constant (x ! 0), ε∞ is the dielectric
constant (x ! ∞), x = ωτ; ω is the angular frequency of applied
field, and τ is the Debye relaxation time (reciprocal of jump fre-
quency in the absence of external electric field). Here, α is the distri-
bution (power law) exponent of the material sample.55,56 The plot
indicates the low frequency dispersion followed by the high fre-
quency saturation. The solid red line is the best fit to the experimen-
tal data point by eqs. (4a) and (4b). Figure 9(a–f ) shows the perfect
agreement between the experimental and simulated data almost in
the entire frequency window for both real and imaginary parts of
the complex permittivity (@ 40 �C). It may be noted that in high
frequency, there is a slight deviation from the experimental data.
The above deviation may be attributed to the dominance of dielec-
tric relaxation of polymer chain (with cation) in high-frequency
window. Same has been reported in the earlier report also and may
be resolved by simulating the experimental data with Havriliak and
Negami equation.57,58

Furthermore, to investigate the effect of temperature on the com-
plex permittivity, the temperature variation of the optimized
sample (3NR) has been performed in the temperature range
(40–100 �C). It may be obtained from Figure 9(e,f ) that with an
increase of temperature, both simulated and experimental data
point’s show good agreement as compared to lower temperature
and may be due to the shift of the dielectric relaxation region
toward the high frequency. All system demonstrates the high
value of the dielectric constant at a lower frequency and decrease
with the increase of frequency. As the prepared electrolytes are
ionic conductors, so the presence of electrode polarization (EP) is
a fundamental property of ionic conductors.46,59–61

The low value may be due to the dominance of the dielectric polari-
zation contribution from salt dissociation (with NF and NR disper-
sion) and electron rich group of the polymer. The former one
creates ion accumulation region on blocking electrodes (SS) owing
to the availability of more free number of charge carriers, while later
one is due to the conformational change in the polymer chain on
the application of field. The hindrance to the long-range ion migra-
tion may be another key point responsible for ion accumulation.
Now, when frequency increases, then the dielectric constant
decreases due to dielectric relaxation mechanism. The rapid change
of electric filed restricts the rotation/translational motion and ion
diffusion is blocked due to the inability of dipoles to rotate them-
selves in the direction of the electric field.62,63

Figure 9(c,d) shows the frequency-dependent dielectric loss (ε
00
)

and decreases with the increase of the frequency. There is no
peak for the EP in the dielectric loss spectra. The solid red line

Figure 8. Polarization curve to determine ion transference number of SPEs.
[Color figure can be viewed at wileyonlinelibrary.com]
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depicts the fitted plot. The dielectric loss originates from the gen-
eration of internal heat due to periodic reversal of field. The low-
frequency dielectric loss is attributed to the direct current
(dc) resistivity while the high-frequency loss is due to dipole rota-
tion from low to high energy states.64 Figure 9(f ) shows the
temperature-dependent dielectric loss against the frequency for
the 3NR sample. In the high frequency, dielectric relaxation is
observed owing to the segmental motion of cation coordinated
polymer chains. The dielectric relaxation is observed to shift
toward the high frequency with an increase of temperature (indi-
cated by dotted arrow). This indicates the faster segmental relaxa-
tion of polymer chains due to increased polymer flexibility which
increases the ionic conductivity and ion mobility.65–67

It is also observed in Figure 9(e,f ) that both dielectric constant and
dielectric loss increase with the increase of the temperature and may
be due to the increase in a number of charge carriers (n α T) owing
to the better salt dissociation.68 Figure 9(g) displays the variation of
dielectric constant with temperature at different frequencies for the
3NR sample. It is observed that dielectric constant is higher for
lower frequency and decreases with an increase of frequency. Fur-
thermore, with an increase of temperature, dielectric constant

increases at all frequencies. This increase is attributed to the better
salt dissociation and hence the availability of a more free number of
charge carriers.69,70 In the case of polymer electrolytes, the number
of charge carriers (n) is related with dissociation energy and the
dielectric constant.71 The equation is expressed as eq. (5).

n¼ no exp −
U

ε0kT

� �
ð5Þ

As the real part of complex permittivity, that is, dielectric con-
stant indicates the storage capacity of ions in the material. As
dielectric constant increases with temperature, it results in
more salt dissociation in the cations and anions and hence the
increase in a number of charge carriers participating in the
conduction process. At higher NF/NR content, dielectric con-
stant decreases which may be due to the formation of NF/NR
aggregation that blocks the ion conducting pathways and con-
sequence is the reduction of ionic conductivity.63 The above
equation indicates the increase in the number of charge car-
riers. As dielectric constant depicts the storage capacity of ions
and high value of dielectric constant imitates the additional
number of ions stored. The increase of dielectric polarization

Figure 9. Variation of real part of complex permittivity (a) for nanoparticle, (b) NR, and imaginary part of dielectric permittivity, (c) nanoparticle, and
(d) NR (@ 40�C). Temperature-dependent (e) real part and (f ) imaginary part of complex permittivity for 3NR sample. The solid red line is the fitted plot.
(g) The variation of dielectric constant with temperature for 3NR sample, (h) variation of dielectric strength, and (i) relaxation time for various nanoparti-
cles and NR-based PNCs. [Color figure can be viewed at wileyonlinelibrary.com]
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is also enhanced by the increased segmental motion of poly-
mer chain due to increased polymer flexibility and segmental
motion of polymer chain.72,73

Figure 9(h) shows the variation of dielectric strength (Δε = εs–ε∞)
for NF and NR dispersed polymer electrolyte. It is observed that
with an increase of NF and NR content dielectric strength increases
with a maximum for 3NF and 3NR sample. Further increase of con-
tent decreases the dielectric strength which may be due to the nonu-
niform dispersion of nanoparticle and NR in the polymer matrix.
However, the dielectric strength is higher for the polymer nanocom-
posites dispersed with NR as compared to the NF in all combina-
tions. The increase of dielectric strength may be due to the higher
surface area associated with NR as compared to NF. The frequency-
and temperature-dependent dielectric properties suggest the key role
of nanoparticle shape on the ion dynamics. Figure 9(i) shows the
variation of relaxation time (τε0 ) for PNCs dispersed with nano-
particle and NR. It is clearly observed that the relaxation time
decreases with the increase of the nanoparticle and NR content

with minima for the 3NF/3NR sample. Comparatively, the relax-
ation time was lower for the PNCs dispersed with NR and is in
good agreement with the impedance results which shows the
highest ionic conductivity for this system (3NR). The above anal-
ysis confirmed that the rod-shaped morphology plays an effective
role in enhancing the ion migration as evidenced by the decrease
of the relaxation time and increase of dielectric strength. The
decrease of the relaxation time indicates the increase in the flexi-
bility as well the amorphous content in PNC matrix and hence
confirm the faster/easier segmental motion of polymer
chains.74,75 The increase in dielectric strength [Figure 9(h)] is in
strong correlation with the decrease of relaxation time and the
ionic conductivity. The ionic conductivity increases with the
increase of the number of the free charge carriers which is
directly linked with the dielectric strength. The 3NR sample
exhibits the highest ionic conductivity and dielectric strength
which suggest the faster ion conduction for this sample and
hence the low relaxation time as evidenced in Figure 9(i).

Figure 10. Variation of real part of complex conductivity (a) for nanoparticle, (b) NR, and imaginary part of complex conductivity, (c) nanoparticle, and
(d) NR (@ 40�C). Temperature-dependent (e) real part and (f ) imaginary part of complex permittivity for 3NR sample. The solid red line is the fitted plot.
[Color figure can be viewed at wileyonlinelibrary.com]
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Complex Conductivity Analysis. Figure 10(a–d) shows the
frequency-dependent real (σ

0
) and imaginary (σ

00
) part of the elec-

trical conductivity for SPE dispersed with NF/NR. The variation
of σ

0
and σ

00
explores the three phenomena: (1) EP region (low-

frequency window), (2) dc conductivity region (intermediate
frequency window), and (3) conductivity dispersion region (high-
frequency window).76 In the low-frequency window, the σ

0
plot

shows the huge decrease in σ
0
,attributed to the dominance of EP

effect at electrode–electrolyte interface owing to the charge accu-
mulation. It indicates the formation of the electric double layers
at the electrode–electrolyte interface.67,77,78 With increase of the
frequency, in the intermediate frequency region almost
frequency-independent plateau in σ

0
is observed and is associated

with the macroscopic dc conductivity (σdc). The higher value of
dc conductivity suggests the high crossover frequency or lowering
of relaxation time.79–81 In this region, the hopping of the charge
carriers from one coordinating site to another via the polymer
matrix results in long-range ion diffusion.82 Further increase of
frequency leads to the change in the slope of the conductivity
versus frequency plot and is attributed to the dispersive region [-
Figure 10(a,b)]. Also for the polymer electrolyte dispersed with
NR the dc conductivity is higher and it suggests that the cross-
over frequency shift toward higher frequency, hence faster ion
migration. The obtained frequency dispersion may be explained
using the jump relaxation model and is typical behavior of ionic
conductors.56,83–85 It proposes that in the low-frequency window,
that is, ω ! 0, an ion can jump from one coordinating site to
another successfully and contributed to the dc conductivity. Now,
when the frequency is above the crossover frequency, then the
lowering of relaxation time evidences the increase in the ion hop-
ping probability back to initial site with null probability of for-
ward ion hopping to new site. In the high frequency, the
possibility of correlated forward–backward hopping along with
the relaxation of the dynamic cage potential leads to the disper-
sion observed in the high frequency according to universal
Jonscher power law. Further it may be noticed from the plot
[Figure 10(a–d)] that the frequency-independent plateau shifts
toward the high frequency with NF/NR dispersion and suggests
the increased amorphous content as well as faster segmental
motion of the polymer chains. It was evidenced from Figure 9
(i) that relaxation time reduction is more for NR dispersed sys-
tem as compared to NF. It provides strength to the proposed
hypothesis and suggests more amorphous content for NR than
NF.73,86 The suppressed dispersive region indicates the high mac-
roscopic dc conductivity and lies above the upper limit of current
experimental range.

The frequency-dependent imaginary (σ
00
) part is shown in

Figure 10(c,d). It may be noted from Figure 10(c,d) that in the
high-frequency window the σ

00
shows increase with frequency.

Now, when we move from the high frequency to low frequency
side then σ

00
decreased and a peak is observed in the plot, that

is, ωonset.

At this frequency, the EP starts and σ
00
increases continuously up

to a peak frequency, that is, ωmax. The maxima associated corre-
sponding to the peak ωmax indicates the full development of the
EP. Furthermore, decrease of frequency shows the decrease in
the σ

00
and an identical trend is observed for all systems. All

the polymeric systems show similar frequency dependence. The
solid red line in the plot represents the simulated results
(by Origin nonlinear curve fitting software) obtained by using the
equations reported elsewhere.58 It may be observed that both real
and imaginary parts of the complex conductivity are in good
agreement with the experimental results.

Figure 10(e,f ) shows the temperature-dependent real and imagi-
nary part of conductivity and the solid line shows the fitted plot.
It may be noticed that with an increase of temperature EP region
increases and dc conductivity region starts disappearing [-
Figure 10(e)]. It confirms the thermally activated ion transporta-
tion and is the result of: (1) formation/breaking of coordinating
sites and (2) increased the segmental motion of polymer chain.
Figure 10(f ) shows the shift of ωmax and ωon toward high fre-
quency and indicates the faster ion mobility in polymer matrix.
The conductivity relaxation time was calculated using eq. (6):

τσ ¼ 1
2πfp σð Þ

ð6Þ

where fp(σ) is the frequency value corresponding to the σ
00
spec-

tra.87 Figure 11 displays the variation of the relaxation time with
temperature and decrease of relaxation time indicates the faster
ion migration.

Modulus Formalism. The modulus spectroscopy is an important
formalism as it suppresses the EP. Figure 12(a,b) displays the var-
iation of real and imaginary parts of the modulus against the fre-
quency at 40 �C. The low value in the low-frequency window is
due to the minor contribution from the EP and increase with the
increase of the frequency.88 Figure 12 shows the low value of M0

in the low frequency and indicate the ion migration via the con-
duction process.89 In Figure 12(b), no transition peak was
observed that may lie beyond the measured frequency range.

At the peak frequency, the transition from long-range to short-
range ion mobility occurs when we move from low to high fre-
quency and is termed as the frequency of conductivity relaxation.
The flat region in the plot indicates the ion migration over long
distances and is the result of large capacitance associated with

Figure 11. Variation of relaxation time (τσ) with temperature for 3NR sys-
tem. [Color figure can be viewed at wileyonlinelibrary.com]
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EP.90 The region which is not in the plot (above the experimental
frequency range) evidences the ion confinement in the potential
wells or short-range ion mobility. The low intensity of the M00 for
the NR-based PNCs indicates the faster chain movement as com-
pared to NF.28,91 This confirms that the NR shaper nanoparticle
is more effective in enhancing the ion migration.

Stability Analysis
Electrochemical Stability Window. Another key factor to check
the feasibility of the SPE is electrochemical stability window (ESW).
The voltage stability window was determined by sandwiching the

PNC between symmetric SS electrodes (Configuration: SS|PNC|SS)
over −3 to 3 V by LSV.92 Figure 13 shows the LSV plot for the
TiO2 nanoparticle (NF and NR). For SPE with 1 NF voltage window
has been found to be between ~4.2 (−2.2 to 2 V) and increases to
4.35 (−2.4 to 2 V) for the 4 NF system. While the right figure dis-
plays the voltage window with NR and obvious change occurs with
a variation of nanoparticle content. Even at lower NR content
(1NR) voltage window has been found larger (~4.35 V) than the NF
system and increase up to ~4.8 V (i.e., −2.45 to 2.5 V). Although at
about 5 V (i.e., at −2.5 and 2.5 V), an abrupt increase of current
was observed which indicates the electrolyte decomposition.93–95 It

Figure 12. Frequency-dependent (a) real part and (b) imaginary part of complex modulus for polymer electrolyte dispersed with NF and NR. [Color figure
can be viewed at wileyonlinelibrary.com]

Figure 13. LSV of the SPE with TiO2 NF and NR at room temperature. [Color figure can be viewed at wileyonlinelibrary.com]
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may be noted that the SPE system with NR exhibits favorable and
wider voltage stability window (~4–5 V) for real practical applica-
tions with safety in solid-state SIBs.

Thermogravimetric Analysis. The thermal stability is evaluated
by TGA thermograms in terms of weight loss as a function of
temperature for polymer salt and polymer salt dispersed with NF
and NR under N2 atmosphere at a scan rate of 10 �C. The slight
weight loss below 100 �C may be due to the presence of moisture
in the electrolyte and solvent evaporation. The negligible weight
loss is observed for the polymer electrolyte dispersed with NF/NR
(Figure 14). First decomposition temperature is at about 200 �C
and shifts toward high temperature after the dispersion of NF/NR
that indicates the enhanced thermal stability (Table II).

Furthermore, a weight loss of about 16.93 wt % is observed for the
polymer salt complex @ 238�C and for the polymer salt dispersed
with NF/NR is at @ 270�C. This shift of temperature directly evi-
dences the increased thermal stability and NF/NR plays an effective
role in slowing down the degradation mechanism.96,97 The rapid
decomposition in the temperature range 250–350 �C may be attrib-
uted to the decomposition of polymer and salt.60 Even at high tem-
perature (@ 400�C), the weight loss is not zero, still 26.09 wt %
yield is there. It may be concluded from the TGA curves that the
prepared PNC is thermally stable up to 250 �C.

CONCLUSIONS

In summary, we have studied the impact of shape of nanoparticle
on the structural, electric, thermal, and dielectric properties of
the SPE complexed with NaPF6. All SPEs were prepared by the

solution cast technique. From the FESEM analysis, it was found
that surface morphology is altered with the addition of NF/NR
and elemental mapping confirms the uniform dispersion in the
polymer matrix. The complex formation was evidenced from the
FTIR analysis and is influenced by the shape of the nanoparticle.
The ionic conductivity is sensitive to the nanoparticle shape and
we found that the NR dispersed system displays higher ionic con-
ductivity than NF. This is attributed to the formation of long and
continuous conduction paths for cation migration. The polymer
electrolyte system with the highest ionic conductivity shows the
lowest activation energy and follows the Arrhenius behavior. In
addition, the ESW has been significantly improved with NR dis-
persion (~4.8 V) than NF dispersion (~4.2 V). The ionic trans-
ference number close to unity is obtained for nanoparticle-
dispersed polymer electrolytes. The increase of the dielectric
strength and ac conductivity was more for NR as compared to
NF. The low value of relaxation time for NR-based system evi-
dences the faster ion mobility and is in correlation with conduc-
tivity results. The complex conductivity and the complex
permittivity are dependent on temperature and confirm the ther-
mally activated process. The modulus formalism suggests the fas-
ter ion migration for NR-based system as compared to NF. The
studies in the present work suggest that the ionic conductivity,
ESW, ion transference number, and dielectric properties strongly
depend on the shape of the nanoparticle, which may be adopted
as a facile strategy to develop new polymer electrolytes for solid-
state sodium ion batteries.
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