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Poly(vinylidene fluoride-hexafluropropylene) (PVDF-HFP) and poly(methyl methacrylate) (PMMA)-based gel polymer
electrolytes (GPEs) comprising propylene carbonate and diethyl carbonate mixed plasticizer with variation of lithium
perchlorate (LiClO4) salt concentrations have been prepared using a solvent casting technique. Structural characterization has
been carried out using XRD wherein diffraction pattern reveals the amorphous nature of sample up to 7.5 wt.% salt and
complexation of polymers and salt have been studied by FTIR analysis. Surface morphology of the samples has been studied
using scanning electron microscope. Electrochemical impedance spectroscopy in the temperature range 303–363 K has been
carried out for electrical conductivity. The maximum room temperature conductivity of 2.83�10�4 S cm�1 has been observed
for the GPE incorporating 7.5 wt.% LiClO4. The temperature dependence of ionic conductivity obeys the Arrhenius relation.
The increase in ionic conductivity with change in temperatures and salt content is observed. Transport number measurement is
carried out by Wagner’s DC polarization method. Loss tangent (tan �) and imaginary part of modulus (M 00) corresponding to
dielectric relaxation and conductivity relaxation respectively show faster relaxation process with increasing salt content up to
optimum value of 7.5 wt.% LiClO4. The modulus (M 00) shows that the conductivity relaxation is of non-Debye type (broader
than Debye peak).

Keywords: Gel polymer electrolyte; ionic conductivity; transport number; Wagner’s DC polarization; impedance.

1. Introduction

The development of ionically conducting polymer electro-
lytes has increased enormous interest due to a wide range of
promising applications in various electrochemical devices
such as fuel cells, electrochromic devices, super capacitors,
solar cells, especially in acquiring a battery that combines
compact shape, long life, low cost, environmental safety, and
high energy density.1,2 A lithium ion battery consists of anode
and cathode as electrodes and polymer electrolyte as sepa-
rator, through which ion transport phenomenon occurs. The
basic requirements for a polymer electrolyte used in a battery
are (1) high ionic conductivity, (2) good mechanical strength,
(3) wide electrochemical stability window, (4) appreciable
Liþ transference number, and (5) low electronic conductivi-
ty.3 In addition to these, the polymer also plays a crucial role
in the mechanism of ionic conduction. Polymer matrix with
polar groups, such as –O–, C=O, =O, –N–, C=N, and C–F
with high dielectric constant have the ability to dissolve salts
and formation of polymer–salt complexes which dissociate
inorganic salt in the polymer matrix. It increases the effective
number of mobile ions that take part in the conduction pro-
cess.4 These polymer electrolytes have a few points of in-
terest, such as no leakage of electrolytes, ease of preparation
of polymer into thin films, high energy density, high

compatibility, and no electrolytic degradation as compared to
carbonate-based liquid electrolytes. However, solid polymer
electrolyte using different polymer hosts such as PEO, PVA,
PMMA, PVDF possesses very low ionic conductivity which
excludes it from practical applications.5 As an alternative
substitute to replace liquid electrolytes, there has been a great
interest in gel polymer electrolytes (GPEs). The GPEs are
important electrolyte candidates due to their ionic con-
ductivity of the order of 10�4 to 10�3 S cm�1.6 GPEs are
acquired by incorporation of a certain amount of liquid
plasticizer/solvent into the polymer–salt system which has
ability to dissolve the salt and maintain liquid state within
the polymer matrix so that the transport of ions occurs in the
liquid-rich swollen gelled phase. From a practical application
point of view, the GPE should possess the properties of good
mechanical strength, ability of absorbing the liquid electro-
lyte, high ionic conductivity, and electrochemical stability
toward both electrodes. Various kinds of polymers such
as poly(methyl methacrylate) (PMMA),7 polyacrylonitrile
(PAN),8 poly(vinyl chloride) (PVC),9 and poly(vinylidene
fluoride) (PVDF),10 etc. act as host polymers for GPE.
All above-said properties of GPE cannot be achieved by
using a single polymer as various problems arise, such as
poor mechanical strength, compatibility towards lithium
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metal anode, and poor interfacial properties.11 Hence, in the
present study, the technique of blending two polymers
PVDF-HFP and PMMA is used to improve the properties of
the polymer matrix. As a polymer host, PVDF-HFP has re-
ceived a lot of attention due to its excellent properties such as
low degree of crystallinity12 and high dielectric constant " �
8.413 that help in higher dissociation of lithium salt. The
PVDF-HFP polymer possesses both amorphous and crystal-
line phases in which the amorphous HFP part can trap large
amounts of liquid electrolytes whereas the crystalline VdF
part assists in the improvement of the mechanical stability for
the formation of a free-standing film.14 PMMA-based GPEs
offer high ionic conductivity very close to liquid electrolytes
10�3 S cm�1 at 25�C and even at low temperatures e.g., at
�20�C, the conductivity remains quite high.7 The blending
of the polymer increases amorphicity or can hinder the
crystalline nature.15,16

The plasticizer is a low molecular weight organic solvent
which has the ability to dissociate the salt and maintain the
liquid state within the polymer matrix.15 It also helps increase
the amorphous phase in the polymer electrolyte. The disso-
ciation increases the number of free mobile ions which
contribute toward the conductivity of polymer electrolyte.
Moreover, the addition of plasticizers to GPE also softens the
polymer backbone which results in high segmental motion
that also assists the movement of ions. Hence, a high di-
electric permittivity and low viscosity are essential properties
of plasticizers to promote the ion-pair dissociation. Single
plasticizer cannot fulfil the requirement of the above-
mentioned properties. Therefore, in the present study, the
mixture of PC (" �64.4, viscosity at 25�C �2.53mPa S) and
DEC (" �2.82, viscosity at 25�C � 0.748mPa S) have been
taken. Recently, many researchers have reported the various
GPEs with various plasticizers to enhance the different
properties such as ionic conductivity, structural properties,
surface morphology, etc.17,18

It is well known that the ionic conductivity of polymer
electrolyte depends on the number of charge species and
transportation of salt ions occurs through the amorphous re-
gion. So, the salt should have low lattice energy and anionic
radius so that the ion can diffuse easily through the polymer
matrix. Propylene carbonate (PC) and LiClO4 have been used
as liquid electrolytes as reported in Ref. 19. The salt LiCIO4

possesses smaller dissociation energy with large anion,
thereby providing higher concentration of lithium ions in the
electrolyte to conduct. Hence, looking into the development
in research field of polymer electrolytes, the present study
focusses on the ionic conductivity of the polymer gel elec-
trolyte based on LiClO4 salt by changing the polymer
structure by blending and using different amounts of salt
dissolved in plasticizers.

Hence, in the present study, we have studied the effect of
LiClO4 salt concentration on conduction properties, dielectric
properties, and relaxation processes of gel polymer blend
electrolyte. The electrolyte films have been characterized by

X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), Scanning electron microscopy (SEM),
and transport number. The AC conductivity provides con-
siderable information on ion dynamics and conductivity
relaxation when results are expressed as a function of fre-
quency. The understanding of conduction mechanism and
applicability of Jonschers power law and Arrhenius law in the
present polymer blend gel electrolyte with LiClO4 salt have
been analyzed.

2. Experimental

2.1. Materials and sample preparation

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
co-HFP) with the molecular weight (Mw) of 400,000 from
Aldrich and poly(methyl methacrylate) (PMMA) with Mw =
350,000 from Alfa-Aesar and lithium perchlorate (LiClO4,
99.99%) obtained from Aldrich have been used. The organic
solvents PC (anhydrous, 99.7%) and diethyl carbonate (DEC,
anhydrous, 99.7%) were procured from Sigma Aldrich as
plasticizers to prepare GPEs.

The GPE samples of different compositions with varia-
tions in salt concentration (listed in Table 1) were prepared by
solution casting method. For preparing gel electrolyte films,
blend was prepared by dissolving both polymers PVDF-HFP
and PMMA (1:1) in acetone. Known amount of LiClO4 salt
was dissolved in the plasticizers PC and DEC, which were
taken in 1:1 ratio with total amount equal to that of polymers.
This electrolyte solution was then mixed into the blend so-
lution for stirring. The solution was stirred until the mixture
gets homogeneous in nature. The solution with different
amounts of salt was cast onto Teflon Petri dish. The samples
were kept above room temperature at about 60�C to form the
gel in the films and allowed acetone to evaporate slowly.
After the evaporation of acetone, free-standing and flexible
thin films of thickness of about 0.12–0.14mm were peeled
off and kept in vacuum desiccators. Then the films were used
for different experimental studies.

2.2. Characterization

Structural behavior of pure samples and GPE samples is
examined by means of XRD analysis. XRD patterns are

Table 1. The various composition of GPE system.

Polymers
Sample
code

PVDF-HFP+
PMMA (wt.%)

Plasticizers
PC+DEC (wt.%)

LiClO4

salt (wt.%)

S1 49 49 2
S2 48 48 4
S3 47.5 47.5 5
S4 46.25 46.25 7.5
S5 45 45 10
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recorded using BRUKER D2-Phaser with CuK radiation of
wavelength ¼ 1.540 in 2� range of 5–70� with a step of
0:05�. FTIR study has been carried out on prepared GPE
films to investigate the complexation of salt in the blend.
FTIR spectroscopic studies are carried out using FTIR 4100
JASCO model in the wave number range of 400–4000 cm�1.
The morphological and surface properties of the prepared
films are examined by a JEOL JSM-6010LA SEM. The ionic
conductivity of the polymer electrolyte films is measured by a
high precision Solartron 1260 Impedance analyzer in the
frequency range of 1Hz to 32MHz at different temperatures
between 303K and 363K. The impedance measurements are
carried out by sandwiching the polymer electrolyte films
between two stainless steel electrodes under spring pressure.
The ionic conductivity of each sample is calculated using the
following equation:

� ¼ t

RbA
; ð1Þ

where t is the thickness of the films, Rb is the bulk resistance
and A is the area of the electrolyte–electrode contact. The
transport number of the samples was measured by using
Wagner’s DC polarization method. The transport numbers
were calculated by using the following equation:

tion ¼ 1� ie
it
; ð2Þ

where tion is the ionic transport number, ie and it are the
electronic and total currents, respectively.

3. Results and Discussion

3.1. XRD analysis

XRD is a powerful tool to determine the crystallinity and
structural changes in a polymer electrolyte system. The XRD
patterns of (PVDF-HFP:PMMA)–(PC:DEC)–LiClO4-based
GPE at different LiClO4 concentrations are shown in Fig. 1.
Diffraction pattern of LiClO4 shows high intense character-
istic peaks which revealed the crystalline nature of the salt.
Two peaks at 29:7� and 38:3� for the pure PVDF-HFP film
have been observed, which confirmed the partial crystalli-
zation of PVDF units in the copolymer and overall its
semicrystalline nature.20

The pattern for pure PMMA shows a broad and less
intensive peak at 2� � 13:8� which indicates complete
amorphous nature of the PMMA film. From the XRD pattern
of GPE samples, it is revealed that the absence of crystalline
peaks pertaining to LiClO4 in the polymer complexes con-
firms the complex formation which seems to occur only in the
amorphous phase21 that confirms the complete dissolution of
the salts in the complex matrix, implying that the salt does not
have any separate phases in the electrolyte. Figure 1 shows
that the prominent peak of PMMA at 13:8� disappeared and
the intense peaks 2� � 29:7�; 38:3� of PVDF-HFP decrease

together with the broadening and the incorporation of LiClO4

up to 7.5 wt.% which indicates the increase in the amorphi-
city of the films. The amorphous phase is maintained up to
7.5 wt.% LiClO4 and on further addition, the crystallinity of
the complex is found to be increased.

3.2. FTIR analysis

FTIR analysis has been used to identify the nature of bond-
ing, functional groups present in a sample and analyze the
interactions among atoms or ions in the electrolyte system.
These interactions can induce changes in the vibrational
modes of the molecules in the polymer electrolyte. This study
has been carried out to analyze the molecular interaction and
complexation in the polymer complexes. Figure 2 shows the
FTIR spectrum of pure PVDF-HFP, pure PMMA and LiClO4.
The FTIR spectra of GPE doped with different concentrations
of LiClO4 in the wave number range 400–4000 cm�1 are
presented in Fig. 3.

The characteristic fundamental vibrational modes with
wavenumbers exhibited by PVDF-HFP, PMMA, and LiClO4

collected from the FTIR experimental spectra are listed in
Table 2. PVDF-HFP contains free electron pairs at the fluo-
rine (F) atoms of CF2 and CF3 groups.22 The peaks at
509 cm�1 and 435 cm�1 are assigned to the bending and
wagging vibrations of –CF2, respectively, and get shifted to
511 cm�1 and 441 cm�1, respectively, with the addition of
lithium salt. The characteristic peak of PVDF-HFP at
836 cm�1 corresponds to the vibration of amorphous phase
(vinylidene group) shifted to higher frequency at 838 cm�1.

10 20 30 40 50 60 70
2θ (degree)

       (a)

      (b)

(c)

   (d) 

    (e)

    (f)

   (g)

      (h)

        (i)

In
te
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)

Fig. 1. XRD pattern of (a) LiClO4, (b) pure PVDF-HFP, (c) pure
PMMA and (PVDF-HFP:PMMA)–(PC:DEC)–LiClO4 system with
LiClO4 content of (d) 0wt.%, (e) 2wt.%, (f) 4wt.%, (g) 5wt.%,
(h) 7.5wt.%, and (i) 10wt.%.
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The characteristics bands of PVDF-HFP at 1401 cm�1

attributed to the crystalline phase are broadened, reduced in
intensity and shifted to 1405 cm�1, indicating that interaction
occurred between polymers and salt and other crystalline

peaks at 1182 cm�1 and 1072 cm�1 of pure PVDF-HFP
reduced in intensity and eventually disappearing when
blended with PMMA leading to the suppression of semi-
crystallinity of PVDF-HFP. It has also been observed that the
characteristic peak of pure PVDF-HFP at 1795 cm�1 is
shifted to 1785 cm�1. The peak at 2842 cm�1 position as-
sociated with CH3 asymmetric stretching vibration of PMMA
gets shifted from 2844 cm�1 to 2848 cm�1and band appear-
ing at 1727 cm�1 is allocated to the symmetrical stretching of
the carbonyl group C=O in the PMMA backbone that shifts
the band toward lower side of the frequency at 1725 cm�1

and intensity is reduced significantly with increasing salt
concentrations. This indicates the strong interaction of Li ions
with the carbonyl group of PMMA. Similar observations
were also reported by Shukla et al.23 in their FTIR studies of
lithium salt polymer complexes. Apart from this, the peak at
2950 cm�1 ascribed to CH3 asymmetric stretching is shifted
to 2954 cm�1 in the complexes.

In addition, many of the peaks of the polymer electrolyte
system disappeared in the IR spectra. The characteristic peaks
of pure LiClO4 are found absent in the polymer electrolyte
complexes which confirm good complexation of the salt with
host polymers. The disappearance or shifting of frequency
from pure polymers shows an interaction of the polymers
with salt in GPE samples.

3.3. SEM analysis

Surface morphology of the GPE films with LiClO4 salt
content of 2wt.%, 4wt.%, 7.5 wt.%, and 10wt.% are shown
in Fig. 4. The image shows uniformly distributed spherical

Table 2. Assignment of important bands of PVDF-HFP, PMMA, and
LiClO4.

Materials Wavenumbers (cm�1) Assignment of bands

PVDF-HFP 3021 Non symmetrical stretching of CH2

group17

2981 Symmetrical stretching of CH2

group17

1401,11182,1072 � crystalline phase17

879,836 Vibration of amorphous phase17

509 CF2 bending
17

484,435 CF2 wagging
17

PMMA 752 CH2 rocking with skeleton
stretching24

842 C-H rocking vibration24

985 Symmetric stretching C-O bond24

1727 Symmetric stretching of carbonyl
group C=O24

2842, 2950 CH3 asymmetric stretching24

LiClO4 628 stretching vibration of ClO�
4
25

937 Symmetrical vibration of ionic pairs
between Li+ and ClO�

4
25

1638, 2352 Stretching and bending vibration of
OH bonds for absorbing water25
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Fig. 2. FTIR spectra of (i) pure PVDF-HFP, (ii) pure PMMA, and
(iii) LiClO4.
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Fig. 3. FTIR spectra of (PVDF-HFP:PMMA)–(PC:DEC)–LiClO4

system with LiClO4 content of (i) 0 wt.%, (ii) 2 wt.%, (iii) 4 wt.%,
(iv) 5wt.%, (v) 7.5 wt.%, and (vi) 10wt.%.
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structures in the GPE film with 2wt.% LiClO4. It shows
normal porous surface with small pore size. The morphology
change to greater pore size when 7.5wt.% of LiClO4 is doped
into the polymer electrolyte. The pores in the polymer com-
plexes help in trapping the large amount of electrolyte solu-
tion. Due to this, the swelled nature of the GPE has been
observed containing 7.5 wt.% of LiClO4. The observed
feature is very similar to those reported by Ramesh et al.26

These microstructures lead to better conducting pathway for
Liþ ions and consequently higher ionic conductivity.

3.4. Conductivity analysis

The electrical properties of the GPE films have been studied
using the AC technique of complex impedance spectroscopy
(CIS) analysis. Typical complex impedance plot of GPE
containing 4wt.% of LiClO4 at 303K along with their
equivalent electrical circuit model fitted with experimental
values by using EIS spectrum analyzer software is shown in
Fig. 5. The complex plot shows a high frequency depressed
semicircle portion which corresponds to the parallel combi-
nation of resistor Rb (bulk resistor) and a constant phase
element CPE1 and a low frequency spike due to the accu-
mulation of charges (double-layer formation) at the electro-
lyte–electrode (blocking electrode) interface represented by

constant phase element CPE2.27 Similarly, complex imped-
ance plot for other GPEs at 303K for different concentrations
of LiClO4 (Fig. 5(inset)) is fitted with equivalent circuit and
fitted parameters are listed in Table 3.

It is obvious from Fig. 5(inset) that the intercept of the
plots on the real axis (Z 0) decreases as the concentration of
lithium salt is varied from 2wt.% to 7.5wt.% and reverse

0 1x103 2x103 3x103 4x103 5x103

0

-1x103

-2x103

-3x103

-4x103

-5x103

CPE2

Z
'' 

(Ω
)

Z' (Ω)

experimental value  
  fitted data

high frequency region

low frequency region0 1x103 2x103 3x103 4x103
0

-1x103

-2x103

-3x103

-4x103

Z
''

(Ω
)

Z' (Ω)

 2 wt% LiClO
4

 4 wt% LiClO
4

 5 wt% LiClO
4

 7.5 wt% LiClO
4

 10 wt% LiClO
4

CPE1

Rb

Fig. 5. Impedance plot of GPE containing 4wt.% of LiClO4 at
303K along with equivalent circuit model (inset impedance plot of
GPE with different concentrations of LiClO4 at 303K).

(a) (b)

(c) (d)

Fig. 4. SEM micrograph of the GPE films containing (a) 2wt.% LiClO4, (b) 4wt.% LiClO4, (c) 7.5wt.% LiClO4, (d) 10wt.% LiClO4.
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trend is seen for the 10wt.% of LiClO4 salt. From the
obtained value of bulk resistance Rb, the ionic conductivity of
GPE is calculated using Eq. (1) and given in Table 4. From
Table 4, it is clear that the conductivity of (PVDF-HFP:
PMMA)–(PC:DEC)–LiClO4 system increases upon the ad-
dition of lithium salt up to 7.5 wt.%. The change in the
value of the DC conductivity ð�DCÞ can be explained by the
theoretical aspects which is given by

�DC ¼
X

ni�iqi; ð3Þ

where ni denotes the charge carrier density, �i is the ion
mobility and qi is the charge of the i ion. From this equa-
tion, the increase in the DC conductivity has been attributed
to the increase in the number of mobile charge carriers ni
and increase in ion mobility �i due to increased amorphous
nature of the polymer electrolyte which reduces the po-
tential barrier, thereby facilitating ion transport faster.28

XRD result of the present system which shows the increase
in amorphous nature is also in good agreement with vari-
ation of conductivity. Ramesh et al.29 have also reported the
increase of amorphicity in PVDF-HFP-based polymer
electrolyte with the increasing amount of LiTf salt. As the
concentration of salt is increased above 7.5 wt.%, the con-
ductivity is found to decrease due to the formation of ion
aggregates. The formation of ion cluster is responsible
for the decreased number of charge carrier and hence
conductivity.

In the present system, the highest value of DC conduc-
tivity of the order of 2.83�10�4 S cm�1 at 303K is obtained
for the electrolyte film containing 7.5wt.% LiClO4.

3.5. Temperature-dependent conductivity

The temperature dependence of ionic conductivity may pro-
vide valuable information for ionic conduction behavior.
According to Ratner et al.,30 for polymer electrolyte, the
temperature-dependent ionic conductivity generally follows
two ion transport models: Arrhenius behavior and Vogel
Tammann Fulcher (VTF) behavior. In Arrhenius behavior,
the plot of � versus 1000/T is typically linear which is in-
dicative of conduction mechanism via hopping mechanism
decoupled from segmental motion of polymer chain. In VTF
behavior, it shows nonlinear behavior which indicates that the
conduction mechanism involves ion hopping coupled with
the polymer segmental motion.

Figure 6 shows that the variation of DC conductivity
(log�DC) versus reciprocal temperature (1000/T) of GPE
system with different concentrations of LiClO4 salt.

From the plot, it has been observed that ionic conductivity
increases as the temperature increases from 303K to 363K
for all GPE samples. When the temperature increases, the
polymer chains get an easy pathway for the motion of seg-
ments, which offer channels for the migration of ions
resulting in increased ionic conductivity. According to
Mathew et al.,31 in PVAc/PVDF/LiClO4/X, where X=DMC,
DEC, PC, GBL system, with the rise in temperature, the
polymer expands and produces free volume so that mobile
carriers or polymer chain segments can move through the free
volume. In order to give a better understanding of the ionic
conduction mechanism of the GPE films, the linear behavior
of (log�DC) versus reciprocal temperature (1000/T) data have
been fitted to the Arrhenius relation expressed as

� ¼ �0exp
Ea

KBT

� �
; ð4Þ

where �0 is the pre-exponential factor, Ea is the activation
energy, KB is the Boltzmann constant and T is the tempera-
ture in Kelvin. The activation energy is calculated from the
slope of the plot and listed in Table 4. The activation energy
for sample containing 10wt.% LiClO4 is calculated from the
slope of fitting line in the temperature region from 303K to
328K.

As can be seen from Fig. 7, the sample with maximum
ionic conductivity exhibits minimum activation energy. For

Table 3. The parameter of circuit element for GPE system with different
concentrations of LiClO4 at 303K.

Sample code Bulk resistance (Rb) (�) CPE1 (F) CPE2 (F)

S1 3451.1 2.346E-09 2.218E-04
S2 1441 4.381E-09 3.413E-05
S3 324.09 2.051E-09 2.900E-04
S4 72.4 2.052E-09 3.691E-04
S5 138 2.977E-08 5.000E-04

Table 4. Conductivity (�DC), activation energy (Ea), hopping frequency (!p) and carrier concentration term (K), Relaxation time (�tan �), stretching
parameter (�) and transport number (tion) of different GPEs system.

Sample Conductivity (�DC) Activation Hopping frequency K Relaxation time Stretching Transport
code (S cm�1) at 303K energy (Ea) (eV) !p (Hz) (��1 cm�1 Hz�1 K) �tan � (s) parameter (�) number (tion)

S1 5.94�10�6 0.47 1.27 E+07 1.18 E-10 1.24994E-4 0.69 0.97
S2 1.65�10�5 0.39 3.19 E+07 1.57 E-10 9.92865E-6 0.71 0.96
S3 5.73�10�5 0.32 4.01 E+07 4.33 E-10 4.97611E-6 0.61 0.99
S4 2.83�10�4 0.31 6.35 E+07 1.35 E-09 1.98103E-6 0.67 0.99
S5 1.70�10�4 0.53 1.26 E+07 4.10 E-09 9.4626E-6 – 0.97
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high conducting sample, low activation energy (Ea) is
required to acivate the lithium ion for the physical transpor-
tation through polymer matrix which is caused by the
completely amorphous nature.32 According to Li et al.33 ions
or cluster of ions migrate in the pores of polymer, amorphous
domains swelled by electrolyte and along molecular chain of
polymer. The migration of lithium ion along the molecular
chains of polymer is not appreciable. Hence, it can be stated
that increase in conductivity may be due to filled pores with
electrolyte and swelled amorphous domain. Thereafter, ion
clusters are formed, which mitigate the process of conduction
in the polymer electrolyte.

3.6. Frequency dependent ionic conductivity

Figure 8 shows the variation of conductivity as a function of
frequency at different temperatures for 4wt.% LiClO4 salt in
the GPE system. It is observed from the figure that the fre-
quency-dependent conductivity involves general features
which consist of three different regions, (i) a low frequency

dispersive region, (ii) an intermediate frequency plateau
region, and (iii) a high frequency dispersion region.34,35 At
lower frequency region, electrode polarization starts with a
simultaneous sharp decrease in � 0ð!Þ. This feature may be
due to the accumulation of more charges at the electrode–
electrolyte interface at low frequency. A low frequency region
is followed by an intermediate frequency plateau region in
which � 0ð!Þ remains frequency independent upto a certain
frequency. This can be ascribed to the macroscopic DC
conductivity of the materials. At intermediate frequency, ions
travel much faster and jump from one site to another available
site. Successful hop of ion to a neighboring vacant site con-
tributes to the DC conductivity when the frequency is lower
than the hopping frequency (!p). When the frequency
exceeds to hopping frequency (!p), the conductivity con-
tinues to increase with the increase in frequency. The cross-
over from the frequency-independent conductivity to the
conductivity dispersion indicates that the conductivity re-
laxation phenomena is occurring. This behavior of the ionic
conductivity is according to Jonschers power law:
�ð!Þ ¼ �DC þ A!n, where �DC is the frequency independent
DC conductivity, A is the pre-exponential constant, ! is the
angular frequency, and n is the power law exponent. Using
the above equation, the fitting parameters �DC, A, and n are
obtained. AC conductivity studies also provide information
about conductivity relaxation. The ionic conductivity is also
ascribed by the factors like concentration of mobile charge
carriers and hopping frequency of charge carriers35 which are
estimated by the following equations:

!p ¼
�DC

A

� � 1
n
; ð5Þ

K ¼ �DCT

!p
: ð6Þ
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Fig. 8. Variation of conductivity as a function of frequency of GPE
with 4wt.% LiClO4 at different temperatures and the inset shows the
variation of conductivity as a function of frequency of GPE with
7.5wt.% LiClO4 at different temperatures.
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From Fig. 8, it is clear that the hopping frequency (shown
with solid line) increases with the rise in temperature. This is
because increase in temperature results in the expansion of
polymer which facilitates the local empty spaces and expands
the free volume. These promote the segments and Li ion to
move. Consequently, hopping movement of ions is favored
and the ions can hop with higher frequency and shorter re-
laxation time. The AC conductivity plot of higher conducting
sample (inset of Fig. 8) does not show high frequency dis-
persion region as the temperature is increased since the
hopping frequency of charge carrier increases or relaxation
time is too short to be observed in our system. The shifting of
frequency dispersion region of AC conductivity spectrum
towards the higher frequency side with rise in temperature is
reported by Gondaliya et al.36 in plasticized PEO–
AgCF3SO3–SiO2 polymer electrolyte system.

The calculated values of hopping frequency (!p) and
mobile carrier concentration factor (K) for GPE samples
containing different salt concentrations at 303K are tabulated
in Table 4. It is observed that as concentration of LiClO4

increases, the transition from frequency-independent plateau
region to the AC conductivity dispersion region shift towards
the higher frequency side.37 The increase in the hopping
frequency leads to a conclusion that the higher the conduc-
tivity of the sample, the shorter is its relaxation time.38 The
carrier concentration term K is following the same trend as
conductivity data with increasing salt concentration except
GPE containing 10wt.% LiClO4 where hopping frequency
decreases.

To attain better insight on the ion dynamics within poly-
mer electrolyte, the study of scaling behavior of the con-
ductivity spectra is analyzed. The scaling (time temperature
superposition principle/thermorheological simplicity) is a
tool to examine whether conduction mechanism involving ion
dynamics is temperature-dependent or not. Various scaling
laws have been proposed for scaling the AC conductivity
data.39–43

In the present study, Ghosh42 scaling technique is fol-
lowed in which the AC conductivity is scaled by the DC
conductivity �DC and the frequency by the crossover fre-
quency fp which is obtained by fitting conductivity data with
power law �ð!Þ ¼ �DC þ A!n.

� 0

�DC
¼ F

f

fp

� �
: ð7Þ

Scaling of the GPE sample containing 4wt.% LiClO4 at
different temperatures is shown in Fig. 9, from which we note
that the scaled spectra at different temperatures for a com-
position almost merge on a common master curve except a
deviation at lower frequencies which might be due to the
electrode polarization effect. Thus, we conclude that the
relaxation dynamics of charge carriers in the electrolyte fol-
low a common mechanism throughout the entire temperature
range which indicates the temperature-independent nature of
ion conduction mechanism.44

3.7. Dielectric study

Dielectric study helps understand the polarization effect at the
electrode–electrolyte interface and the conductivity behavior.
The frequency-dependent complex dielectric permittivity is
given by "� ¼ " 0 þ j" 00, where " 0 and " 00 are the real and
imaginary parts of the dielectric permittivity, known as di-
electric constant and dielectric loss, respectively. The sig-
nificance of these polymer dielectric constant and dielectric
loss is to explore the ion conduction and relaxation mecha-
nism. The dielectric constant is a measure of the materials
polarization which is associated with the storage of electric
charge and also represents the amount of dipole alignment
in a given volume.45 The equation for the dielectric
constant (" 0) is

" 0 ¼ Z 00

!C0 Z 0 2 þ Z 00 2ð Þ ; ð8Þ

where Z 0 and Z 00 are the real and imaginary parts of the
impedance, ! is angular frequency, and C0 is the vacuum
capacitance.

The dielectric constant (" 0) and dielectric loss (" 00) as a
function of frequency for GPE with 5wt.% of LiClO4 at
different temperatures are shown in Fig. 10.

At lower frequency region, there is a sharp increase in
dielectric constant (" 0) which indicates the existence of space
charge polarization due to the building up of charge at the
interface because of slow periodic reversal effect of the ap-
plied field.46 Hence, the large value of " 0 is obtained at lower
frequencies. While at high frequency, because of fast periodic
reversal effect of the electric field, diffusion of ions is not
feasible and incapability of dipoles to orient themselves in the
direction of the applied alternating field. Hence, the decrease
in the value of " 0 has been observed with increasing fre-
quency. It is also revealed from Fig. 10 that the dielectric
constant increases with increasing temperatures form 303K
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Fig. 9. Scaled conductivity spectra of GPE containing 4wt.%
LiClO4, respectively.
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to 363K which is due to the decrease in viscosity of GPE and
increasing amorphous nature that facilitates the dipole ori-
entation due to greater freedom of movement of dipole
molecular chain of the polymer electrolyte. The dielectric loss
(" 00) becomes very large at lower frequencies due to free
charge motion within the materials and it decreases with the
increase in frequency. However, relaxation effect is masked
due to the presence of high conductivity of the material.

Salt concentration dependence of the dielectric constant at
100Hz, 1KHz, and 10KHz is plotted in Fig. 11. It is clear
from the figure that the trend observed for dielectric constant
is the same as the trend followed by DC conductivity versus
salt concentration of LiClO4 salt as studied in the previous
section. The highest conducting sample has the highest
value of " 0.

At room temperature, the incorporation of LiClO4 up to
7.5 wt.% within the matrix increased the dielectric permit-
tivity " 0 � 4.37E+03 to 1.35 E+06 at 100Hz due to the
increased number density of charge carriers as a result of the

salt dissociation in the polymer matrix.47 At 10wt.% of salt
content, Coulomb interaction between Liþ cations and ClO�

4

anions increases, leading to the re-association of ions to form
ion pairs or ion clusters which reduce the mobile charge
carrier density and hence their contribution toward electrode
polarization thus reduces the value of " 0.47

3.7.1. Correlation between Z 00, tan delta (tan ±) and AC
conductivity (¾ 0)

Figure 12 shows the Z 00 and tan � versus log f for the GPE
sample with 5wt.% LiClO4 at 308K. Both Z 00 and tan � show
the characteristic peak at different frequencies indicating the
occurrence of different relaxation phenomena. The frequency
corresponding to Z 00

max peak of conductivity relaxation can be
correlated with the frequency corresponding to a change in
ion transport from AC (high frequency dispersion region) to
DC (plateau region) in AC conductivity plot (Fig. 12(b)),
whereas the peak of tan � corresponds to the dielectric re-
laxation where the electrode polarization starts. Furthermore,
more information on the relaxation phenomena of system
with the variation of salt concentrations is obtained from the
plot of loss tangent (tan �) as a function of frequency.

The value of tan � is calculated using the following
equation:

tan � ¼ " 00

" 0
¼ Z 0

Z 00 : ð9Þ

Figure 13 shows tan � versus log f curves for GPE for
different concentrations of salt at 303K. This loss tangent
plot consists of well-defined peak at characteristic frequency.

The relation between relaxation time (�tan �) and frequency
corresponding to peak ( fp) is

�tan � ¼
1

2�fp
: ð10Þ

The loss peak is observed to shift toward higher frequency
with increasing salt concentration until 7.5 wt.% LiClO4, thus
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Fig. 11. Variation of dielectric constant with salt concentration
variations at 100Hz, 1KHz, and 10KHz.
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reducing relaxation time. The obtained value of relaxation
times are listed in Table 4. The change in the relaxation time
is inverse of the DC conductivity variation. The reduction in
relaxation time indicates that polymer chain can easily orient
through increased amorphous region and/or empty room by
incorporating more amounts of salt.

3.8. Modulus study

Modulus formalism has been used for further analysis of
impedance data which suppresses the electrode–electrolyte
polarization effect at lower frequency and highlights the
bulk effect at higher frequency. This can be used to study
conductivity relaxation behavior. The electric modulus M �

is defined as M � ¼ M 0 þ jM 00 or M � ¼ j!C0Z �, where M 0

and M 00 are the real and imaginary parts of modulus,
respectively.48

Figure 14 shows theM 00 as a function of log f for different
salt concentrations at 303K. It shows the characteristic peak
at particular frequency ( fmax) where the value of M 00 is
maximum. According to Sharma et al.,48 the frequency re-
gion where f < fmax corresponds to long-range mobility and
higher frequency ( f > fmax) part is attributed to ions spatially
confined in narrow potential well and the frequency range
where peak occurs indicates the transition between long- and
short-range mobility.

It is also observed that the position of the peak maximum
is shifted to higher frequencies and the height of the peak at
high frequency changes with salt concentration. This be-
havior suggests that the charge carrier hopping has taken
place due to the addition of lithium salt due to the increase in

the amorphous nature of GPE which indicates the occurrence
of a relaxation phenomenon. Similar feature has also been
reported by Karmakar et al.49 in PEO–LiClO4 electrolyte
system.

In addition to these, the asymmetric and broad nature
(broader than ideal Debye peak) of the peaks inM 00 curve can
be interpreted as being the consequence of the distribution of
relaxation time and nonexponential behavior of the conduc-
tivity relaxation.50 The complex electric modulus in the form
of a Fourier transform is given by the following relation:

M1 1�
Z 1

0
expð�i!tÞ d	ðtÞ

dt

� �
: ð11Þ

M1 ¼ 1
"1
, where "1 is the limiting high frequency real

part of permittivity and the function 	ðtÞ is the relaxation
function or Kohlrauch–Williams–Watts (KWW) function
represented by49

	ðtÞ ¼ exp
�t

�

� �� ð12Þ

where � is the nonexponential parameter, 0 < � < 1 is an
exponent indicating departure from the debye relaxation
(� ¼ 1), and � is the relaxation time. The parameter � for the
samples are calculated using the formula � ¼ 1:14/FWHM
and are listed in Table 4. From Table 4, it is noted that the
values of � are less than one, which suggests a greater de-
parture from the ideal Debye response.

The spectroscopic plot, i.e., graphs of Z 00 and M 00 versus
log f offers a convenient way of presenting the data as sug-
gested by Grant et al.51 They reported the normalized mod-
ulus and impedance spectra for ideal solid electrolyte (single
RC element) were completely superposable, which can be
interpreted as ideal Debye Curve. The plot of Z 00 and M 00

versus log f for the sample containing 4wt.% of LiClO4 at
308K is shown in Fig. 15. The maxima of Z 00 and M 00 do not
coincide at the same frequency. The peak of Z 00 is at lower
frequency side, whereas peak of M 00 is at higher frequency
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side having broadened nature indicating wide distribution of
relaxation times, i.e., (PVDF-HFP:PMMA)–(PC:DEC)–
LiClO4-based GPE films confirm non-Debye nature.

3.9. Transport number measurements

For polymer electrolytes to be used in rechargeable battery
applications, the main charge carriers should be ions or ionic
conductivity should be mainly due to ions only. That is, the
fractional contribution of ionic conductivity to the total
conductivity should be as close to unity as possible and the
fractional contribution of the electronic conductivity should
be negligibly small (close to zero). Therefore, it is necessary
to determine the fraction of the conductivity due to ions and
electrons. The ionic transport numbers (tion) for the (PVDF-
HFP:PMMA)–(PC:DEC)–LiClO4 GPEs were determined by
means of the DC polarization technique.52 In this technique,
the polarization current was monitored as a function of time
upon the application of a fixed DC voltage across the

(stainless steel SS)/GPE/SS cell. The measured current versus
time data is plotted for GPE and is shown in Fig. 16.

The ionic transport numbers are calculated from the
polarization current versus time plot by using Eq. (2). The
calculated transport numbers are listed in Table 4. For all
the blended polymer gel electrolyte system, the values
of the ionic transport number are measured in the range of
0.96–0.99. This suggests that the charge transport in these
polymer electrolytes is mainly due to ions and only a negli-
gible contribution comes from electrons.53

4. Conclusions

. In the present study, gel polymer blend membranes com-
posed of (PVDF-HFP:PMMA)–(PC:DEC):LiClO4 with
different amounts of LiClO4 salt were prepared by a so-
lution casting technique.

. A substantial enhancement in conductivity was observed
with the addition of LiClO4. We obtained the maximum
ionic conductivity of 2.83�10�4 S cm�1 for the samplewith
7.5 wt.% LiClO4. The increase in the ionic conductivity up
to salt concentration of 7.5 wt.% LiClO4 is due to increase in
the amorphicity in the gel polymer blend. XRD result, FTIR
spectra, and SEMmicrographs strongly support our results.
At 10wt.% of LiClO4, the ionic conductivity decreases due
to the increase in crystalline nature of GPE.

. The ionic conductivity is temperature-dependent and fol-
lows the Arrhenius relation for all systems confirming that
ion transport mechanism through hopping mechanism
decoupled from polymer chain segmental motion. The
lowest activation energy of 0.31 eV and highest conduc-
tivity for the sample containing 7.5 wt.% of LiClO4 are due
to ease of hopping of ions through amorphous and swelled
regions (regions filled with electrolyte) of GPE. This
sample possesses lowest relaxation time and shows
the presence of micropores which provides pathway for
diffusion of ions.

. The increase in the dielectric constant with increasing
temperatures as well as salt content reveal the availability
of ions due to the dissociation of ion pair and increased
amorphicity. The different peak positions of Z 00 and M 00

spectra confirm the distributed relaxation time and non-
Debye nature of the gel electrolyte system. The lower value
of �ð< 1Þ indicates greater departure from ideal Debye-
type behavior.

. The high conductivity and ionic transport number (near
unity) suggest that these electrolytes are suitable for use in
electrochemical devices, especially in lithium ion battery.
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Abstract
A gel polymer electrolyte based on poly(vinylidene fluoride–hexafluoropropylene) (PVDF–HFP) and poly(methyl meth-
acrylate) (PMMA) as host polymers, lithium perchlorate ( LiClO

4
 ) as salt has been prepared with different concentrations of 

mixture of propylene carbonate (PC) and diethyl carbonate (DEC) (1:1) as plasticizers by using solution casting technique. 
Changes in structural properties have been studied by X-ray diffraction. Surface morphology has been analyzed using 
atomic force microscope studies. Electrical conductivity has been carried out by electrochemical impedance spectroscopy 
in the temperature range 303 K to 343 K. Addition of plasticizers to polymer blend electrolyte has been found to result in an 
enhancement of the ionic conductivity. A maximum electrical conductivity of 1.03 × 10

−3 S cm−1 at 303 K has been achieved 
for the polymer blend gel electrolyte containing 60 wt% of PC:DEC plasticizers. The temperature dependence of the ionic 
conductivity exhibits Vogel–Tammann–Fulcher type behavior indicating a strong coupling between the ionic conductivity 
and the polymer chain segmental motions. AC conductivity has been analyzed using Jonscher’s power law. A relaxation 
phenomenon is studied with modulus formalism.

1 Introduction

With increasing demand of energy storage and energy con-
version devices in day to day life, polymer electrolytes (PEs) 
have been found to have increasing interest due to advanta-
geous properties such as leakage proof electrolyte, high ionic 
conductivity, light in weight, good mechanical strength, high 
energy density, high specific energy, wide electrochemical 
stability, easy to prepare, etc. [1]. However, solid PE films 
have some drawbacks such as relatively low ionic conductiv-
ity and electrochemical stability which restricts their use in 
battery fabrication. Looking into such limitations, Feuillade 
and Perche in 1975 had introduced gel PE (GPE) also known 
as plasticized PE [2]. GPE films possess the improved ionic 
conductivity and significantly enhanced interfacial proper-
ties [3]. The ionic conductivity strongly affected by various 
factors such as

– simultaneous anions and cations motion,
– ion pair formation,
– amorphous nature of film,
– less viscous medium for the motion of ions and
– high dielectric constant.

GPE incorporates both diffusive property of liquids 
and the cohesive property of solids [4]. GPE based on 
poly(acrylonitrile) (PAN), poly(vinyl chloride) (PVC), 
poly(vinylidene fluoride) (PVDF), poly(methyl methacrylate) 
(PMMA), PVDF–hexafluoropropylene (HFP) has been exten-
sively studied in recent year [5, 6]. The GPE is made-up by 
blending a large amount of plasticizers into the host polymer 
such as PAN, PVDF, PMMA, PEO and lithium salt. Polymer 
forms wide network and establish structural support through 
which the ion conduction takes place. The ionic conductivity 
is primary factor of PE to be used as electrolyte in lithium 
ion batteries. The mobility of ions in the PE determines the 
conductivity � and the performance of the PE. A plasticizer, 
such as ethylene carbonate (EC), propylene carbonate (PC), 
dimethyl carbonate (DMC), etc. improves the electrical con-
ductivity of PE by enhancing polymer chains flexibility and 
also improve the stability of electrode/electrolyte interface [7]. 
Many reports are there with EC and PC plasticizers but the 
PC + DEC mixture has better properties with such as high 
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dielectric constant and high donor number [3] which increases 
amorphous content of PE when mixed, reduces ion pairing in 
PE and lowers the glass transition temperature ( Tg ) [8]. PC 
has high dielectric constant ( � ≈ 64.6 ) but has high viscos-
ity ( � ≈ 2.53 mPa s), whereas DEC has low dielectric con-
stant ( � ≈ 2.82 ) and low viscosity ( � ≈ 0.748 mPa s). Hence, 
mixture of PC:DEC (1:1) plasticizers having high dielectric 
constant and lower viscosity is used to achieve high ionic 
conductivity. In GPE, ionic conduction takes place mainly in 
the liquid plasticizers, although there are some weak interac-
tions between the polymer matrix and lithium ion. According 
to Baskaran et al. [9], the addition of plasticizer to the PE 
decreases the glass transition temperature of the polymer as 
well as softens the polymer backbone, which result in high 
segmental motion and thus increases the ionic conductiv-
ity. Hence, high dielectric constant ( � ), low viscosity ( � ) are 
desired properties of organic solvent/plasticizer to form GPE. 
Mathew et al. [10] reported the influence of plasticizer in PVA/
PVDF polymer blend electrolyte and reported that PVDF 
based polymers are expected to be promising host polymers 
on account of their high anodic stability due to strong elec-
tron withdrawing function group (–C–F) and high dielectric 
constant ( � ≈ 8.4 ). These properties can promote ionization 
of salt, thus provide more charge carriers [1]. Generally pres-
ence of plasticizers deteriorates the mechanical strength of PE 
hence, blending of polymers has been considered to enhance 
mechanical stability in the present study [10]. For this, PMMA 
is used as a blender with PVDF–HFP polymer due its advan-
tageous properties such as good compatible nature with other 
polymers, high chemical resistance, surface resistance, electri-
cal properties, etc. [11]. PMMA is not only lightweight and 
transparent polymer having lesser reactivity toward lithium-
metal-based anode but is predominantly insulating with only 
electronic transport behaviour. It can be modified into an ioni-
cally conducting system because it comprises of two prob-
able solvating hetero-atom/polar functional groups (i.e., C=O, 
O–CH) with electron donating ability, which are important 
sites for cation coordination playing crucial role in controlling 
conductivity level and determining the nature of interaction 
of the ions with the polymer matrix [12]. Lastly, salt is the 
main component of the PE that provides conducting species to 
GPE. LiClO4 salt is chosen because of its smaller ionic radius, 
smaller dissociation energy and the high solubility in most of 
the organic solvents [10]. In the current work we report the 
effect of PC:DEC plasticizers in PVDF–HFP:PMMA–LiClO4 
system on structural and electrical properties.

2  Materials and methods

2.1  Materials

Poly(vinylidene f luoride-co-hexaf luoropropylene) 
(PVDF–HFP) (Mw = 400,000 g mol−1 ) from Sigma Aldrich 
and PMMA (Mw = 350,000 g mol−1 ) was purchased from 
Alfa Aesar as host polymers. Lithium perchlorate ( LiClO4, 
99.99% ) as salt and organic solvents PC (anhydrous, 99.7% ) 
and diethyl carbonate (DEC, anhydrous, 99.7% ) as plasticiz-
ers were purchased from Sigma Aldrich to prepare GPE.

2.2  Methods

The samples were prepared by solvent casting technique 
with the composition shown in Table 1. Appropriate amount 
of PVDF–HFP and PMMA in equal ratio (1:1) were dis-
solved in acetone. Weighed amount of LiClO4 salt was then 
dissolved in different amount of plasticizers PC:DEC which 
are also taken in equal ratio (1:1). This electrolyte solution 
was then mixed into the blend solution of polymers. The 
total mixture was stirred for 8 to 10 h using magnetic stirrer 
to get homogeneous solution. This solution, which gradu-
ally gets viscous due to evaporation of acetone after stirring 
few hours, was cast onto Teflon Petri dish and kept it above 
room temperature at about 60 ◦ C to form the gel in the form 
of film and allowed acetone to evaporate slowly. After the 
evaporation of acetone, free standing homogeneous and flex-
ible film of thickness of about 0.22 mm were peeled off 
and kept in vacuum desiccators. The films were used for the 
different experimental studies. The prepared GPE samples 
with different weight percentages of plasticizers PC:DEC 
were subjected to X-ray diffraction analysis, using an X-ray 
diffractometer (Bruker D2-Phaser) with Cu K α radiation of 
wavelength � = 1.540Å in 2 � range of 5 ◦–70◦ with a step 
of 0.05◦. AFM has been carried out to investigate the sur-
face topology by using easy scan 2 AFM version 2.0 Nano-
surf. The ionic conductivity of the various GPE films was 
measured by impedance spectroscopy in the frequency range 
20 Hz to 2 MHz between 303 and 343 K by using a E4980 

Table 1  The compositions of GPE system with different concentra-
tions of PC:DEC

Sample code PVDF–
HFP 
(wt%)

PMMA (wt%) LiClO
4
 (wt%) PC:DEC 

(wt%)

S1 36.0 36.0 8 20
S2 31.5 31.5 7 30
S3 27.0 27.0 6 40
S4 22.5 22.5 5 50
S5 18.0 18.0 4 60
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Agilent LCR meter. The impedance studies were carried 
out by sandwiching the PE films between two stainless steel 
electrodes under spring pressure.

3  Results and discussion

3.1  XRD analysis

XRD pattern of PVDF–HFP, PMMA, LiClO4 and 
PVDF–HFP:PMMA–(PC:DEC)–LiClO4 GPE membranes 
with different concentrations of PC:DEC plasticizers from 
20 to 60 wt% are shown in Fig. 1.

Diffraction pattern of LiClO4 shows high intense char-
acteristics peak which revealed the crystalline nature of 
the salt. Two broad halos at 29.7◦ and 38.3◦ for the pure 
PVDF–HFP film have been observed which confirmed the 
amorphous structure of PVDF units in the copolymer [13]. 
The X-ray pattern for pure PMMA shows a broad halo at 
2 � ≈ 13.8◦ which indicates complete amorphous nature of 
PMMA film. XRD pattern of different composition mem-
branes do not show any characteristics peak of LiClO4 salt 
indicating the complete dissolution of lithium salt in the 
polymer matrix [14]. XRD diffraction pattern of GPE sam-
ples show no X-ray peaks except a broad peak at about 29◦. 
The increase in the height of peak along with broadening at 
∼ 29◦ as the amount of PC:DEC plasticizers increased from 
20 to 60 wt% indicates the increasing amorphous nature of 
the GPE films. This is because when low molecular weight 
plasticizers PC:DEC are added into the complex system, 

it promotes the separation of inter and intra chains due to 
trapping of plasticizer into polymer matrix [14]. Similar 
features have also been reported by Song et al. in their sys-
tem 85PVDF–HFP:15LiBF4 + X wt% (EC + PC) systems in 
which EC:PC has been taken instead of PC:DEC and amount 
of plasticizer was very high up to 200 wt% [3]. According 
to Song et al., small-molecule of plasticizer, when added in 
to the polymer, interrupt the crystalline nature of polymer. 
Based on the XRD patterns, the degrees of crystallinity of 
GPE films continues to decrease with the addition of plasti-
cizer amount in the films.

3.2  AFM analysis

In the present study, AFM is used to study the morpho-
logical properties of prepared GPE films. Two and three 
dimensional topographical images of the GPE system con-
taining 30 wt% and 60 wt% PC:DEC are shown in Fig. 2. 
Two dimensional image of GPE containing 30 wt% PC:DEC 
shows the presence of pores where as smooth surface has 
been observed for GPE system containing 60 wt% PC:DEC 
within the scan are of 63.4 × 63.4 μ m. This smooth surface is 
mainly due to entrapped electrolytes within the pores causes 
modification in the surface topology which are responsible 
for easy ionic movement. Another conclusion can be drawn 
from the figure that the size of pores has been reduced with 
addition of higher amount of plasticizers indicates plasticizer 
rich phase of GPE having 60 wt% PC:DEC through which 
ion conduction takes place. In three dimensional view of 
topography image, well defined mountain valleys have been 
observed. The root mean square (rms) roughness values are 
found to be 552.2 nm and 83.70 nm for the GPE system hav-
ing 30 wt% and 60 wt% PC:DEC plasticizers respectively. 
Similar effect has also been reported by Subbu et al. [15] for 
PEO/PVdC-co-AN/LiClO4/EC based system.

3.3  Conductivity study

Ionic conductivity is key factor for PE to be used 
in device application. The impedance plot of 
PVDF–HFP:PMMA–PC:DEC–LiClO4 system with differ-
ent concentrations of PC:DEC content at 303 K is shown in 
Fig. 3. The plot consists of high frequency semicircle due 
to bulk effect of GPEs only in the samples with low amount 
of PC:DEC but a low frequency inclined spike which is due 
to interface between electrode–electrolyte in all the sam-
ples. As plasticizer concentration is increased from 20 to 
60 wt%, the disappearance of high frequency circle for the 
given system indicates the GPE system are mainly high ionic 
conductor [16].

The intercept of low frequency spike with real axis (Z′ ) 
of impedance plot shows the bulk resistance ( Rb ) of GPEs. 
From the Fig. 3, it has been observed that the values of Rb 

Fig. 1  XRD pattern of (a) LiClO
4
, (b) pure PVDF–HFP, (c) pure 

PMMA and PVDF–HFP:PMMA–PC:DEC–LiClO
4
 salt with 

PC + DEC content of (S1) 20 wt%, (S2) 30 wt%, (S3) 40 wt%, (S4) 
50 wt% and (S5) 60 wt% respectively
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decreases as concentration of PC:DEC is increased from 20 
to 60 wt%. From the obtained value of Rb, the ionic conduc-
tivity � of the GPE has been calculated using the following 
equation

(1)� =
t

RbA
,

where t is the thickness of the films, A is the contact area of 
the electrolyte–electrode surface and Rb is the bulk resist-
ance of polymer films. The variation of ionic conductiv-
ity with different PC:DEC content are shown in Table 2. 
It can be seen that the value of the conductivity increases 
from 1.92E−07 to 1.03E−03 S cm−1 with the increasing 
the amount of PC:DEC plasticizers from 20 to 60 wt%. The 
value of the DC conductivity ( �dc ) can be described by

where ni denotes the charge carrier density, �i is the ion 
mobility and qi is the charge of the ith ion. From this 

(2)�dc =
∑

ni�iqi,

Fig. 2  AFM micrograph of PVDF–HFP:PMMA–PC:DEC–LiClO
4
 gel polymer electrolyte films: two dimensional view of GPE containing a 

30 wt% PC:DEC, b 60 wt% PC:DEC and three dimensional view of GPE containing c 30 wt% PC:DEC and d 60 wt% PC:DEC

Fig. 3  Impedance plot of PVDF–HFP:PMMA–PC:DEC–LiClO
4
 sys-

tem at different concentration of PC:DEC plasticizers at 303 K

Table 2  Values of bulk resistance ( Rb ) and DC conductivity ( �dc ) of 
different GPE system

Sample code Bulk resistance, Rb ( Ω) DC conduc-
tivity, �dc 
(S cm−1)

S1 286,187.87 1.92E−07
S2 2003.64 1.57E−05
S3 965.6 3.26E−05
S4 144.02 2.62E−04
S5 38.27 1.03E−03
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equation, the enhancement in conductivity can be attrib-
uted to change in both mobility and carrier concentration. 
According to Sharma et al. [17], addition of high dielectric 
constant plasticizer in polymer complexes reduces the inter-
ion coulomb interaction and more number of ion contributes 
toward the conductivity. The purpose of adding PC:DEC 
plasticizers is to increase the free volume of PEs, resulting 
in increasing ionic conductivity because the free volume 
within the polymer increases, rotation of polymer chain 
occurs more freely and ion transport in PEs becomes more 
easily. In our system, addition of high dielectric constant 
and low viscous PC:DEC plasticizer in the polymer matrix 
results in a dissociation of the salt which increases carrier 
concentration ni while carrier mobility �i of charge carriers 
is associated with physical structure of PE. It is believed that 
in crystalline phase, polymer segments are rigid which resist 
the mobility of charge carriers and in amorphous nature the 
polymer segments are flexible which support the easy move-
ment of free charge carriers through polymer matrix. The 
mobility of charge carrier is affected by the amorphicity 
of PE. Nevertheless, the XRD result of the present system 
shows that the amorphicity of GPE increases with increas-
ing the PC:DEC content from 20 to 60 wt% which is in con-
sonance with variation of conductivity. Ulaganathan et al. 
reported the Li ion conduction in PVAc based hybrid PE 
system PVAc/PVDF–HFP/LiClO4/X, where X is different 
plasticizers. He reported the system with maximum con-
ductivity 3.982 × 10−4 S cm−1 at 303 K for X = EC. The 
plasticizer would dissolve enough charge carriers and pro-
vides more mobile medium for the ions so as to enhance the 
conductivity behavior of the sample [18].

3.4  Temperature dependent conductivity

The temperature dependence of ionic conductivity may 
provide valuable information for ionic conduction behav-
ior. Figure 4 shows complex impedance plot of the system 
PVDF–HFP:PMMA–PC:DEC–LiClO4 with PC:DEC con-
tent of 60 wt% at different temperatures. The intercept of 
spike with real axis clearly shows a decrease in bulk resist-
ance ( Rb ) with the increase in temperature and the ionic 
conductivity of all GPEs system in the temperature range 
from 303 to 343 K is calculated using Eq. 1.

The variation of log �dc with the inverse temperature for 
PVDF–HFP:PMMA–PC:DEC–LiClO4 GPE system at differ-
ent concentrations of PC:DEC is plotted in Fig. 5.  Accord-
ing to Ratner et al., [19] for PE, the temperature-dependent 
ionic conductivity generally follows Arrhenius behavior and 
Vogel–Tammann–Fulcher (VTF) behavior which reveal the 
ion conduction behavior in PE system. In Arrhenius behavior, 
the plot of log � versus 1000/T is typically linear which is 
indicative of conduction mechanism via hopping mechanism 
decoupled from segmental motion of polymer chain. In VTF 

behavior, it shows nonlinear behavior which indicates that the 
conduction mechanism involves ion hopping coupled with the 
polymer segmental motion [20]. The VTF equation is mostly 
applied for amorphous ionic conductivity, while the Arrhenius 
equations is applied for ionic conductivity in crystalline system 
[21]. Figure 5 shows the linear plot of �dc versus 1000/T for 
the GPE system containing 20 wt% PC:DEC indicates that 
temperature dependent conductivity follow Arrhenius relation 
which is given by

where �0 is the pre-exponential factor, Ea is the activa-
tion energy, KB is the Boltzmann constant and T is the 

(3)� = �0exp

(

−Ea

KBT

)

,

Fig. 4  Impedance plot of PVDF–HFP:PMMA–PC:DEC–LiClO
4
 GPE 

containing 60 wt% PC:DEC plasticizers at different temperatures

Fig. 5  Temperature dependence of ionic conductivity of PVDF–
HFP:PMMA–PC:DEC–LiClO

4
 GPE with different concentrations of 

PC:DEC
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temperature in Kelvin. This behavior indicates that the ion 
transport is free from segmental motion. For more than 
20 wt% concentration of PC:DEC, temperature dependent 
ionic conductivity plots show nonlinear behavior (curva-
ture) which seems to obey the VTF relation. In this model, a 
strong inter relation between the conductivity and segmental 
motion in polymers is anticipated. The non-linear Arrhenius 
plot of temperature dependent DC conductivity data is accu-
rately described by the VTF equation as follows:

where �0 is the pre-exponential factor, B is the pseudo-
activation energy associated with the polymer segmental 
motion and T0 (T0 = Tg − 50  K) is the temperature cor-
responding zero configurational entropy. The VTF behav-
ior has also been observed by Borgohain et  al. [22] in 
PVAc:PVDF:LiClO4 PEs system and it was proposed that 
the non-linearity behavior of DC ionic conductivity is attrib-
uted to the ion transport assisted by the polymer segmental 
motion. In the present system, Fig. 5 shows the curvature 
behaviour of the Arrhenius plots which can be attributed 
to the presence of strong inter-relation between the ionic 
motion and polymer segmental relaxation means the motion 
of Li+ is coupled with polymer segmental motion. It means 
that the polymer segmental relaxation and ionic motion are 
strongly coupled in the present GPE system. The parameters 
in VTF model are evaluated by nonlinear least square VTF 
fitting and are listed in Table 3.

3.5  AC conductivity

The frequency dependence of the AC conductivity for 
PVDF–HFP:PMMA–PC:DEC–LiClO4 system with differ-
ent concentrations of PC:DEC at 303 K is shown in Fig. 6.

The frequency dependent AC conductivity indicates that 
there are three distinct regions, (i) low frequency dispersion 
region, (ii) mid frequency independent plateau region, and 
(iii) high frequency dispersion region. Low frequency dis-
persion region is due to the accumulation of charge (space 
charge polarization) at electrode–electrolyte interface due to 

(4)� = �0exp

(

−B

T − T0

)

,

blocking electrode. A mid frequency plateau region is attrib-
uted to hopping of the mobile ion due to long range diffu-
sion of ions and known as DC conductivity. High frequency 
dispersion region is due to short range ion transport attrib-
uted to the bulk relaxation of mobile ion hopping which is 
due to the coulomb interaction of the charge carrier [23]. 
A crossover from DC ionic to the dispersive conductivity 
occurs at a particular frequency called crossover frequency. 
This behavior of AC conductivity follows Jonscher’s power 
law, which is given by

where �ac and �dc are known as AC and DC conductivity 
of PEs respectively. While A and n are known as frequency 
independent pre exponential constant and power law expo-
nent, 0 < n < 1. The values of n is zero for an ideal Debye 
dielectric dipolar type material and 1 for an ideal ionic type 
material [23]. The experimental data is fitted (black solid 
line as shown in Fig. 6) with Eq. 5. The value of �dc, A and n 
obtained by fitting are tabulated in Table 4. From the Fig. 6, 
it is observed that the high frequency dispersion region is 
shifted towards higher frequency side as amount of PC:DEC 
plasticizers is increased which indicates that the system relax 
much faster. This might be due to increase in plasticizer rich 
phase with increase in PC:DEC content. For high conducting 
sample i.e. 60 wt% of PC:DEC, frequency falls outside the 
experimental frequency range. It is assumed that at a par-
ticular frequency i.e. the hopping frequency ( �p ), ac conduc-
tivity becomes double of DC conductivity �ac = 2�dc when 
� = �p. Hopping frequencies are estimated by following 
equation and tabulated in Table 4

The addition of PC:DEC plasticizer result in increase in 
DC conductivity and reduction in relaxation time (shown 

(5)�ac = �dc + A�n,

(6)�p =

(�dc

A

)
1

n

.

Table 3  The Arrhenius and VTF parameters from temperature 
dependent conductivity

Sample code Behavior �
0

B T
0

S1 Arrhenius 4.69E−6 – –
S2 VTF 2.21E−4 57.426 282.13
S3 VTF 1.26E−3 109.365 274.38
S4 VTF 7.38E−3 110.108 270.65
S5 VTF 1.45E−2 92.512 267.79

Fig. 6  Frequency dependence of real part ( �′ ) of AC conductivity of 
PVDF–HFP:PMMA–PC:DEC–LiClO

4
 GPE with different concentra-

tions of PC:DEC at 303 K
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in Table  4, which is calculated from hopping frequen-
cies) evidence of fast ion migration. Similar kind of phe-
nomena have also been observed by Pradhan et al. [24] for 
(PEO)25 − NaI + 5 wt% DMMT + X wt% PEG system where 
X = 0, 10, 20, 30, 50. To explain ion conduction mechanism 
involved in the present GPE system based on the variation 
of frequency exponent (n) with temperature, it is estimated 
from variation of log �′ as a function of frequency for GPE 
with 30 wt% PC:DEC at different temperatures (Fig. 7) by 
fitting it with Eq. 5 The frequency exponent (n) as a func-
tion of temperature for the GPE system having 30 wt% of 
PC:DEC is shown in Fig. 8. Various model have been pro-
posed to explain conductivity mechanism such as correlated 
barrier hopping (CBH), quantum mechanical tunneling 
(QMT), the small polaron (SP), and the overlapping large 
polaron (OLP) given in Table 5 [25].

In our system, the decreasing trend of frequency expo-
nent (n) with temperatures suggests that the CBH model is 
suitable for interpretation of ionic conduction mechanism.

3.6  Modulus study

The electric modulus highlights the bulk properties of 
PE system at higher frequency side and can be used 

to understand the conductivity relaxation phenom-
ena. The modulus can be expressed by M∗ = j�C0Z

∗ or 
M∗ = M� + jM��, where M′ and M′′ are the real and imagi-
nary parts of modulus, respectively. Figure 9 shows the 
frequency dependence imaginary part of modulus ( M′′ ) for 
PVDF–HFP:PMMA–LiClO4–PC:DEC system for different 
concentration of PC:DEC at 303 K. It shows the high fre-
quency curve (single relaxation peak) may be attributed to 
bulk effect (ionic conductivity relaxation) [26]. According 
to Druger S. D. et al., increase in M′′ at higher frequency is 
related to jumping of ion from one site to other site over a 
long distance [27]. Long tail at lower frequency region is due 

Table 4  Fitting parameters from 
Jonscher’s power law �dc, A, n 
and calculated �p, � of different 
GPE system

Sample code DC conductivity (from 
Jonscher’s fitting), �dc 
(S cm−1)

A Frequency 
exponent n

Hopping 
frequency, �p 
(Hz)

Relaxation time, � (s)

S1 1.88E−07 1.39E−10 0.61185 1.32E+05 7.60E−06
S2 1.56E−05 1.99E−10 0.7165 6.79E+06 1.47E−07
S3 3.22E−05 4.69E−10 0.67597 1.43E+07 6.97E−08
S4 2.57E−04 1.63E−08 0.48394 4.71E+08 2.13E−09
S5 1.01E−03 4.51E−08 0.46332 2.45E+09 4.08E−10

Table 5  Applicable models with the variation in frequency exponent 
(n) as a function of temperatures

Variation in frequency expo-
nent (n) with temperatures

Applicable models

Decreases with temperature Correlated barrier hopping (CBH)
Temperature independent Quantum mechanical tunneling (QMT)
Increases with temperature Small polaron (SP)
Decreases with temperature 

and again increases
Overlapping large polaron (OLP)

Fig. 7  Variation of log �′ as a function of frequency for PVDF–
HFP:PMMA–PC:DEC–LiClO

4
 GPE containing 30  wt% PC:DEC at 

different temperatures

Fig. 8  Variation in frequency exponent (n) with temperature for 
PVDF–HFP:PMMA–PC:DEC–LiClO

4
 GPE with 30 wt% PC:DEC
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to the electrode polarization phenomenon which shows M′′ 
makes a negligible contribution means M′′

→ 0 as � → 0 
which suggest that the large capacitance values associated 
with the electrodes. Similar feature is also reported by Sami-
natha Kumaran et al. [28].

Another conclusion is drawn from the spectra that the 
position of the peak maximum is shifted to higher frequen-
cies side indicates the occurrence of a relaxation phenome-
non with increasing amount of PC:DEC. For higher conduct-
ing samples, shorter conductivity relaxation time has been 
observed. The height of the peak at high frequency changes 
with plasticizer PC:DEC concentration. This behavior sug-
gests that the charge carrier hopping has taken place due to 
the addition of plasticizer might be due to the increase in 
the amorphous nature of GPE. The asymmetric and broad 
nature of conductivity relaxation can be explained by Kohl-
rausch–Williams–Watts function [29]

where � and � are the conductivity relaxation time and Kohl-
rausch exponent respectively.

Figure   9  ( inset )  i s  the  Argand p lot  for 
PVDF:HFP–PMMA–LiClO4–PC:DEC system with 30 wt% 
and 50 wt% PC:DEC concentration shows a deformed sem-
icircle which reveals the broad relaxation processes and 
non Debye behavior [30]. However complete semicircle 
is not observed, hence, for better visibility, extrapolation 
of semicircle is done. Smallest semicircle indicate higher 
capacitance is associated for GPE system with higher con-
centration of PC:DEC. M′′ versus log f plot for PVDF–HFP: 
PMMA–PC:DEC–LiClO4 system with 20 wt% and 60 wt% 
PC:DEC plasticizers at different temperatures from 303 to 

(7)𝜑(t) = 𝜑0exp
(

−t

𝜏

)𝛽

, 0 < 𝛽 < 1,

343 K is shown in Fig. 10 and inset of Fig. 10 respectively. 
With the raise of temperature, the peak is shifted towards 
higher frequency side and height of the peak decreases sug-
gesting that occurrence of relaxation mechanism [31]. The 
conductivity relaxation is thermally activated.

4  Conclusions

– A GPE comprised of PVDF–HFP and PMMA with lith-
ium perchlorate ( LiClO4 ) salt has been prepared with 
different concentrations of mixture of PC and DEC (1:1) 
as plasticizers by using solution casting technique.

– It has been found that the ionic conductivity increases 
with increasing the PC:DEC plasticizers from 20 to 
60 wt% and the maximum room temperature depend-
ent ionic conductivity is found to be 1.03E−03 S cm−1 
for PVDF–HFP:PMMA–PC: DEC–LiClO4 system with 
PC:DEC content of 60 wt%.

– The increase in the conductivity is due to increase in the 
amorphicity of GPE system which is good agreement 
with the XRD result.

– Temperature dependent conductivity follows the VTF 
behavior except the system with 20 wt% PC:DEC con-
firming that ion conduction mechanism is coupled with 
segmental motion of polymer chain.

– The two and three-dimensional topographic images of the 
sample having a maximum ionic conductivity show plas-
ticizer rich phase with low rms roughness values which 
are responsible for easier ionic conduction and high ionic 
conductivity.

– Frequency dependent AC conductivity has been inter-
preted by applying Jonscher’s power law and from tem-
perature dependent of frequency exponent (n), it can be 

Fig. 9  Imaginary part of modulus ( M′′ ) of PVDF:HFP–PMMA–
PC:DEC–LiClO

4
 GPE at different wt% of PC:DEC at 303 K (inset: 

Argand plot for PVDF:HFP–PMMA–PC:DEC–LiClO
4
 system with 

30 wt% and 50 wt% PC:DEC at 303 K)

Fig. 10  Imaginary part of modulus ( M′′ ) for PVDF:HFP– PMMA–
PC:DEC–LiClO

4
 GPE containing 20 wt% PC:DEC at different tem-

peratures (inset: GPE containing 60 wt% PC:DEC)
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concluded that conduction mechanism in our system is 
attributed to the CBH model.

– The shifting in M′′ peak shows that conductivity relaxa-
tion occurs due to charge carriers hopping mechanism.

– Broad peak of M′′ and deformed semicircle in Argand 
plot revels the non Debye nature of our GPEs system 
means wider distribution of relaxation times.
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Abstract
Toovercome the drawbacks of organic solvent−based liquid electrolytes and a solid polymer
electrolyte as a separator in lithiumpolymer battery, in the recent study gel polymer electrolyte (GPE)
using poly(vinylidene fluoride− hexafluropropylene) (PVDF−HFP) and poly (methylmethacrylate)
(PMMA) as host polymers, lithiumperchlorate (LiClO4) salt as conducting species and propylene
carbonate (PC) and diethyl carbonate (DEC) plasticizers as an organic solvent has been prepared. The
solution casting technique has been adopted to fabricate gel polymer electrolyte (GPE). The prepared
GPEfilmswere analyzed using different experimental techniques to discover the properties ofGPE.
The ionic conductivity of GPEfilms has been carried out using electrochemical impedance
spectroscopic technique. Themaximum ionic conductivity of 3.97E-4 S cm−1 has been obtained for
GPEhaving 60wt%PC:DEC. As an evidence of change in ionic conductivity, structural
characterization has been analyzed using FTIR and SEMwhere, FTIR spectra reveal complex
formation taking place between polymers, salt, and plasticizers and SEMmicrograph shows a change
in surfacemorphology with a change in plasticizers amount. Dielectric analysis has been also carried
out in terms of dielectric constant (e¢) and dielectric loss (e). Cyclic voltammetry (CV) has been
applied tofind electrochemical stability window.

1. Introduction

Nowadays, research has been focused on the development of energy storage and conversion field due to the
demand for electrochemical devices in our day to day life. In any electrochemical devices, the electrolyte plays an
important role [1]. It is used as a separator to avoid contact between the electrodes and conduction of ions takes
place through this electrolyte as shown infigure 1which depict the basic structure of a battery. As a separator,
polymer electrolyte (PE) has been used as a potential candidate in energy storage devices which has taken place of
liquid electrolyte (organic solvent+ salt) due to certain drawbacks such as leakage of liquid electrolyte, internal
shorting of electrodes and explosion etc [2]. These properties of liquid electrolytemake it unsafe during
application as separator in electrochemical devices [3]. A number of researches have been attempted to deal with
these problems by replacing the liquid electrolyte with polymer electrolyte. As a separator in lithiumpolymer
battery, polymer electrolytes should possess following characteristics :(i) high values of ionic conductivity, (ii)
bettermechanical integrity, (iii) large electrochemical stability window4V, (iv) Li+ transport number

+t Li ≈1, and (v) low electronic conductivity. Polymer electrolytes (PEs) are formed by doping ionic salt/
inorganic acid in polymer dopedwith ionic salt or inorganic acidwhich results in the Lewis acid-base complex
electrolytes. The ionic conduction in polyether(PEO)− salt complexes to electrochemical devices wasfirst
explained by Fenton in 1973 [4]. These polymer electrolytes have been the attraction ofmany researchers owing
to unique properties such as free from leakage, highmechanical strength,moreflexible, easy to form in any
shape and size [5, 6]. Despite such interesting properties, these solid polymer electrolytes suffer from some
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drawbacks such as low value of ionic conductivity, electrochemical stability windowprevent its applications in
electrochemical devices [7]. To face the above shortcomings, the research has been carried out on preparing gel
polymer electrolyte(GPE) because of its high ionic conductivity very near to the value of liquid electrolyte [8].

In fact, theGPEhas the cohesive properties of solid and diffusive properties of the liquid. TheGPE can be
prepared by trapping the liquid electrolyte (plasticizers/organic solvents+ salt) in the host polymer such as such
as poly(ethylene oxide)(PEO) [9], poly(methylmethacrylate)(PMMA) [10], poly(vinyl pyrrolidone)(PVP) [11],
poly(acrylonitrile)(PAN) [12], poly(vinyl acetate) (PVAc) [13], poly(vinylidene fluoride) (PVDF) [14], and poly
(vinylidene fluoride−co− hexafluoropropylene) (PVDF−HFP) [15]. Among all of the above polymers, PVDF
−HFP copolymer has been found as a promising polymer host on account of itsmany excellent properties such
as semicrystalline nature, excellent thermal stability, goodmechanical, andwider electrochemical stability.
Another properties including high dielectric constant (ε=8.4) as well as low glass transition temperature
(Tg=−62 °C) assist for greater dissociation of lithium ion species which deliversmoremobile ions in the
system that take part in conduction process [16, 17]. The structure of PVDF−HFP ismade up of a crystalline
part (VDFunit) and amorphous part (HFPunit) [18]. The crystalline part providesmechanical integrity whereas
higher free volume due to the amorphous part assist for a traping liquid electrolyte which results in high ionic
mobility hence ionic conductivity [19]. In addition to these, the existence of strong electronwithdrawing
functional groups (−C−F) in PVDFpolymer chains provides better anodic stability [8]. Themain component
required to prepareGPE is plasticizers which are lowmolecular weight organic carbonates having slow
evaporation.TheGPE is comprised of single plasticizer ormixture of two ormore includes ethylene carbonate
(EC), propylene carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC), dimethyl formamide
(DMF) [1]. Recently, variousGPEs systemhave been reported by a group of researchers by using various
plasticizers to boost the structural, electrical and electrochemical properties [20, 21]. Subbu et al [22] have
designed theGPE system comprised of PEO/PVdC−co−AN /LiClO4/Xplasticizers. In their report, they
studied the physical and electrochemical properties of GPEwith various plasticizers i.e. EC, PC, gBL,DEC,
DMP,DBP and reportedmaximum ionic conductivity of 3×10−4 S cm−1 at ambient temperature for thefilm
with ECplasticizers by virtue of its high dielectric constant.

When these plasticizers are added to host polymer, it plays following roles (i) reduce ion pairing (dissociation
of salt) results in increasing free charge carriers which take part in conduction process and (ii) soften the polymer
backbone promotes the higher segmentalmotion of polymer chains [23]. Thus by introducing plasticizers into
polymers, the physical structure can bemodified that assist for the easier transportation of ions through polymer
and leads to enhancement of ionic conductivity and overall performance of the lithium−ion battery. Hence, the
fundamental key to promote greater ion-pair dissociation, high dielectric constant and low viscous properties of
plasticizers are essential. In the present study, the combination of PC (dielectric constant, ε≈64.4 and viscosity,
η≈2.53mPa S) andDEC (dielectric constant, ε≈2.82 and viscosity, η≈0.748mPa S) have been chosen. A
serious drawback of using plasticizers is degradingmechanical strength of polymer electrolytes. To eliminate this
issue, blendingwith poly(methylmethacrylate) (PMMA) has been considered as an effective approach to
strengtheningmechanical integrity in our present study. In the current study, the investigation on structural,

Figure 1.Basic structure of a typical battery.
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electrical and electrochemical properties of PVDF−HFP:PMMA−LiClO4 based gel polymer electrolyte system
with different amount of PC andDECplasticizers is reported.

2.Materials andmethods

2.1.Materials
As host polymers, Poly(vinylidene fluoride−co−hexafluoropropylene) (PVDF−HFP) (MW=400,000 g
mol−1) and poly(methylmethacrylate) (PMMA) (MW=350,000 gmol−1)was purchased fromSigmaAldrich
andAlfa Aesar respectively. Lithiumperchlorate (LiClO4, 99.99%) from SigmaAldrich is used as conducting
species. The organic solvents propylene carbonate (PC, anhydrous, 99.7%) and diethyl carbonate (DEC,
anhydrous, 99.7%)were procured fromSigmaAldrich and it is used as plasticizers to prepare gel polymer
electrolyte.

2.2.Methods
The solvent casting techniquewas used to prepare gel polymer electrolyte systemPVDF−HFP:PMMA−LiClO
-4 PC:DECwith different concentrations of PC:DEC and the compositions of the system are shown in table 1.
Fixed amount of polymers, i.e. PVDF−HFP and PMMA in the equal ratio (1:1)were dissolved in acetone. A
weighed amount of LiClO4 salt was then dissolved in a different amount of plasticizers PC:DECwhich are also
taken in the equal ratio (1:1). This electrolyte solution (plasticizers+ salt)was thenmixed into the polymer
blend solution. Thismixture was stirred for 8 to 10 hours using amagnetic stirrer to gets a homogeneous
solution. Upon continuous stirring, evaporation of acetonewas done and viscous solutionwere obtained. After
that, it was poured onto Petri dish and the solutionwas kept at about 60 °C to form the solution in the formof
film. Thefilmswere peeled off having thickness of 0.22 mmapproximately whichwas homogeneous and flexible
in nature. All filmswere stored in vacuumdesiccators for the further experimental studies. AC impedance
spectroscopymethodwas used to analyze the ionic conductivity of different GPEfilms in the frequency range
1 Hz to 32MHzby using a high precision Solartron 1260 Impedance analyzer. TheGPE filmswere sandwiched
between two stainless steel electrodes under constant spring pressure to carry out impedance studies. The
surfacemorphology of thefilmswas examined by a JEOL JSM-6010LA scanning electronmicroscope (SEM).
Gel polymer electrolytefilmswere subjected to Fourier transform infrared (FTIR) study to investigate the
complexation behavior. FTIR spectroscopic studies were carried out using FTIR 4100 JASCOmodel in thewave
number range of 400–4000 cm−1 with the spectral resolution of 4 cm−1. Cyclic Voltammetry (CV)were
performed using Solartron 1287 electrochemical interface and 1260 impedance gain phase analyzer by
sandwiched polymeric gel electrolyte between two stainless steel electrode sweeping over a frequency range of
1.2 MHz to 0.1 Hzwith 10mV input of AC amplitudewith 50 mV scan rate.

3. Results and discussion

3.1. Ionic Conductivity
Figure 2 represents the complex impedance plots of PVDF−HFP:PMMA−LiClO -4 PC:DECGPE systemwith
various concentrations of PC:DECplasticizers at 303K. From the figure, it can be seen that low−frequency
spikes is followed by high−frequency semicircle [24]. A high−frequency semicircle represents the parallel
combination of a resistor and a capacitorwhereas spikes at low− frequency region is indication of charge
accumulation due to blocking electrodes [25]. Obviously, the diameter of the semicircle reduces as the amount
of PC:DECplasticizers increases and also the disappearance of semicircle have been observed forGPEwith the
highest amount of plasticizers i.e. 60wt%.PC:DEC. The inset of the figure 2 shows an equivalent ac electrical
circuit of the impedance information ofGPEmaterial consisting of a parallel combination of resistor (Rb) and
constant phase element (CPE1)with a constant phase element (CPE2) in series and the importance of the same
circuit was addressed previously [26].

The bulk resistance (Rb) ofGPE systemwere extracted by fitting the semicircle using the Z-view software.
Generally,Rb is the difference between the real values ( ¢Z ) of high-frequency and low-frequency values of
semicircle.

The ionic conductivity (σ) of electrolyte is given by

( )s =
t

R A
1

b

whereRb is the bulk resistance, t represents thefilm thickness, andA represents the contact area between thefilm
and electrodes. The variation in ionic conductivity with different concentration of PC:DECplasticizers at 303K
for PVDF−HFP:PMMA−LiClO -4 PC:DECGPE system is shown infigure 3. The values of ionic conductivity
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are also listed in table 1. It can be seen that the value of ionic conductivity reaches from1.24E-8 S cm−1 to 3.97E-
4 S cm−1 with an increasing amount of PC:DECplasticizers from20wt% to 60wt%. Similar effect has also been
observed by Johan et al [27] in PEO−LiCF3SO -3 EC complexations with different concentrations of EC
plasticizer. According to authors, when plasticizer is added to the system, it can interrupt polymer−polymer
interaction due to polymer plasticizer interaction and ion plasticizer coordination. This process will createmore
free volume and a new path for the conduction of ions. The change in ionic conductivity of the polymer
electrolyte (σ) can also be explained by

( )ås m= n q 2dc i i i

Figure 2. Impedance plot ofGPE systemwith different concentration of PC:DECplasticizers at 303K.

Figure 3.Variation inDC ionic conductivity ofGPE films at 303K.

Table 1.The compositions ofGPE systemwith different concentrations of PC:DEC andDC conductivity values.

Sample PVDF— PMMA LiClO4 PC:DEC PVDF— PMMA LiClO4 PC:DEC σDC

Code HFP(gm) (gm) (gm) (gm) HFP(wt%) (wt%) (wt%) (wt%) S cm−1

S1 0.4 0.4 0.089 0.21 36.0 36.0 8 20 1.24E-8

S2 0.4 0.4 0.089 0.35 31.5 31.5 7 30 2.60E-7

S3 0.4 0.4 0.089 0.55 27.0 27.0 6 40 9.82E-6

S4 0.4 0.4 0.089 0.83 22.5 22.5 5 50 1.15E-4

S5 0.4 0.4 0.089 1.24 18.0 18.0 4 60 3.97E-4
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where ni is the density ofmobile charge carriers,μi is themobility of charge carriers and qi is the charge ofmobile
charge carriers [18]. From the above equation, it can be explained that ionic conductivity depends on two-factor
ni andμi as qi is same for all GPE. From equation (2), we can conclude that the addition of plasticizers results in a
change inmobility and number of charge carriers. Themobility of charge carriers is associatedwith the
structure. Addition of plasticizers softens the polymer backbonewhich increases theflexibility of polymer
segments throughwhich ion canmove easily and interact with the polymermatrix ultimately affect the structure.
The second conclusion can be drawn that high dielectric constant of plasticizer can dissociate the charge carriers
cause an increase in the ni. Therefore, the information regarding themicro-structural features could provide
some better explanation on the experimental phenomenonmentioned above.

3.2. SEManalysis
To investigate the change in themorphology of the gel polymer electrolyte filmwith a change in concentrations
of PC:DECplasticizers, filmswere subjected to SEManalysis. The SEMmicrographs are shown infigure 4.
Microspores with large size have been observed inGPE filmwith a lower amount of PC:DEC i.e. 20wt%PC:
DEC. It reveals that thesemicropores are notfilledwith the liquid electrolyte due to an insufficient amount of
PC:DEC. Addition ofmore amount of PC:DECplasticizers to polymer electrolyte leads to increment inmore
number of embedded small poreswith swelled nature ofGPE. Thesemicropores filledwith liquid electrolytes
provide the conducting pathway for a lithium ion [28]. These type of observation have also been reported by
Senthil Kumar et al [29] in their study on plasticized PVDF−HFP/PEMAblended polymer electrolyte. In our
study, surfacemorphology shows the remarkably increase in swelled nature of the film by incorporating a higher
amount of plasticizer.

3.3. FTIR analysis
In the present study, the FTIR assessmentwas used to define the functional groups in a sample and to evaluate
changes in themolecules ’ vibrationalmodes in the polymer electrolyte due to the interaction between polymer,
plasticizer and ion [30].

The FTIR spectra of PVDF−HFP:PMMA−LiClO -4 PC:DECGPEwith different concentrations of PC:
DEC in thewave number range 400–2600 cm−1 and 2600–3500 cm−1 are presented infigures 5(a) and (b)
respectively.

Thewave numbers for PVDF−HFP:PMMA−LiClO -4 PC:DEC complexation are tabulated in table 2. The
FTIR specra of pure polymers and salt have been already reported in our previous study [26].

The assigned bending andwagging vibrations of−CF2 of PVDF-HFP at 509 cm−1 and 435 cm−1 get shifted
to higherwavenumbers 511 cm−1 and 440 cm−1, respectively, with increasing amount of PC:DEC. The
vibration of amorphous phase at 879 cm−1 and 836 cm−1 exhibited by PVDF−HFP are observed to be shifted to
a higher frequency at 880 cm−1 and 838 cm−1 respectively. The peak assigned at 1401 cm−1 of PVDF−HFP is
corresponds to the crystalline phase are getting broadenedwith reduction in intensity and shifted to 1403 cm−1,
specifying that interaction between polymers and plasticizers as well as salt has been taken place. and the
intensity of other crystalline peaks at 1072 cm−1 and 1182 cm−1 of pure PVDF−HFP get reduced and becomes

Figure 4. SEMmicrographs ofGPEwith different concentration of PC:DEC (a) 20wt% (b) 30wt% (c) 40wt% (d) 50wt% (e) 60wt%.
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flattenwith addition ofmore amount of PC:DECplasticizers. The characteristic peak at 2981 cm−1 is ascribed to
symmetrical stretching of CH2 group of pure PVDF−HFP is shifted towards lower frequency side. TheCH3

asymmetric stretching vibration of PMMAat 2842 cm−1 gets shifted to 2846 cm−1. TheC=Ogroup (carbonyl
group) of PMMAat 1727 cm−1 shifts towards the lower frequency side at 1725 cm−1 and at the same time
intensity is reduced significantly upon the addition of PC:DECplasticizers. This suggest that the occurrence of
strong interaction between Li+ and the carbonyl group of PMMAwith the addition of plasticizers because when
lowmolecular plasticizers are added to polymer results in dissociation of salt. Apart from these, intensity of
many other peaks has been found to be reduced significantly. This indicates complex formation takes place
between polymers, salt, and plasticizers [22].

In addition to this, remarkable changes in theClO -
4 anion group has been noticed in the range of

600–650 cm−1 of FTIR spectra. The intensity and asymmetry of peak changewith PC:DEC concentration in this
range has been observed. The asymmetry in the perchlorate band arises due to the presence of ion pairs (Li+ClO
-
4 ) alongwith free anion (ClO

-
4 ) in the polymermatrix as reported by Shukla et al [31] in their solid polymer

electrolyte based on PMMA−LiClO4. In present study to confirm this, the deconvolution of theClO -
4 mode of

LiClO4 salt has been carried out in thewavenumber range 600–650 cm−1 for PVDF−HFP:PMMA−LiClO -4
PC:DEC complexation using peak fit software. The de−convoluted spectra forGPEwith 40wt%PC:DEC is
shown infigure 6. Two degeneratemodes have appeared at 624 cm−1 of free anions (ClO -

4 ) and 633 cm
−1 of ion

pairs (Li+ClO -
4 ) in the de-convoluted spectra. The fractional amount of free anions and ion pairs has been

calculated by using the following formulas and the variation in fractional amount as a function of PC:DEC is

Figure 5. FT−IR spectra of PVDF−HFP:PMMA−LiClO -4 PC:DEC (a) spectra range 400–2600 cm−1(b) spectra range 2600-
3500 cm−1, with PC:DEC content of (S1) 20wt%, (S2) 30wt%, (S3) 40wt%, (S4) 50wt% and (S5) 60wt%.

Table 2. List of wave numbers for PVDF−HFP:PMMA−LiClO -4 PC:
DEC complexation.

Materials

Assigned characteristics

frequency (cm−1))
Wavenumbers

(cm−1)

PVDF−HFP 3021 3021 shifted to 2996

2981 2981 shifted to 2952

1401 1401 shifted to 1403

879,836 879 shifted to

880 and

836 shifted to 838

509 509 shifted to 511

484,435 435 shifted to 440

PMMA 752 752 shifted to 750

985 985 shifted to 987

1727 1727 shifted to 1725

2842 2842 shifted to 2846

LiClO4 628 628 shifted to 624
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depicted in graphical form infigure 7.

( )=Fraction of free anions
Free anion peak area

Total peak area
3

( )=Fraction of ion pairs
Ion pair peak area

Total peak area
4

The change in the fraction of free anions and ion pairs can be correlatedwith change in the ionic
conductivity. From figure 7, it clearly shows in increase in the fraction of free anionswith increasing PC:DEC
plasticizers which in turns to increase in ionic conductivity. Highest fraction of anions and the lowest fraction of
ion pairs is observed for the highest conducting sample. This is due to dissociation of salt which in turns to
enrich of charge carriers when lowmolecular weight plasticizers are added to the polymer. According to Pal et al
[32], the cations form a complexwith the polar group of polymerwhile free anions have an affinity to form ion
pairs. Hence in the polymer complexes,the fraction of free anions and ion pairs are responsible for the
conduction process.

3.4.Dielectric analysis
For ionic transport and relaxation phenomena occurring in polymer electrolyte, dielectric analysis has been
carried out [33].

Figure 6.De−convoluted spectra of ClO -
4 mode of LiClO4 for PVDF−HFP:PMMA−LiClO - 404 wt%PC:DECGPE system.

Figure 7.The fractional amount of free anions and ion pairs as a function of plasticizer concentration.
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0 , whereC0 is the vacuum capacitance, ε0 is permittivity of free space,A is the area of electrode-

electrolyte contact, and t is the thickness offilm. e¢ and e are the real part (dielectric constant) and imaginary
part(dielectric loss) of the dielectric permittivity [34].

Dielectric constant (e¢) versus frequency (in log scale) for PVDF−HFP:PMMA-LiClO -4 PC:DECGPE
system at 303K is shown infigure 8. It clearly shows that dielectric constant (e¢) value for all polymer film at low-
frequency region is highwhich is due to accumulation of charges near blocking electrode surface as a result of
slow periodic reversal effect of appliedACfield. At higher frequency region,charge carriers and dipoles are not
able to follow the direction of electric field due to short time period of AC reversal field.As a consequence, the
dielectric constant (e¢ is found to be decreased. Inset offigure 8 shows the variation in e¢ as a function of
plasticizer content at 10KHz, 1 KHz and 100 Hz at 303K. It can be seen that the value of dielectric constant has
been increased (i)with increasing the concentrations of PC:DECplasticizers (ii) change in frequency of applied
ACfield. Thefirst onemay be due to an increase in the charge carriers as a result of dissociationwhen low
molecular weight PC:DECplasticizers are added to the polymer. The second one is due to the ability of
orientation of present dipoles with the time of ACfield direction resulting in the increase of the dielectric
constant [17]. The value of dielectric constant at 10KHz (higher frequency) is 7.67E+03whereas, at 100 Hz
(lower frequency), it is 1.21E+06 forGPE systemhaving 60wt%PC:DECplasticizers.

The dielectric loss represents represent the dissipation of energy bymeans of dipole orientation and
movement of ion under the effect of the applied field. Figure 9 represent the dielectric loss (e) as a function of
frequency for PVDF−HFP :PMMA−LiClO -4 PC:DECGPE system at 303K. The dielectric loss (e) is also
following the same trend as dielectric constant (e¢). The dielectric loss (e) value also became larger at a lower
frequency aswell as with the increasing amount of plasticizers because ofmotion of free charge through gel
polymer electrolyte. Thismeans thatwith an increasing amount of PC:DEC, polymer chain segments becomes
moreflexible and promotemobility of ions, charge carriers and dipoles [35].

3.5. Electrochemical StabilityWindow
From the point of view of the application of polymer electrolyte in the battery, high conductivity is an essential
property, but it is also necessary tomeasure the electrochemical stability windowof an electrolyte [22]. The
electrochemical stability window (ESW) is defined as theworking voltage(potential) range of a substance [36].
From the cyclic voltammetry(CV) profile, the difference of reduction and oxidation potential gives the stability
windowofmaterials. The test of GPE film exhibitingmaximum ionic conductivity was done by using Cyclic
Voltammetry CV) at a scan rate of 50mV/s as shown infigure 10 andmeasurement configuration for the same is
SSE/GPE/SSE, where SSE is a stainless steel electrode. The oxidation and reduction peak has not been recorded
whichmight be due to the noninteracting nature of ion species of gel polymer electrolyte with stainless steel
electrodes. Cyclability nature of gel polymer electrolyte has also revealed form this CV curve. Electrochemical
stability window of≈4.2 V for the PVDF-HFP-LITFSI-EC:DMCGPE systemhas been reported by Bose et al
[37]. Lie et alhave shown the stability windowof≈4.5V for the PVDF-HFP-EC:DEC-LiClO4 system [38]. In the
inset offigure 10, electrochemical stability window is shown for the systemhavin 60wt%PC:DEC.Obviously,

Figure 8.Dielectric constant (e¢) versus frequency for PVDF−HFP:PMMA-LiClO -4 PC:DECGPE system at 303K (inset: Variation
in dielectric constant with plasticizers PC:DEC variation at 10KHz, 1KHz, 100Hz).
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the observed value of ESW is about−2.55 to 2.34V, i.e. 4.89V (total) indicates the present gel polymer
electrolyte is compatible for implementation in the lithium-ion battery.

4. Conclusions

• In the present study, the gel polymer electrolyte based on PVDF−HFP and PMMA incorporatedwith
different concentrations ofmixture of PC:DECplasticizers have been prepared via solution casting
technique.

• Ionic conductivity of present GPE system increases from1.24E–8 S cm−1 to 3.97E−4 S cm−1 with addition of
PC:DECplasticizers. Thismight be due to increase in the free charge carriers as a result of dissociation and
decrease in rigidity of polymer chain to availmigration of Li+ ions. Furthermore, the change in electrical
property of GPE is well explainedwith SEM, FTIR and dielectric studies.

• FTIR study revels that the complex formation is taking place between polymers, salt and plasticizers. The
fraction of free anions increases whreas ion−pair decreases with addition of PC:DEC leading to enrichment in
the ionic conductivity.

• The cyclic voltammetry curve showed the electrochemical stability windowof the electrolytes≈4.89Vwhich
implies that the present gel polymer electrolyte is applicable as separator in lithium ion batteries.

Figure 9.Dielectric loss (e) versus frequency for PVDF−HFP:PMMA−LiClO -4 PC:DECGPE system at 303K.

Figure 10.Cyclic VoltammogramofGPEhaving 60wt%PC:DEC.
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Ionic transport studies in PVdF-HFP-PMMA-(PC+DEC)-
LiClO4 gel polymer electrolyte
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Abstract. Poly(vinylidene fluoride-hexafluropropylene)(PVdF-HFP) and Polymethylmethacrylate(PMMA) based gel
polymer electrolytes comprising Propylene Carbonate and Diethyl Carbonate mixed plasticizers and different concentrations of 
Lithium Perchlorate (LiClO4) salt have been prepared using a solvent casting technique. Electrical conductivity and transference 
number measurements have been carried out  by Electrochemical Impedance Spectroscopy in the temperature range 303 K to 
363 K and  Wagner’s Polarization method respectively. The maximum room temperature conductivity of 2.83 ×10-4 S cm-1 has 
been observed for the gel polymer electrolytes at 7.5 wt% LiClO4. The variation of ac conductivity with frequency has been 
discussed.
Keywords: Gel polymer electrolytes, ionic conductivity, transference number
PACS: 72.80. –r, 73.61.-r, 82.35. -x

INTRODUCTION

The development of ion conducting polymer 
electrolytes have gained much attention of many 
researchers as they find application in not only 
Lithium Ion batteries but also in other electrochemical 
devices such as fuel cell, electro chromic devices, 
Super capacitors, Solar cell [1]. Several classes of 
polymer electrolytes have been developed and 
characterized by using various host polymer matrix 
such as Polyethylene oxide(PEO) [2], Polyvinyl 
chloride(PVC) [3], Poly acrylonitrile (PAN) [4] 
Polyvinylidene fluoride (PVdF) [5], Polymethyl 
methacrylate (PMMA) [6]. Gel polymer electrolytes 
composed of low molecular weight liquid plasticizers 
along with polymer host offer high ionic conductivity 
at ambient temperature. In the present study, another 
polymer Polymethyl methacrylate (PMMA)  is used 
which has an amorphous nature  [7] and the addition of 
PMMA will reduce the crystalline nature of the host 
polymer since it enhances the ionic conductivity.

The present work has been undertaken to 
develop novel gel polymer electrolytes consisting 
PVdF-HFP and PMMA as polymer host, PC+DEC as 
plasticizers and different concentration of LiClO4 salt. 

EXPERIMENTAL

Poly(vinylidene fluoride -co- hexafluoro
propylene) P(Vdf-HFP, Mw= 400,000 , Aldrich) and 
Polymethyl methacrylate(PMMA, Alfa Aesar) as a 
host polymer, lithium perchlorate (LiClO4, 99.99% 
from Aldrich) as salt and the organic solvents 
propylene Carbonate (PC, anhydrous , 99.7% from 
Sigma Aldrich and diethyl carbonate (DEC, anhydrous 
, 99.7% from  Sigma Aldrich) were used as received.
An appropriate weight of P(Vdf-HFP) and PMMA are 
dissolved in acetone and an appropriate amount of 
LiClO4 salt were dissolved  in equal amount of 
plasticizers(PC+DEC). The solution was stirred for 24 
hours The solution of different compositions was cast 
on to Teflon Petri dish and acetone was allowed to 
evaporate slowly at room temperature  

The ionic conductivity of the various gel 
polymer electrolytes films were measured by 
alternating current(AC) impedance spectroscopy in the 
frequency range 1 Hz to 32 MHz at different 
temperatures between ambient and 363 K by using a 
Solatron 1260 Impedance analyzer. The transference 
number of the sample was measured by using 
Wagner’s Polarization method. The transference 
number were calculated by using the following 
equations
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where ie and  it are the electronic and total current 
respectively and tion is the ionic transport number.

RESULTS AND DISCUSSION

Conductivity Analysis

The complex impedance plot of gel polymer 
electrolytes containing 4 wt% of LiClO4 at different 
temperature is shown in Fig. 1.  The complex plot 
shows a high frequency semicircle portion which 
correspond to the parallel combination of resistor and a 
capacitor and a low frequency spike due to formation 
of double layer capacitance at the electrode-
electrolyte interface. It has been observed that the 
bulk resistance Rb decreases as the temperature 
increases from 303 K to 363 K. The ionic conductivity 
are calculated and given  in Table 1. The highest ionic 
conductivity is found to be 2.83 × 10-4 S cm-1 for 
polymer gel electrolytes system containing 7.5 wt% 
LiClO4.

FIGURE 1. Impedance plot of  4 wt% LiClO4 at different 
temperature

Fig. 2 shows the variation of room 
temperature ionic conductivity and the activation 
energy as a function of different concentration of 
LiClO4 salt. It has been found that the highest 
conducting polymer electrolyte sample has the lowest
activation energy of 0.31 eV.

Fig.3 represents variation of conductivity as a 
function of frequency at different temperature for the 
gel polymer electrolytes system containing 4 wt%
LiClO4 salt. A mid frequency plateau region 

represents dc conductivity. An ion successful hop to a 
neighboring vacant site and contributes to the dc 
conductivity when the frequency is lower than the 

p).
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FIGURE 2. conductivity and activation energy versus 
different concentration  of  LiClO4

The behavior of the ionic conductivity follows 
Jonscher’s power law  dc

n where, dc
is the frequency independent dc conductivity, A is the 
pre-
and n is the power law exponent. The calculated values 
of hopping frequency are tabulated in Table 2. It has 
been observed that as concentration of LiClO4
increases, the transition from frequency independent 
plateau region to the ac conductivity dispersion region 
shift towards the higher frequency range [8]. The 
increase in the hopping frequency leads to a 
conclusion that the highest conducting sample has the
shortest relaxation time [9] .

Transference Number Measurements

The transference number (tion) for the different gel 
polymer electrolyte system were estimated using 
Wagner’s Polarization technique [10]. In this 
technique, the polarization current was monitored as a 
function of time electrolyte as shown in Fig 4. The 
calculated data for transport number values are in the 
range of 0.96-0.99as listed in Table.2. This suggest 
that the charge transport is mainly due to ions.
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TABLE 2. The transport number and hopping 
frequency of  different gel polymer electrolyte 
system
Sample 
Code

Transport 
Number

p(MHz)

S1 0.97 1.30
S2 0.96 5.25
S3 0.99 6.83
S4 0.99 8.98

CONCLUSIONS

The ionic conductivity has been observed to increase 
with the salt concentration of gel polymer electrolytes 
containing PVdF-HFP/PMMA, PC+DEC and LiClO4.
The highest conductivity of 2.83 X 10-4

  S cm-1 and 
low activation energy 0.31 eV is shown by a sample 
with 7.5 wt% LiClO4. The variation of ac conductivity 
as a function of  frequency obeys the Jonscher Power 
law. These gel polymer electrolyte samples are mainly 
ionic conductors as evident from their transport 
number.  
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Abstract. In the present paper, AC impedance studies have been measured to evaluate ion conduction behavior of 
(PVdF-HFP – PMMA) + (PC-DEC) + LiClO4 gel polymer electrolyte system prepared by solution casting method. 
Structural characterization and morphology has been carried out using XRD and SEM respectively. The AC conductivity 
and dielectric permittivity, electric modulus and relaxation mechanism have been studied. The variation of ac conductivity 
with frequency obeys Jonscher power law. Maximum value of dielectric constant  in the lower frequency region has been 
observed for the gel polymer electrolyte containing 7.5 wt% LiClO4. The highest conducting sample shows the shortest 
relaxation time. 
 

INTRODUCTION 

Polymer electrolytes have been the subject of increasing interest because of their potential applications in 
batteries and other electrochemical devices owing to good thermal stability, high electrical conductivity, 
electrode - electrolyte compatibility etc.[1]. Basically, a polymer electrolyte which is comprised of a host 
polymer ( such as PEO PMMA, PAN,PVA, PVdF, PVdF-HFP ) commonly doped with salt in order to achieve 
high ionic conductivity. The polymer electrolyte based on PEO usually exhibited very low conductivity of the 
order of 10-7 S cm-1 mainly because of high crystallinity and poor motion performance of the PEO backbones as 
reported by Bhargav et al.[2]. As a host polymer, PVdF-HFP has gained much interest due to its excellent 
properties such as high conductivity and good mechanical strength, co-existence with amorphous phase of HFP 
and high dielectric constant (   8.4). Despite of these favourable features, the fundamental conduction 
properties of the gel polymer electrolyte are not well known.  Understanding of ion transport dynamics and 
conductivity relaxation mechanism in the gel polymer electrolyte, which is a hybrid material composed of 
electrolyte solution and polymer  is a challenging problem. Therefore, the impedance spectroscopy has been 
used to understand the relaxation dynamics, ion dynamics and conductivity relaxation with the salt 
concentration. Furlani et al.[3] carried out the research study on concentration dependence of ionic relaxation in 
lithium doped polymer electrolytes.  

EXPERIMENTAL  

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP, Mw= 400,000, Aldrich) and Polymethyl 
methacrylate (PMMA, Mw = 350,000,  Alfa Aesar), lithium perchlorate (LiClO4, 99.99% from Aldrich) as salt 
and the organic solvents propylene carbonate (PC, anhydrous , 99.7% from  Sigma Aldrich) and diethyl 
carbonate (DEC, anhydrous , 99.7% from  Sigma Aldrich) were used to prepare gel polymer electrolyte system 
(100-X)[(PVdF-HFP+PMMA)(50wt%) - (PC+DEC)(50wt%)] - X wt% LiClO4; where X=2,4,5,7.5 and 10. An 
appropriate amounts of (PVdF-HFP) and PMMA were dissolved in acetone and LiClO4 salt was dissolved in 
equal amount of (PC+DEC). The solution was stirred for 24 hours until the mixture gets homogeneous in nature. 
The solution was cast onto Teflon Petri dish and acetone was allowed to evaporate and free standing films of 
thickness of about 0.12 mm to 0.14 mm were obtained. Structural behavior and surface morphology  of  samples 
was examined by using an X-ray diffractometer (BRUKER D2-Phaser) with Cu K  radiation of wavelength 
=1.540 Å in 2  range of 5º-70° and a JEOL JSM-6010LA scanning electron microscope (SEM) respectively. 
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Electrical measurement were carried out using Solartron 1260 Impedance analyzer in the frequency range 1 Hz 
to 32 MHz at different temperatures between 303 K and 363 K by sandwiching films between two stainless steel 
electrodes. 

RESULTS AND DISCUSSION 

Structural analysis 

Surface morphology of the gel polymer electrolyte films with 7.5 wt% of LiClO4 salt is shown in Fig.1 along the 
XRD pattern given in inset. The morphology change as 7.5 wt% of LiClO4 is doped into the polymer electrolyte 
to larger pore size. The pores in the polymer complexes help in trapping the large amount of electrolyte. The 
swelled nature of the gel polymer electrolyte has been observed containing the 7.5 wt% of LiClO4. The observed 
feature is very similar to those reported by Ramesh et al. [4]. These microstructures lead to the better conducting 
pathway for Li+ ions, and consequently leading to higher ionic conductivity. In the inset, XRD pattern shows 
broad peaks which indicate the amorphous nature of prepared film.  
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FIGURE 1. SEM micrograph of the gel polymer 
electrolyte films containing  7.5 wt% of LiClO4 

FIGURE 2.Impedance plot of gel polymer 
electrolyte containing 4 wt% of LiClO4  at 303 K 

along with equivalent  circuit model 

Electrical and Dielectric Properties 

Figure. 2 shows Impedance plot of gel polymer electrolyte containing 4 wt% of LiClO4 at 303 K fitted with 
equivalent circuit model comprising of a constant phase element (CPE1) and a resistor connected in parallel that 
take the shape of a depressed semicircle which exhibit some degree of decentralization at an angle of 35º with 
real axis along with a tilted spike due to imperfect blocking electrode which is represented by CPE2 connected 
in series. The depressed semicircle represents typically a phenomenon with a spread of relaxation time. AC 
conductivity formalism is a powerful tool to have an insight of ion conduction mechanism. The frequency 
dependent conductivity can be given as 

             (1), 

 
where t and A are thickness and cross sectional area of the sample respectively. Figure 3 shows the variation of 
conductivity as a function of frequency at different temperatures for 4 wt% LiClO4 salt. At lower frequency 
region, the conductivity is found to decrease with increasing frequency which is attributed to the electrode 
polarization due to the accumulation of more charges at the electrode-electrolyte interface. At intermediate 
frequency, a successful ion hop to a neighboring vacant site contributes to the dc conduction. The high 
frequency dispersion region is attributed to short range ionic motion [5].  This behavior of the ionic conductivity 
is given by Jonscher’s power law; ( ) = dc+ A n, where dc  is the frequency independent conductivity, A is 
the pre - exponential constant,  is the angular frequency and n is the power law exponent. The experimental 
data has been fitted with Jonscher’s power law equation shown in Fig. 3 and parameter dc, A and n are 
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tabulated in Table 1.  It is observed that the dc conductivity increases with the temperature and is due to increase 
in the flexibility of polymer chain resulting into the segmental motion of the polymer which facilitates ion 
motion [6]. 

Dielectric study helps to understand the polarization effect at the electrode-electrolyte interface [7].The 
frequency dependent complex dielectric permittivity is given by , where  and  are the real and 
imaginary parts of the dielectric permittivity, known as dielectric constant and dielectric loss respectively. The 
equation for dielectric constant is 

                                                              (2) 

 
where Z  and Z  are the real and imaginary part of the impedance,  is angular frequency and C0 is the vacuum 
capacitance. The real part  of dielectric permittivity for gel polymer electrolyte with different concentration of 
LiClO4 at 303 K is shown in Fig. 4 as a function of frequency. A dispersive nature at lower frequency is due to 
electrode polarization effect at the interface because of slow periodic reversal effect of applied field and 
consequently, the large value of   at lower frequency is observed [8]. While at high frequencies, very low value 
of dielectric constant is observed  because the diffusion of ions is not feasible due to the fast periodic reversal 
effect of electric field. The higher value of   for the gel polymer electrolyte containing 7.5 wt% LiClO4 due to 
the increase in the charge carrier density and also due to more free volume available for the movement of 
dipoles because of increased amorphous nature.  Hence polarization increases.  
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FIGURE 3. AC conductivity as a function of frequency at 
different temperatures  of 4  wt%  LiClO4 respectively and 

solid lines are theoretical fit 

FIGURE 4. Variation in Dielectric constant as a function of 
frequency at different concentration of LiClO4 at 303 K   

 
Modulus formalism has been used to study their conductivity relaxation behavior which suppresses the effect of 
the electrode polarization effect at low frequencies and enhances small features at high frequencies. The electric 
modulus M* is defined as   or   , where   and   are the real and imaginary 
part of modulus respectively. The  spectra for 5 wt% LiClO4 polymer complex at different temperatures 
(Fig. 5) shows a long tail at the low frequency region which reveals the large capacitance due to the 
accumulation of a large amount of charge carries at the electrode- electrolyte interface. It is seen that the peak of 
M  spectra shifts to higher frequency side with increase in temperatures which can be ascribed to the 
temperature dependent hopping mechanism for electrical conduction [9]. It has also been observed that the 
intensity of the peak maxima reduces gradually with increasing temperature which  is attributable to the increase 
in the mobility of polymer segmental and charge carriers with temperature. It is also observed that the position 
of the peak maximum (M max) is shifted to higher frequencies with salt concentration. This indicates the charge 
carrier hopping which is due to increase in the amorphous nature of gel polymer electrolyte with the addition of 
the salt. Such a carrier hopping is indicative of a relaxation phenomenon. The conductivity relaxation time   is 
calculated from relaxation frequency fmax corresponding to M max. The calculated relaxation time is listed in 
Table 2. The electrolyte with the highest conducting sample shows the shortest relaxation time shown in Fig. 6. 
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FIGURE 5. Imaginary part ( M ) of  modulus 
versus log f at different temperature for Gel 
polymer electrolyte  containing 5 wt%  LiClO4 

FIGURE 6.Variation of  Relaxation time ( ) and 
conductivity ( ) at different concentration of Lithium 
salt    at 303 K

 

TABLE 1. Johnscher’s power law fitting parameters  
Conductivity dc, A and n from the AC conductivity spectra 
for gel polymer electrolyte containing 4 wt% of LiClO4 

TABLE 2. The wt% LiClO4  lithium salt, conductivity and 
relaxation time of gel polymer electrolyte system 

 
Temperature 
(K) 

Conductivity 
dc (S cm-1) 

A n 

303 K 1.65E-05 1.04E-13 1.22
313 K 2.39E-05 3.37E-14 1.30
323 K 3.75E-05 5.89E-15 1.42
333 K 6.24E-05 1.16E-15 1.55
343 K 1.02E-04 1.84E-16 1.69
353 K 1.48E-04 3.73E-17 1.80
363 K 1.87E-04 1.02E-17 1.89

LiClO4 
salt 
(wt%) 

Conductivity 
dc (S cm-1)  at 

303 K 

Relaxation 
time ( )  
Sec-1 

 2 5.94× 10-6 7.89E-08 
4 1.65 ×10-5 3.14E-08 
5 5.73 ×10-5 2.49E-08 
7.5 2.83 × 10-4 1.57E-08 
10 1.70 × 10-4 7.96E-08 

 

CONCLUSIONS 

SEM and XRD analysis reveal swelled and amorphous nature of gel polymer electrolyte containing 7.5 wt% 
LiClO4 respectively. The ac conductivity of the prepared gel polymer electrolyte samples follows the Jonscher’s 
power law. At low frequency, the variation of dielectric constant as a function of frequency suggests the 
electrode–electrolyte interface polarization process. The shifting of peak of the imaginary part of modulus with 
temperature and salt concentration suggests the conductivity relaxation is taking place in these gel polymer 
electrolytes. The lowest relaxation time ( ) is found for 7.5 wt% salt.  
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Abstract. Poly(vinylidene fluoride-hexafluropropylene) (PVdF-HFP) and poly(methyl methacrylate) (PMMA)   gel 
polymer blend electrolyte system complexed with LiClO4  having different concentrations of propylene carbonate (PC) 
and diethyl carbonate (DEC) (1:1) plasticizers have been prepared using solution cast technique. Structural and surface 
morphology have been studied by X-ray diffraction and scanning electron microscopy analysis. Electrical conductivity 
has been carried out by electrochemical impedance spectroscopy in the temperature range 303 K to 343 K. A maximum 
electrical conductivity of 1.03 X 10-3 S cm-1 at 303 K has been achieved for the polymer blend gel electrolyte containing 
60 wt% of PC:DEC plasticizers. Frequency dependent conductivity follows the Jonscher’s power law. The dielectric 
behavior has been analyzed using dielectric permittivity ( ), tangent loss ( ) and electric modulus ( ) of the 
samples. Dielectric constant has been found to increase with addition of PC:DEC plasticizers. 

INTRODUCTION 

Since last few decades, the polymer electrolytes are being used extensively due to their properties such as non-
leaky in nature, ease of preparation in any shape and size and flexibility with good strength. Such properties of 
polymer electrolytes make them potential candidate in various electrochemical devices such as Batteries, Fuel cells, 
Super capacitors, and Solar cells [1]. Many polymers like PEO, PMMA, PVdF-HFP, PAN, PVA etc., have been 
studied as potential polymer electrolytes [2]. The ionic conductivity of polymer electrolytes prepared from such 
polymers is very low and its poor electrochemical stability prevents their application in fabrication of batteries [3]. 
The ionic conductivity is key factor of polymer electrolyte to be used as separator cum electrolyte in lithium ion 
batteries. It is strongly affected by factors such as (i) simultaneous anion and cations motion (ii) ion- pair formation 
(iii) amorphous nature of films (iv) less viscous medium for the motion of ions. To meet these entire requirement, 
gel polymer electrolyte (polymer matrix swollen in a liquid electrolyte) films have attracted much attention as they 
possess the high ionic conductivity and enhance the interfacial property, electrochemical and structural stabilities 
[2]. GPE possesses the diffusive property of liquids as well as cohesive property of solids. The ( C F) group of 
polymer PVDF-HFP has high dielectric constant and the ability of electron-withdrawing which assist the larger 
dissolution of salts and enhances the free charge carriers which take part in conduction process [4]. Generally, the 
plasticizers are organic solvent, such as, propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate 
(DMC) and diethyl carbonate (DEC) are known to behave as plasticizers, prevent ion pairing and enhance the 
amorphicity  as well as flexibility of polymer chains resulting in improvement of the stability of electrode/electrolyte 
interface  and increase in ionic conductivity with battery properties[5]. Song et al.[2] reported the PC+DEC 
modified PVdF-HFP based gel polymer electrolyte for the lithium ion battery applications. But contrary, it also 
reduces mechanical strength of polymer electrolyte. Blending of polymer is considered to enhance mechanical 
stability [5]. Hence, polymethyl methacrylate (PMMA) polymer is used due to the advantages properties such as 
good compatible nature with other polymers, high chemical resistance, electrical properties etc.[6]. Moreover, the 
functional group (-CO) of PMMA interacts with cations in the liquid electrolyte [4]. LiClO4 salt is selected as a salt 
due to its special properties such as smaller radius of ion, low dissociation energy and the high dissolution ability in 
most of the organic solvents. In the present work, structural, conductivity and dielectric behavior of the Li ion 
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conducting PVdF-HFP and PMMA based gel polymer electrolyte with the variation of  PC:DEC plasticizers has 
been undertaken. 

 

EXPERIMENTAL  

Standard solution casting method is used to prepare gel polymer electrolyte (GPE) system [PVdF-HFP(50wt%) 
:PMMA(50wt%) ]-  x wt% (PC:DEC)(1:1) - 10 wt% LiClO4 ; where x = 20,30,40,50 and 60. Poly (Vinylidene fluoride-
co-hexafluoropropylene) (PVdF-HFP Mw=4x105 from Sigma Aldrich) and poly(methyl methacrylate) (PMMA, Mw 
= 3.5x105 from Alfa Aesar) as a host polymer. Lithium perchlorate (LiClO4, 99.99% from Sigma Aldrich) and the 
organic solvents propylene carbonate (PC) and diethyl carbonate (DEC) were purchased from Sigma Aldrich as 
plasticizers to prepare GPE. Known amount of PVdF-HFP and PMMA were dissolved in acetone and an appropriate 
amount of LiClO4 salt was dissolved in equal amount of plasticizers (PC:DEC). Electrolyte solution was then 
transferred to polymer solution. The solution was stirred for 24 hours until the mixture gets homogeneous in nature. 
The solution with different amount of plasticizers was cast onto Teflon Petri dish and then kept above room 
temperature at about 60 °C to form the gel in the films and allowed acetone to evaporate slowly. After the 
evaporation of acetone, free standing and flexible thin films of thickness of about 0.12 mm to 0.14 mm were 
obtained. Structural behavior and surface morphology  of  samples was examined by using an X-ray diffractometer 
(BRUKER D2-Phaser) with Cu Kα radiation of wavelength λ=1.540 Å in 2θ range of 5º-70° and a JEOL JSM-
6010LA scanning electron microscope (SEM) respectively. Electrical measurement were carried out using Agilent 
LCR meter in the frequency range 20 Hz to 2 MHz at different temperatures between 303 K and 343 K by 
sandwiching films between two stainless steel electrodes. 

RESULTS AND DISCUSSION 

Structural Analysis 

Figure 1 shows SEM micrograph with diffraction pattern in inset. The image shows the swelled nature with 
small pores in the gel polymer electrolyte. These pores provide more conductive channels for the transportation of 
lithium ions. Methew et al.[5] reported that the presence of a plasticizer rich phase in system leads to ion mobility 
helps to increase ionic conductivity. The broader peak of XRD pattern indicates amorphous nature of the present 
system is also increased by increasing the amount of plasticizers. Similar effect has also been reported by Sharma et 
al. [7]. The addition of low molecular weight plasticizers PC + DEC into the polymer matrix reduces the force of 
attraction between polymer chains making it more flexible and thus amorphous nature of the polymer enhance 
resulting into  the alteration of physical properties of GPE. 

Conductivity and Dielectric Properties 

Figure 2 shows the impedance plot of GPE containing 40 wt% of PC:DEC plasticizers. The plot consists low 
frequency inclined spike (due to the interfaces between electrolyte and electrode) followed by the high frequency 
semicircle arc (bulk effect). The ionic conductivity  of the polymer films has been calculated using the given 
relation 

            
b

t
R A

t
R A

 (1) 

                                                                                                                           
where  is the thickness of the films,  is the area of the electrolyte film with the electrode in contact and is 

the bulk resistance. values are determined from the intercepts of spikes with real axis. From the figure, it can be 
seen the values of the conductivity increase with increasing the amount of PC:DEC plasticizers from 20 wt% to 60 
wt%. A maximum electrical conductivity of 1.03 X 10-3 S cm-1 at 303 K has been achieved for the polymer blend 
gel electrolyte containing 60 wt% of PC:DEC plasticizers. The enhancement in conductivity due to addition of 
plasticizers can be attributed to change in both mobility and carrier concentration. Increase in carrier concentration 
and mobility is expected due to increase the degree of salt dissociation and increased amorphous nature of films 
respectively. The amorphous nature of the prepared GPE film is revealed from the XRD pattern.  
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FIGURE 1. SEM micrograph of the GPE  film containing  
60 wt%  PC:DEC plasticizers 

FIGURE 2.Impedance plot of GPE with 40 wt% PC:DEC 
(inset  at different concentration of PC:DEC at 303 K) 

 
According to Sharma et al.[7] addition of high dielectric constant plasticizers in polymer complexes reduces the 

inter ion coulomb interaction and more number of ions contributes towards conductivity. In order to explore the ion 
conduction mechanism, the conductivity is calculated as a function of frequency from the real and imaginary part of 
impedance data. The frequency dependent AC conductivity at different temperatures for GPE with 40 wt% PC:DEC 
plasticizers is shown in Fig. 3. The low frequency dispersive region is due to accumulation of charges near 
electrode-electrolyte interface due to slow periodic reversal effect of electric ac field. The mid frequency plateau 
region corresponds to the frequency independent conductivity , known as DC conductivity. The high frequency 
dispersion region of AC conductivity is analysed and fitted  using the universal Jonscher’s power law 
relation , where  is the power law exponent is the angular frequency, is the DC 
conductivity,  is a constant at a particular temperature. The values of power law exponent  is found to be decrease 
from 0.67 to 0.30 with increase in temperature which shows that the correlated barrier–hopping (CBH) model is 
appropriate to explain frequency and temperature dependence of AC conductivity[8]. 
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FIGURE 3. AC conductivity as a function of frequency at 

different temperatures for GPE with 40  wt%  PC:DEC 
FIGURE 4. Dielectric constant as a function of frequency at 

different temperatures for GPE with 50 wt% PC:DEC    
 
The study of dielectric property has been carried out in terms of dielectric constant parameter which measures 

the storage of electrical charges by materials and polarization in a given volume [9]. The dielectric constant ( ) as a 
function of frequency for GPE with 50 wt% PC:DEC plasticizers at different temperatures is shown in Fig.4. A 
dispersive nature of  towards lower frequency side is attributed space charge polarization due to building up of 
charge at the interface because of slow periodic reversal effect of applied field, giving the large value of   at lower 
frequency. While at high frequency, diffusion of ions is not feasible because of fast periodic reversal effect of 
electric field and incapability of dipoles to orient themselves in the direction of the applied alternating field. Hence, 
the decrease in the value of   has been observed with increasing the frequency. From Fig.4 (inset), the variation of 
dielectric constant ( ) with composition at 50 Hz shows a similar behavior as observed in conductivity. The increase 
in dielectric constant may be due to increased charge carrier density as result of salt dissociation with increasing the 
amount of plasticizer [7]. In order to understand conductivity relaxation mechanism in our system, the data has been 
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analyzed in terms of electric modulus. Figure 5 show the frequency dependent of imaginary ( ) part of modulus at 
different temperatures for the GPE containing 50 wt% PC:DEC plasticizers. It shows that  increase towards high 
frequency side and gives a long tail at low frequencies due to electrode polarization phenomenon. The long tails 
indicate that large capacitance values associated with the electrodes. The peak at high frequency shows that the gel 
polymer electrolyte film is ionic conductor. The presence of peak of the M'' curve at higher frequency side may be 
due to bulk effect. The ions are spatially confined to their potential wells and make only short-range motion with in 
the wells at the high frequency side of the modulus spectra and peak suggest the transition from long range to short 
range motion of ions. The broad nature of the M'' peaks is indicative of distribution of relaxation time in the present 
GPE system. Figure 6 shows the variation of loss tangent with frequency for different concentration of PC:DEC 
plasticizers for GPE films at 303 K. The loss spectra consisting of peak at a characteristic frequency is attributed to 
dipolar relaxation. The shift in peak towards higher frequency side with increase in plasticizer concentration results 
in faster ionic motion which indicates low relaxation time required to relax the system. The presence of the 
plasticizer in gel polymer electrolyte reduces the attractive forces between polymer chains consequently the 
segmental motion enhances [10]. 
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FIGURE 5. M  versus log f at different temperature for 

GPE with  50 wt% PC:DEC plasticizers 
FIGURE 6.Variation of  tangent loss at different 
concentration of PC:DEC plasticizers  at 303 K 

CONCLUSIONS 

The gel polymer electrolyte system comprised of (PVdF-HFP+PMMA)-(PC:DEC) –LiClO4 have been prepared 
via solution casting method. SEM and XRD analysis reveal swelled and amorphous nature of GPE. The electrical 
conductivity increases with increasing the plasticizers content from 20 wt% to 60 wt% and highest electrical 
conductivity of 1.03× 10-3 S cm-1 is observed for the sample containing 60 wt% of PC:DEC plasticizers. These gel 
polymer electrolyte samples follow the Jonscher’s power law. The dielectric constant also increases with increasing 
plasticizer content attributing its use as a good electrolyte for the battery formation. The electrode–electrolyte 
interface polarization process is found at lower frequencies. The loss peak of tangent loss suggests that the gel 
polymer electrolyte system relax much faster with addition of plasticizers.  
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Abstract
In the present study, a magnesium ion conducting polymer electrolyte membrane system based on polyethylene oxide (PEO)
containingmagnesium triflateMg(CF3SO3)2 salt and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) ionic liquid is
prepared using standard solution casting technique. X-ray diffraction and differential scanning calorimetry studies reveal change
in crystalline character with variation in Mg(CF3SO3)2 concentration within PEMs. Fourier transform infrared spectroscopy
technique reflects ion-polymer interactions within the prepared polymer electrolyte system. Dielectric and modulus properties of
prepared electrolyte membranes show significant changes in dielectric constant and relaxation behavior respectively on varying
Mg(CF3SO3)2 concentration. The optimized polymer electrolyte membrane with 6 wt% of magnesium triflate salt shows
maximum ionic conductivity of ~ 9.4 × 10−5 S cm−1 at room temperature. The ionic conductivity variation with temperature
shows Arrhenius behavior for PEMs. The Mg2+ conduction within the PEMs is established using CV study and electrochemical
stability window of ~ 4.0 V is determined using linear sweep voltammetry. The PEMs are dominantly ionic conducting with
Mg2+ transport number ~ 0.22 for the optimized PEM.

Keywords Polymer electrolyte membranes .Mg ion conductor . Ionic liquid . Ionic conductivity

Introduction

Since the commercialization of first lithium-ion battery in 1991,
these batteries, with two Li+ insertion electrodes and a Li-ion
conducting electrolyte, have been established as an ultimate
sophisticated energy storage device [1–3]. However, the high
cost, less abundance, environmental impacts, and some safety
limitations have forced the researchers to look for alternate
electrochemical cells based on Na, Mg, Zn, K, Al, etc. [4–9].
Magnesium, with E° of − 1.55 V vs SHE and theoretical ca-
pacity of 2205 mA h g−1, appears a good substitute of Li-ion

batteries [10]. Further, the cost effectiveness, low toxicity, ease
of handling, and lesser reactivity of magnesium make it attrac-
tive for fabricating electrochemical devices such as batteries,
fuel cells, supercapacitors, solar cells, and electrochemical dis-
plays. For realizing commercial Mg-ion batteries, a good ion
conducting electrolyte with significant electrochemical and
thermal stability is a prerequisite [11].

Polymer electrolyte membranes (PEMs) have recently
attracted much attention for applications in energy storage
and conversion devices [12, 13]. For fabrication of PEM, var-
ious polymers such as poly ethylene oxide (PEO),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP), poly(methyl methacrylate) (PMMA), polyvinyl alcohol
(PVA), polyvinyl chloride (PVC), polyvinylpyrrolidone
(PVP), polyacrylonitrile (PAN), rubber (MG49, ENR50,
etc.), polyester, and polycarbonate are utilized. PEO-based
PEMs have been extensively reported for various electro-
chemical devices including the magnesium-ion batteries
[14–16]. PEO-based PEMs own low ionic conductivity due
to its semi-crystalline nature which seized the segmental mo-
tion of polymer chain and restrict the ion mobility. The re-
searchers have attempted to suppress the crystallinity of the
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PEO chain to improve mobility of ions through faster ion
hoping, thereby leading to better ionic conduction. The ion
hopping is believed to be predominant in amorphous PEO-
based PEMs [17].

An alternative method of achieving high conductivity
while retaining the useful properties of PEMs is to use ionic
liquids (ILs) either as the main conducting species
immobilized in a polymer membrane or as a plasticizing agent
in the PEMs [18, 19]. The 1-ethyl-3-methylimidazolium tet-
rafluoroborate (EMIM-BF4) ionic liquid is a green solvent,
which acts as plasticizer and supplier of new charge carriers
(bulky and asymmetric organic EMIM+ cations and inorganic
BF4

− anions) for ionic conduction in polymer electrolyte sys-
tem. This ionic liquid possesses various specific properties
such as wide liquid-phase range, non-volatility, non-flamma-
bility, eco-friendliness, ability to dissolve in a variety of com-
pounds, negligible vapor pressure at room temperature, wide
electrochemical stability window, high ionic conductivity, and
excellent thermal/chemical stability [19, 20].

The ion conduction mechanism in polymer electrolytes has
been explained by various models [21]. The role of ILs in
electrolytic properties of PEO-based Li-ion conducting
PEMs has been investigated by Chaurasia et al. [22, 23].
They demonstrated that the IL confined in PEO not only plas-
ticizes the polymer but also coordinates with the electronega-
tive group of PEO and influences free ion concentration with-
in PEM. However, the reports on Mg2+-based PEMs lack in
numbers when compared with the existing Li-ion- and Na-
ion-based PEMs [6, 24–30]. It is important to note that re-
searchers are trying hard to develop a commercial Mg-ion
conducting electrolyte by using ionic liquids as non-
flammable molten salts and active/passive nanofillers for bet-
ter solvent retention within the polymer-based electrolyte sys-
tems [31, 32]. The study of ion-dynamics behavior in such
PEMs is of fundamental interest to fabricate modern electro-
lyte systems by tailoring conduction mechanism. However, a
systematic study for understanding the role of IL in modifying
the structural and electrochemical properties of Mg2+

conducting PEM is still lacking. Here, we present a detailed
analysis of Mg2+ conducting PEMs using PEO and EMIM-
BF4 as ionic liquid with varying concentrations of
Mg(CF3SO3)2 salt. EMIM-BF4 is known as moisture-stable
form of IL. EMIM+ cation if combinedwith CF3SO3

− anion of
Mg(CF3SO3)2 also forms EMIM-CF3SO3 as moisture-stable
forms of IL [33, 34]. Considering the low viscosity (2 cP),
high conductivity (15.92 mS cm−1), and high dielectric con-
stant (14.8), we have taken (EMIM-BF4) IL compared to other
imidazole-based ILs. Enhancement of ionic conductivity oc-
curs due to ionic dissociation through Lewis acid–base inter-
action between IL and polymer/ionic species. In view of this,
it would be interesting study to investigate the structural and
electrochemical properties of PEMs containing EMIMBF4 as
ionic liquid, PEO as polymer host, and Mg(CF3SO3)2 as salt.

In this study, we have shown how the salt changes/controls
ionic conduction and relaxation parameters in polymer elec-
trolyte for electrochemical performances with these
electrolytes.

Experimental section

Materials

The materials used for the preparation of PEMs were PEO of
average molecular weight ~ 300,000 from Alfa Aesar, magne-
sium triflate, Mg(CF3SO3)2, salt of 97% purity from Aldrich,
and EMIM-BF4 extrapure for catalysis and nanotechnology
grade from SRL. Acetone of purity 99% was obtained from
Aldrich and was used as received for dissolving polymer host.

Preparation of PEMs

PEMs were prepared by standard solution casting technique.
In this technique, initially stoichiometric amounts of polymer
PEO and ionic liquid EMIM-BF4 (9:1 wt/wt) were dissolved
in acetone through continuous stirring for 5–6 h at 40 °C. The
homogeneous solution, thus obtained, was poured in Teflon
petri dish and left for solvent evaporation at ambient temper-
ature. After complete evaporation of the solvent, free standing
membrane containing no magnesium salt was obtained. In
order to obtain Mg2+ conducting PEM, the various concentra-
tions of Mg(CF3SO3)2 salt were added to the PEO + EMIM-
BF4 solution according to compositional formula; (PEO +
EMIM-BF4) + x wt% Mg(CF3SO3)2 for x = 1 to 7 wt%.
After complete evaporation of the solvent, Mg2+ conducting
free standing PEMs were obtained.

Characterization of PEMs

X-ray diffraction measurements were carried out with XPERT-
PRO System using CuKα radiation in the Bragg angle (2θ)
ranging from 10° to 70° at scanning rate of 2° min−1. Atomic
force microscopy was performed by employing AFM, pico
SPM-picoscan 2100, Molecular Imaging, USA. The imaging
was performed in tapping mode with a diamond-like carbon
coated ultra-sharp silicon tip. Fourier transform infrared spectra
of the prepared samples were recorded in the wavenumber
range of 650–4000 cm−1 using single beam FTIR 4100
JASCO model. The spectra were recorded by averaging 32
scans per sample with an optical resolution of 4 cm−1. The
measurements were taken by directly mounting the electrolyte
membrane in the sample holder in transmission mode. Thermal
properties of these PEMs were studied by differential scanning
calorimetry (DSC). For the DSC measurement, samples were
hermetically sealed in aluminum pan and DSC thermograms
were obtained in the temperature range from RT to 70 °C using
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SII EXSTAR-6000 systems at the heating rate of 10 °C min−1

under N2 atmosphere. The electrical characterization of PEMs
was performed by impedance spectroscopic technique.
Precision Solartron 1260 Impedance analyzer was used in the
frequency range from of 1 Hz to 32 MHz with a signal level of
50 mV in temperatures range from 303 and 333 K. The imped-
ance measurements are carried out by sandwiching the PEMs
between two stainless steel electrodes under spring pressure.
The cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) were performed by using electrochemical analyzer (Zive
SP1) of WonATech Co., Ltd., Korea at scan rate of 5 mV s−1.
The dc polarization measurements were also performed by
using electrochemical analyzer (Zive SP1) of WonATech Co.,
Ltd., Korea.

Results and discussion

X-ray diffraction studies

X-ray diffraction (XRD) patterns have been recorded and
shown in Fig. 1 for various Mg(CF3SO3)2 salt concentration
within the PEMs. The polymer electrolyte consisting of PEO
and ionic liquid EMIM-BF4 shows peaks at 19.6°, 23.4°, and
27.0°, respectively, due to the semi-crystalline nature of PEO
polymer. PEMs consisting of PEO + EMIM-BF4 with varying
amount of Mg(CF3SO3)2 salt maintain the prominent peaks
orientation at 19.6° and 23.4°, respectively [35]. It is impor-
tant to note that the peak intensity corresponding to 19.6° and
23.4° reduces on increasing the concentration of
Mg(CF3SO3)2 salt from 0 to 6 wt%. This decrease in peak
intensity can be inferred as possible decrease in crystalline
character of the PEMs on enhancing the Mg(CF3SO3)2 salt

concentration. When the Mg(CF3SO3)2 salt concentration
reaches to 7 wt%, an increase in peak intensity is observed
which depicts the rise in crystalline character of the PEMs.
Thus, significant structural changes are observed when
Mg(CF3SO3)2 salt concentration changes within the polymer
electrolyte membranes [36].

AFM studies

Figure 2 displays the AFM micrographs of the PEMs
consisting of PEO, EMIM-BF4, and Mg(CF3SO3)2 salt. On
varying Mg(CF3SO3)2 salt concentration within the PEMs,
significant morphological changes are observed with respect
of roughness events as seen in Fig. 2a–d . On addition of
Mg(CF3SO3)2 salt concentration from 1 to 6 wt% in PEO +
EMIM-BF4 matrix, the maximum roughness height in AFM
graphs changes from 794 to 148 nm while an average rough-
ness height decreases from 340 to 90 nm, respectively. This

Fig. 1 X-ray diffraction patterns of PEO + EMIMBF4 with varying
amount of Mg(CF3SO3)2 salt from 0 to 7 wt%

Fig. 2 AFM analysis for PEMs with composition (PEO+ EMIM-BF4) +
x wt% Mg(CF3SO3)2: a x = 1, b x = 5, c x = 6, d x = 7, and e roughness
height verses Mg(CF3SO3)2 salt concentration
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reduction in roughness peaks is possibly due to initial support-
ive aggregation of ions from Mg(CF3SO3)2 and EMIM-BF4
occupying the conduction pathways inside the PEO + EMIM-
BF4 matrix [37]. However, at 7 wt% of Mg(CF3SO3)2 salt
concentration, the maximum roughness height dramatically
rises to 251 nm and average roughness height to 125 nm as
shown in Fig. 2e . The sudden rise in height of roughness
events may be due to blocking effects of salt aggregation as
explained by Parthiban et al. [38].

FTIR studies

In order to investigate any change in molecular bond lengths
and/or interact ion among PEO, EMIM-BF4, and
Mg(CF3SO3)2 salt in PEMs, FTIR spectra of pure PEO,
(EMIM-BF4) IL, Mg(CF3SO3)2 salt, and (PEO + EMIM-
BF4) +Mg(CF3SO3)2 PEMs have been obtained (Fig. 3a).
The constituent materials are showing their characteristic
bands. The polymer PEO has ethylene group (-CH2-CH2-),
which shows different twisting, wagging, and rocking type
vibrations. The C-O-C group attached to the main chain of
PEO possesses symmetric and asymmetric vibration modes
with a tendency of forming hydrogen bond with the cation
of the ionic liquid EMIM-BF4 and salt Mg(CF3SO3)2 [22].
Thus, the immobilization of EMIM-BF4 and Mg(CF3SO3)2
in PEOmay lead significant changes in these IR active modes
of PEO. In order to see the effect of addition of IL in PEOwith
subsequently variation of saltMg(CF3SO3)2 in PEO + EMIM-
BF4, the FTIR spectra of PEO, EMIM-BF4, Mg(CF3SO3)2
salt, PEO with EMIM-BF4 membrane, and (PEO + EMIM-
BF4) with 6 wt% Mg(CF3SO3)2 PEM have been extended
because main features are observed in the wavenumber region
700–1700 cm−1 (Fig. 3b). The changes in the following fea-
tures are observed:

(i) The bands at 744 cm−1 of C-H bending in pure PEO
disappear when IL is added to PEO and (PEO + EMIM-
BF4) +Mg(CF3SO3)2 PEMs.

(ii) The band at 840 cm−1 of C-O stretching in pure PEO has
been shifted to 844 cm−1 when Mg(CF3SO3)2 salt is
increased in the (PEO + EMIM-BF4) + Mg(CF3SO3)2
PEM.

(iii) The bands observed in the region 1000–1200 cm−1 cor-
responding to the C-O-C stretching vibration of PEO are
very much sensitive to the cations of both the ionic
liquid EMIM+ andMg2+ [36, 39]. The PEO shows char-
acteristic bands at 1009, 1057, 1100, and 1146 cm−1 in
this region. The band at 1009 cm−1 also disappears in
(PEO + EMIM-BF4) +Mg(CF3SO3)2 PEM due to addi-
tion of IL which is showing a broad flat dip in this
region. However, the bands at 1057 and 1146 cm−1 of
pure PEO have been shifted to 1061 and 1149 cm−1,
respectively, when the IL is immobilized in PEO. The

band at 1100 cm−1 in pure PEO shifts to 1109 cm−1 even
in (PEO + EMIM-BF4) membrane as well as in (PEO +
EMIM-BF4) +Mg(CF3SO3)2 PEM. These observations
suggest the possible interaction of the EMIM+ of IL and
Mg2+ of salt with ether oxygen of PEO.

(iv) Additionally, the band at 1276 cm−1 of pure PEO is
observed to shift at 1282 and 1280 cm−1 while the band
at 1635 cm−1 of C=C and C=N stretching of pure IL
appears to shift to higher wave number side, i.e.,
1656 cm−1 in all PEM membranes. It means the bond
lengths of C=C and C=N stretching of pure IL slightly
decrease due to the interaction with PEO and Mg salt in
the PEMs.

Fig. 3 a FTIR spectra of pure PEO, pure EMIM-BF4 IL, pure
Mg(CF3SO3)2 salt, PEO + EMIM-BF4 membrane, and PEO + EMIM-
BF4 containing different Mg(CF3SO3)2 concentrations; b extended
FTIR spectra of pure PEO, pure EMIM-BF4 IL, PEO + EMIM-BF4
membrane, pure Mg(CF3SO3)2 salt, and PEO + EMIM-BF4 containing
6 wt% Mg(CF3SO3)2 salt in the wavenumber range 700–1700 cm−1
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(v) The bands centered at 1298 and 1571 cm−1 of pure IL
disappear in the IR spectra of (PEO + EMIM-BF4) +
Mg(CF3SO3)2 PEMs.

(vi) No separate bands of pure Mg(CF3SO3)2 salt have been
observed in PEMs, which is indicative of the complete
complexation of the salt.

In addition to these observations, the broad band centered
at ~ 3440 cm−1 in pure EMIM-BF4 IL is due to the symmetric
stretching of the aromatic ring of IL observed in all the PEMs
at all salt concentrations [40]. However, this band appears
narrower in (PEO + EMIM-BF4) + Mg(CF3SO3)2 PEMs
(Fig. 3a). It is well known that the –OH stretching also gives
its signature in IR near 3200 cm−1 wavenumber which may be
due to the hygroscopic nature of Mg(CF3SO3)2 salt in the
PEMs. But as this peak is centered away from 3400 cm−1

and no change in shift is observed with the addition of
Mg(CF3SO3)2 salt in any of these PEMs, hence presence of
–OH stretching vibrations is neglected. These observations
suggest the good complexation among PEO, EMIM-BF4,
and Mg(CF3SO3)2 in PEMs.

DSC analysis

DSC has been utilized to probe the amorphous or crystalline
nature of PEMs membranes. Figure 4 shows the DSC thermo-
grams for the electrolyte system PEO + EMIM-BF4 with vary-
ing amount of Mg(CF3SO3)2 salt. The reduction in melting
temperature (Tm) is observed with the increasing concentra-
tion of Mg(CF3SO3)2 till 6 wt%. In addition, the broadening
of the peaks with salt concentration enhancement is evident
from the thermogram which is indicative of increase in amor-
phous nature within PEMs.

The decrease in Tm of polymer with increasing amounts of
the Mg(CF3SO3)2 leads to the flexible polymer backbone due
to the weaker intermolecular interaction between polymer
chains. This flexible polymer backbone facilitates higher seg-
mental motion of the polymer backbone and hence high ionic
conductivity [25]. Further, the reduction of melting tempera-
ture and broadening of melting endothermic peaks with the
addition of Mg(CF3SO3)2 salt are consistent with increase in
the amorphous phase of PEMs which are in consonance with
results of XRD pattern. The degree of crystallinity (Xc) is
calculated for 100% crystalline PEO phase by the Eq. 1 [41]
and results are presented in Table 1.

X c ¼ ΔHm

ΔHo
m

� �
� 100% ð1Þ

Here ΔHo
m and ΔHm are the melting enthalpy of 100%

crystalline PEO and prepared PEMs. The endothermic peaks
corresponding to melting temperature (Tm) are also indicated
in Table 1. It can be noticed that Tm peaks shift towards lower
values till 6 wt% concentration of the Mg(CF3SO3)2 salt. This
change has been attributed to the possible plasticization effect
of EMIM-BF4 ionic liquid [42].

Electrochemical impedance spectroscopy

Nyquist plots and ionic conductivity

The Nyquist plot (Z′ vs Z′′) for the freshly prepared PEMs with
different Mg(CF3SO3)2 concentration at temperature 303 K is
shown in Fig. 5a . The difference between real part of imped-
ance at high frequency and low frequency end of semicircular
portion indicates the bulk resistance (Rb) of the PEMs. From
Fig. 5a , we observe that the Rb decreases as theMg(CF3SO3)2
salt concentration increases from 0 to 6 wt%. However, Rb

slightly increases for 7 wt% salt concentration. The Rb is in-
versely proportional to the ionic conductivity and is given by
the formula

Fig. 4 DSC curves of PEO + EMIM-BF4 and PEO + EMIM-BF4
containing different concentrations of Mg(CF3SO3)2

Table 1 Melting temperature (Tm) and degree of crystallinity (Xc) of
PEO + EMIM-BF4 with increasing Mg(CF3SO3)2 concentration

(PEO + EMIM-BF4) + x
wt% Mg(CF3SO3)2

Tm (°C) %Xc

x = 0 59.2 52.5

x = 1 58.9 46.2

x = 2 58.5 35.2

x = 4 57.5 33.3

x = 5 56.5 28.4

x = 6 54.9 16.3

x = 7 57.0 35.2
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σ ¼ t
RbA

ð2Þ

where σ is ionic conductivity of the electrolyte, t is thickness
of the electrolyte specimen, Rb is bulk electrolyte resistance,
and A is area of cross-section of the electrolyte specimen.

The lowest value of Rb is observed for 6 wt% salt concen-
tration which corresponds to maximum ionic conductivity of
9.4 × 10−5 S cm−1 at 303 K. It is important to note that the
lowest activation energy has been observed for this PEM with
6 wt% salt concentration. A decrease in ionic conductivity is
observed for higher loading of 7 wt% Mg(CF3SO3)2 salt con-
centration as shown in Fig. 5b . Such decreases in ionic con-
ductivity and increase of activation energy values of PEM are
attributed to ion-association/aggregation as reported previous-
ly [43]. As the salt concentration increases, the value of con-
ductivity is increased monotonically up to 6 wt% at tempera-
ture 303 K. The decrease in activation energy and increase in
the ionic conductivity with the increases of salt concentration

may be related to the increase in the number of mobile charge
carriers in the polymer electrolyte [44]. Figure 5c depicts the
variation of ionic conductivity (σ) as a function of temperature
for prepared PEMs. The straight line feature of σ versus
1000/T plots suggests that ion transport in the PEMs follows
the typical Arrhenius behavior which can be ascribed by
Arrhenius equation

σ ¼ σ0exp
−Ea

kT

� �
ð3Þ

where σ0 is pre-exponential factor, Ea is the activation energy, k
is the Boltzmann constant, and T is absolute temperature [45].
The increase in conductivity with rise in temperature is possibly
due to increased thermal movement of polymer chain segments
and greater salt dissociation. However at lower temperature,
dipole-dipole interaction increases the cohesive energy of poly-
mer matrix thereby giving rising to lesser conductivity values.
Such finding has been previously reported by Ramya et al. [46].

Fig. 5 a Nyquist plots of PEO + EMIM-BF4 PEMs with different
concentrations of Mg(CF3SO3)2. b Variation of ionic conductivity as a
function of Mg(CF3SO3)2 salt concentration at room temperature. c Ionic
conductivity as a function of temperature for PEMs containing

Mg(CF3SO3)2 salt concentration 0, 1, 4, 6, and 7 wt%. d Frequency
dependent conductivity spectra of PEMs (PEO+ EMIM-BF4) + x wt%
Mg(CF3SO3)2 where x = 0, 1, 2, 5, 6, and 7
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Figure 5 d shows the behavior of conductivity as a function
of frequency for the six different compositions of the PEM
system, (PEO + EMIM-BF4) + x wt% Mg(CF3SO3)2 where
x = 0, 1, 2, 5, 6, and 7 wt%, at 303 K. It may be noted that
the spectra depicts three distinct region viz., low frequency
dispersion region corresponds to the electrode polarization,
mid frequency plateau attributed to the dc conductivity, and
the high frequency dispersion region which could infer the
frequency dependent ion transport [47]. For each PEM, we
observe conductivity dispersion in low frequency region aris-
ing from space charge polarization at the electrode-electrolyte
interface. Mid frequency region indicates a frequency inde-
pendent plateau corresponding to the dc conductivity of the
PEMs. At the high frequency region, a sharp conductivity rise
is noticed and such feature may be attributed to displacement
of the ionic species under the effect of alternating field.

Dielectric studies

A study of the dielectric behavior of the PEM enables to un-
derstand the conductivity behavior of the electrolyte system.
The ion conduction and relaxation mechanism of a PEM sys-
tem can be investigatedwith the help of dielectric constant and
dielectric loss. The complex permittivity ε∗or dielectric con-
stant of a system is defined by:

ε* ¼ ε
0
− jε″ ¼ ε

0
− j

σ
ωεo

� �
ð4Þ

where ε′ is real part of complex permittivity (also known as
dielectric constant), ε″ is imaginary part of complex permittiv-
ity of material (also known as dielectric loss), σ is conductiv-
ity, ω is angular frequency, and εois permittivity of free space.
The mathematical expressions for ε′ and ε″ are given by the
following equations;

ε
0 ¼ Z″

ωCo Z
02 þ Z″2

� � ð5Þ

ε″ ¼ Z
0

ωCo Z
02 þ Z″2

� � ð6Þ

where ω is angular frequency, Co is capacitance in vacuum,
and Z′ and Z″ represent the real and imaginary parts of imped-
ance for electrolyte system.

The value of tan δ has been determined using the following
relation

tan δð Þ ¼ ε″

ε0 ¼
Z

0

Z″ ð7Þ

The variation of dielectric constant (ε′) and tangent loss (tan
δ) as a function of frequency is shown in Fig. 6a and b for
different PEMs. Increase in dielectric constant (ε′) at lower

frequency regionmay be ascribed as space charge polarization
due to accommodation or build-up of charges near the
electrode-electrolyte interface [48–50]. This is because of
ion or dipoles are able to orient themselves in the direction
of applied reversal AC field at lower frequency region.
Whereas, at the higher frequency region, there is occurrence
of the fast periodic reversal of the applied field and therefore
dipoles have no time to orient themselves. In view of this, ε′

and tan (δ) decrease rapidly and approach close to zero at the
high frequency portion. Another conclusion can be drawn
from Fig. 6a that the value of ε′ is increasing with increasing
the amount of Mg(CF3SO3)2 salt from 0 to 6 wt%, whereas
reverse trend has been observed for system with higher
Mg(CF3SO3)2 concentration. The highest values of ε

′ for the
(PEO + EMIM-BF4) + 6 wt% Mg(CF3SO3)2 PEM is noticed.
This may be due to increase in the charge carrier density with
increasing the salt concentrations [51].

Fig. 6 Frequency-dependent a dielectric constant (ε′) and b tan δ for
(PEO + EMIM-BF4) + x wt% Mg(CF3SO3)2 where, x = 0, 1, 2, 4, 5, 6,
and 7 at 303 K
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Figure 6b shows tan (δ) versus log ( f ) for (PEO +EMIM-
BF4) + x wt% Mg(CF3SO3)2 where x = 0, 1, 2, 4, 5, 6, and 7 at
303 K. The plot consists of a peak which shifts towards the
higher frequency side with increasing the concentration of
Mg(CF3SO3)2 salt up to 6 wt%. Beyond this concentration,
the maxima of peak shift towards lower frequency side. The
shift in the peak indicates the relaxation phenomenon is occur-
ring. The lowest relaxation time is observed for the optimized
highest conducting PEM. This might be due to increase in the
amorphous nature of the PEM with increasing amount of salt
through which polymer chains can easily orient themselves.

Modulus studies

The frequency response of electric modulus representation is
an established technique utilized extensively to identify the
electrical relaxation and the electrode polarization effect.
Mathematically, electric modulus is given by the relation

M* ¼ 1

ε*

� �
¼ jωCoZ* ¼ M

0 þ jM ″ ð8Þ

where the angular frequency ω = 2πf and Co is the vacuum
capacitance of the electrochemical cell, andM′ andM″ denote
the real and imaginary parts of the modulus M∗, respectively.
A true electrical relaxation for the PEMs with various salt
concentrations is usually identified by plotting the real M′

and imaginary M″ part of electric modulus as a function fre-
quency as presented in Fig. 7a and b . An almost zero value of
M′ at low frequency indicates the negligible contribution of
the electrode polarization. Long tail at lower frequencies stip-
ulates the large capacitance is associated with it [52, 53].
Whereas a considerable raise in M′ values as well as a shift
in peak maximum towards the higher frequency region in
observed as salt concentration increases up to 6 wt%
Mg(CF3SO3)2. A similar trend has been observed in the imag-
inary part (M″) of the electrical modulus. The shift in peak
maximumwith increasing the salt concentrations up to 6 wt%.
This behavior indicates the occurrence of charge carriers hop-
ping and relaxation phenomena due to decrease in the crystal-
line nature of PEM system with addition of more amount of
salt concentration up to 6 wt%. Similar kind of behavior has
also been reported by the Karmakar et al. [54].

Ion transport studies

Total ion transport number

The total ion transference number (tion) determines the contri-
bution of ions in the total conductivity of PEM system. The
tion value for optimized PEM, (PEO + EMIM-BF4) + 6 wt%
Mg(CF3SO3)2, was estimated using dc polarization technique
[55, 56]. As a part of the technique, a dc potential of 0.5 Vwas

applied to the cell configuration SS|PEM|SS (SS, stainless
steel) and current was monitored as a function of time. The
tion values were obtained using formula:

tion ¼ I t−I eð Þ
I t

ð9Þ

where It and Ie are total and saturated currents, respectively.
A typical current vs time plot for cell assemblies,

SS|PEM|SS and Mg|PEM|Mg, with optimized PEM is shown
in Fig. 8a . In these cell assemblies, SS acts as ion blocking
electrode and allows only electronic reversibility at
electrolyte/SS interface, while Mg shows reversibility for
Mg2+ ion at electrolyte/electrode interface. In the polarization
curve, initially the current (It) is observed as 28.50 μA cm−2,
which suddenly drop and saturate at 0.30 μA cm−2 (Ie). The
tion value, calculated using Eq. 9 is obtained as ~ 0.99. This
suggests that the conductivity of the prepared PEM system is
dominantly due to ions and it is electronically insulating.

Fig. 7 Frequency-dependent a real part of modulus (M′) and b imaginary
part of modulus (M″) for (PEO + EMIM-BF4) + x wt% Mg(CF3SO3)2
where, x = 0, 1, 2, 4, 5, 6, and 7 at 303 K
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Cation (Mg2+) transport number

The magnesium transport number (tMg2þ ) of the opti-

mized PEM was estimated by a combination of ac imped-
ance and dc polarization techniques as proposed by
Watanabe et al. [57]. The impedance and polarization ex-
per iments were per formed on the symmet r ica l
Mg|PEM|Mg cell configuration and tMg2þ values were cal-

culated using formula:

tMg2þ ¼ Rb

ΔV
I s

−Re

� � ð10Þ

where Rb is the bulk resistance, Re is the electrode/
electrolyte interfacial resistance, Is is the saturation cur-
rent, and ΔV is the small constant voltage (20 mV) ap-
plied to the cell assembly.

In the polarization curve of Mg|PEM|Mg cell (Fig. 8a), the
current receives saturation at relatively higher value (Is =
1.03 μA cm−2) as compared to SS|PEM|SS cell, which is an
indicative of Mg2+ transport at electrolyte/Mg interface. In
order to find tMg2þ value for highest conducting composition,

impedance plot of Mg|PEM|Mg cell is obtained (Fig. 8b). As
illustrated in the figure, the bulk resistance (Rb) and electrode/
electrolyte interfacial resistance (Re) are obtained as 2864 and
5963Ω, respectively. The tMg2þ value, calculated using Eq. 10,

is obtained as 0.22 for the highest conducting optimized
composition.

In order to confirm Mg2+ conduction in the prepared PEM
system and to assess its electrochemical stability, CV was
performed on the two symmetrical cells, SS|PEM|SS and
Mg|PEM|Mg at a scan rate of 5 mV s−1 (Fig. 8c). In the
voltammogram of the cell with SS electrode, no anodic or
cathodic peak is observed and also the current values are in-
significant. This reflects a significantly high electrochemical
stability window of the prepared PEM system. However, the
voltammogram of Mg|PEM|Mg cell shows several times high
current values with a couple of reversible redox peaks corre-
sponding to cathodic deposition and anodic oxidation ofMg2+

at electrolyte/Mg interface. This shows the good reversibility
of the Mg2+/Mg redox couple in cell. In order to, further,
confirm the electrochemical stability window, LSV was

Fig. 8 a DC polarization curves for symmetrical cells; SS|PEM|SS and
Mg|PEM|Mg. b Impedance curve for symmetrical cell; Mg|PEM|Mg. c
Cyclic voltammograms of symmetrical cells, SS|PEM|SS and
Mg|PEM|Mg using optimized PEM with composition (PEO + EMIM-
BF4) + 6 wt% Mg(CF3SO3)2

Fig. 9 Linear sweep voltammogram for PEM with composition (PEO +
EMIM-BF4) + 6 wt% Mg(CF3SO3)2 in the cell configuration
SS|PEM|Mg at a scan rate of 5 mV s−1
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performed on the highest conducting composition of the PEM
system at a scan rate of 5 mV s−1 using SS as a working
electrode and magnesium as a combined reference and coun-
ter electrode (Fig. 9). The LSV trace confirms the electro-
chemical stability window the highest conducting composi-
tion as ~ 4.0 V. These observations confirm the Mg2+ ion
conductivity in the prepared PEM system with significant
electrochemical stability. This assessment is an indicative of
the potential applicability of the prepared PEMs in electro-
chemical devices especially the supercapacitors and batteries.

Conclusion

The prepared PEO + EMIM-BF4 +Mg(CF3SO3)2 films have
been characterized using XRD,AFM, FTIR, and DSC studies.
AFM analysis demonstrates minimum roughness height for
optimized PEM with 6 wt% of Mg(CF3SO3)2 concentration.
FTIR analysis shows coordination of EMIM+/Mg2+ with ether
oxygen of PEO and complexation among PEO/EMIM-BF4/
Mg(CF3SO3)2. DSC study shows decrease in Tm on increas-
ing Mg(CF3SO3)2 concentration suggesting an increase of
polymer chain flexibility. From the Nyquist plot, the highest
ionic conductivity (~ 9.4 × 10−5 S cm−1) is observed for opti-
mized PEM with 6 wt% of Mg(CF3SO3)2. The dc conductiv-
ity variation with temperature shows typical Arrhenius behav-
ior for all PEMs. Dielectric studies depict increased values of
dielectric constant (ε′) at lower frequencies while the peak of
dielectric loss (ε″) shifts towards higher frequency side with
the addition of salt up to 6 wt% in the electrolyte films.
Modulus studies indicate occurrence of charge carriers hop-
ping and relaxation phenomenon in the PEMs films on adding
Mg(CF3SO3)2. The peak shift in M″ spectra suggested the
decrease in relaxation time with the addition of salt up to
6 wt%. Total ion transport number is close to unity for all
electrolytic films which indicates the conductivity is domi-
nantly due to ions and it is electronically insulating. The
Mg2+ conduction is confirmed using cyclic voltammetry study
and Mg2+ transport number is determined to be 0.22 for the
optimized (6 wt%) PEM. The observed changes in ionic con-
duction, relaxation parameters, and electrochemical perfor-
mances with the variation of salt concentration suggest that
PEO + EMIM-BF4 +Mg(CF3SO3)2 system may be a good
electrolyte for battery applications.
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Abstract
In the present study, electrochemical impedance analysis in terms of electrical conductivity, dielectric permittivity, and elec-
trical modulus has been carried out of prepared sodium ion-conducting nanocomposite gel polymer electrolyte. To study ion 
conduction behavior, frequency-dependent AC conductivity has also been analyzed. Dielectric constant (ε′) and dielectric 
loss (ε′′) as a function of frequency with different nanofiller  SiO2 concentrations as well as at different temperatures ranging 
from 303 to 333 K have been discussed. The low-frequency region showed high values of dielectric constant due to polariza-
tion at the electrode–electrolyte interface. Frequency-dependent real (M′) and imaginary part (M′′) of modulus reveal large 
capacitance associated with it at lower frequency whereas dispersion (conductivity relaxation) at a higher frequency. The 
tangent loss (tan δ) of the electrolyte systems has been determined for different frequencies and concentrations of fumed silica 
nanoparticles. The high conducting nanocomposite gel polymer membrane exhibited an electrochemical stability window 
of ≈ 3.3 V which is sufficient to apply this material as a separator for electrochemical device application. The conductivity, 
dielectric, modulus, and electrochemical stability studies reveal that sodium ion-conducting nanocomposite gel polymer 
electrolytes offer good electrochemical properties and are suitable for application in any electrochemical/power conversion 
device. The optimized flexible nanocomposite gel polymer electrolyte films have been used in a prototype sodium battery, 
which shows a stable open-circuit potential of ~ 2.1 V and a significant first specific discharge capacity of ~ 500 mAh g−1 at 
a drain current of 14 mA g−1.

1 Introduction

The lithium-based electrolytes and batteries are most suc-
cessful till date but lithium resources are costly, less abun-
dant, and are concentrated to few countries only [1]. In view 
of this, research and development on other cell chemistries 
such as sodium, magnesium, zinc, potassium, aluminum, 
and so on are growing at a great pace [2–8]. Recently, tri-
boelectric nanogenerators (TENG) and piezoelectric nano-
generators (PENG) are also utilized as energy conversion 
devices due to their useful properties such as stretchability, 

self-healability and bio-compatibility [9–13]. The research 
on sodium batteries is largely motivated by its low cost, high 
abundance, non-toxicity, and sufficiently high electrochemi-
cal reduction potential of ~ 2.7 V vs SHE. The development 
of the sodium batteries is hampered by the non-availability 
of suitable and compatible non-aqueous electrolytes. The 
usage of liquid electrolytes in electrochemical devices poses 
safety issues and many other drawbacks such as leakage, 
corrosion, explosion, and so on which results in progres-
sively poor performance of a cell. In view of this, all alkali 
metal batteries require non-aqueous polymer electrolytes 
with good electrochemical properties and researchers around 
the globe are working on the development of these electro-
lytes since the last many decades [14, 15]. The frequently 
used polymers to design polymer electrolyte include polyeth-
ylene oxide (PEO), poly(vinylidene fluoride-co-hexafluor-
opropylene) (PVDF-HFP), polyvinylpyrrolidone (PVP), 
poly(methyl methacrylate) (PMMA), polyvinyl alcohol 
(PVA), polyvinyl chloride (PVC), polyacrylonitrile (PAN), 
rubber (MG49, ENR50, etc.), polyester and polycarbonate, 
etc. PMMA is an attractive choice to realize the polymer 
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electrolytes due to its amorphous nature, good affinity with 
organic solvents, and high ionic conductivity it supports 
after incorporation of liquid electrolytes [16]. The usage 
of solid polymer electrolytes for designing cell assembly is 
problematic due to their extremely low ionic conductivity 
values and poor interfacial contacts with anode and cathode.

Gel polymer electrolytes (GPE) are attractive choices 
owing to their non-leakage feature and liquid-like high ionic 
conductivity close to ~ 10–3 S cm−1. These electrolytes are 
prepared by immobilizing the salt solution into the polymer 
matrix and are mechanical, electrochemical stable with easy 
mouldability to meet design considerations for any electro-
chemical device [17]. In this report, we have chosen the 
ethylene carbonate (EC) and propylene carbonate (PC) as 
organic solvents due to their high dielectric constant of 89.7 
and 66.1 respectively, and their compatibility with the cho-
sen PMMA polymer. In order to enhance the performance 
characteristics of GPE, the researchers have suggested the 
usage of micro/nanosized active or passive fillers. The incor-
poration of these fillers into gel polymer electrolytes results 
in nanocomposites gel polymer electrolyte (NGPE). The 
addition of these fillers in a small amount has a tendency 
to collapse the organization of polymer chain which in turn 
facilitates higher ionic conduction [18, 19]. In addition, 
the introduction of these fillers into GPE contributes better 
dimensional and interfacial stability of the electrolyte dur-
ing their application in electrochemical devices especially 
the batteries. In this report,  SiO2 is utilized as a nanofiller 
to give a porous structure that maximizes the adsorption of 
liquid electrolyte and reduces the risks of leakage.

Using the  Na+ conducting polymer gel electrolytes, 
researchers have attempted sodium-based batteries such 
as sodium ion batteries (SIBs), Na-S cells, ZEBRA cells, 
etc. [20–23]. Red phosphorus is a commercially promis-
ing electrode, which could react with Na to form a  Na3P 
compound, leading to an extremely high theoretical capac-
ity (2590 mAh g−1). However, inherently low conductivity 
 (10–14 S cm−1) and a huge volume variation of red phospho-
rus during sodiation/desodiation processes can cause severe 
structural destruction and performance degradation during 
cycling. To overcome this issue, compositing phosphorus 
with carbon-based materials (carbon nanotubes, graphene, 
carbon nanofibers, etc.) is a rational and effective design for 
P-based electrode materials, because carbon could buffer 
volume expansion and enhance the conductivity, which is 
helpful to the rate capability and cycle stability of a battery 
system [24–27].

There are many reports on PMMA-based nanocomposite 
gel electrolytes using organic solvents. Sharma et al. pre-
sented FTIR spectroscopy, thermal, and conductivity stud-
ies on PMMA/PC/NH4PF6/SiO2 nanocomposite electrolyte 

system [28]. Chew et al. studied the effect of  SiO2 and 
 Al2O3 as ceramic fillers on PMMA-based electrolyte sys-
tem PMMA/PC/LiCF3SO3 [29]. In an earlier report, we have 
presented structural, morphological, thermal, and ion trans-
port studies on PMMA/EC-PC/NaClO4/SiO2 nanocomposite 
electrolyte system [15]. In this report, we present detailed 
investigations on the effect of varying the  SiO2 nanopar-
ticles concentration on ionic conductivity, dielectric, and 
modulus studies. In addition, prototype sodium battery has 
been assembled using flexible nanocomposite gel polymer 
electrolyte and composite red phosphorus electrode and 
tested for open-circuit voltage (OCV), discharge capacity, 
and impedance characteristics. In this study, we have shown 
how the  SiO2 nanofiller concentration changes/controls ionic 
conduction and dielectric/relaxation behavior in the nano-
composite gel polymer electrolyte system.

2  Experimental

Polymer host poly(methyl methacrylate) denoted as PMMA 
with average molecular weight ∼350,000, sodium perchlo-
rate  (NaClO4), ethylene carbonate (EC), propylene carbonate 
(PC), and fumed silica  (SiO2) nanoparticles powder were 
purchased from Sigma Aldrich and used after vacuum dry-
ing for 10 h. Amorphous red phosphorus (P) and activated 
carbon (C) were procured from Loba Chemie, India, and 
Fuzhou Carbon Co., China, respectively.

2.1  Preparation of the gel polymer electrolyte 
nanocomposite membranes

The salt solution has been prepared by taking an equal vol-
ume ratio of EC and PC in sodium perchlorate. This sodium 
salt solution was further entrapped in PMMA polymer host 
and fumed silica in increasing amounts has been added to 
form the electrolyte system. The overall composition con-
taining polymer, salt solution, and fumed silica in varying 
amounts was further magnetically stirred vigorously under 
the reflux for 10 h at room temperature conditions to obtain 
flexible gel polymer electrolyte nanocomposite membranes 
as shown in Fig. 1.

2.2  Preparation of electrodes and fabrication 
of prototype batteries

The cathode has been prepared by mechanical mixing red 
phosphorus (P), activated carbon (C), and PVdF-HFP binder 
in wt. ratio 7:2:1 for 20 h. In order to obtain cathode film, the 
cathode slurry in acetonitrile is cast on aluminum foil followed 
by vacuum drying at 60 °C for 12 h. The overall weight of 
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the P–C composite cathode was 10 mg and the active mass 
of the phosphorus was 7 mg. The sodium amalgam (Na–Hg) 
is used as an anode. A prototype sodium cell is fabricated by 
sandwiching the optimized polymer gel electrolyte nanocom-
posite membrane between anode and cathode. The assembly of 
the designed prototype for sodium battery using phosphorus-
carbon composite cathode, Na–Hg anode and optimized nano-
composite gel polymer electrolyte is shown in Fig. 2.

2.3  Instrumentation

The electrochemical impedance spectroscopy measurements 
were performed using an LCR Hi-Tester (HIOKI-3522-50, 
Japan) over the frequency range from 1 to 100 kHz with a 
signal level of 10 mV. The electrochemical impedance spec-
troscopic measurements are carried out by sandwiching the 
nanocomposite gel polymer electrolyte membranes between 
two stainless steel electrodes under spring pressure. Using 
linear sweep voltammetry (LSV) studies, the ’electrochemi-
cal potential window’ of optimized gel electrolyte membrane 
was evaluated at a scan rate of 5 mV s−1 using SS as a working 
electrode and Na–Hg amalgam as a combined reference and 
counter electrode. The open-circuit voltage (OCV), discharge/
charge test, and impedance measurements of the prototype 
sodium cell were carried out using an electrochemical analyzer 
(Zive SP1) of WonATech Co., Ltd., Korea.

3  Results and discussion

3.1  DC conductivity analysis

Electrochemical impedance spectroscopy (EIS) is an 
important technique used to measure the electrochemical 
properties of chosen system with the application of the 
AC field. Since, the electrochemical impedance parameters 
play an important role therefore, it is necessary to validate 
the data that are experimentally obtained. Kramer–Kro-
nig (KK) relationship is utilized to check the validation 
of impedance data [30]. After validation of EIS data, the 
ionic conductivity of the prepared nanocomposite gel poly-
mer electrolyte membranes has been measured by Nyquist 
plots. The Nyquist plot (Z′ versus Z′′) for NGPE system 
PMMA-EC + PC-NaClO4—x wt%  SiO2 where x = 0, 2, 4, 
7, 9, 15 at 303 K is depicted in Fig. 3a. The features of 
the Nyquist plot contain high-frequency semicircle which 
is attributed to bulk property of polymer electrolyte and 
low-frequency spikes region is due to the electrode–elec-
trolyte interface as reported by Singh et al. [31]. However, 
the Nyquist plot of our system exhibits only non-vertical 
spikes at the low-frequency region is attributed to the 
accumulation of charges due to blocking electrodes and 
the absence of semicircle at high-frequency region indi-
cates the present gel polymer electrolyte are highly ionic 
conductor in nature [32]. The intercept of low-frequency 

Fig. 1  The pictorial representation of fabricating nanocomposite gel 
polymer electrolyte membranes

Fig. 2  a The schematic and b designed prototype assembly for 
sodium battery at room temperature
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spikes on the real axis gives the bulk resistance (Rb) of 
the system. By using the bulk resistance (Rb) value and 
the known value of the thickness of film and area of elec-
trode–electrolyte contact, the ionic conductivity has been 
calculated by Eq. 1 and given in Table 1

To determine the ion transport behavior of the prepared 
nanocomposite gel polymer electrolyte, the Nyquist plot for 
PMMA-EC + PC-NaClO4—4 wt%  SiO2 system at different 
temperatures from 303 to 333 K is shown in Fig. 3b. The 
observed features of this plot are similar as discussed ear-
lier in this section. With an increase in the temperature, the 
intercept of low-frequency spike with the real axis is shifting 
towards origin indicating the decrease in the bulk resistance 
value (Rb) ultimately enhance the mobility of ion and hence 
ionic conductivity according to Eq. 1. Enhancement in the 
mobility of ion due to an increase in the temperature might 
be due to (1) an increase in the amorphicity (2) increase in 
the segmental of the polymer chain, where ion conduction 
(hopping) takes place through the polymer matrix. And it is 
believed that the principally ion transport occurs through the 
amorphous phase [33, 34].

3.2  AC conductivity analysis

The frequency dependence of ionic conductivity has been 
discussed to provide worthwhile information for ionic con-
duction behavior. The frequency dependence ionic conduc-
tivity has been calculated using the following relation

The plot of AC ionic conductivity as a function of fre-
quency for nanocomposite gel polymer electrolyte system 
PMMA-EC + PC-NaClO4—x wt%  SiO2 where x = 0, 2, 4, 7, 
9, 15 at room temperature is shown in Fig. 4a. Generally, the 
AC conductance spectra show three distinct regions: (i) low-
frequency dispersive region due to the interface of the elec-
trode–electrolyte surface. (ii) The mid-frequency region is 
attributed to DC ionic conductivity and (iii) a high-frequency 
dispersive region [35]. However, AC conductance spectra of 
present nanocomposite gel polymer electrolyte system show 
only low and mid-frequency region. The absence of a high-
frequency conductivity region is due to the frequency limita-
tion of the instrument used in our experimental method. A 
low-frequency dispersive region is where the accumulation 
of charges occurs due to the electrode–electrolyte interface. 
A low-frequency region is followed by the mid-frequency 
plateau region which is almost independent of frequency. 
This plateau region is ascribed to the successful hopping of 
ion from one available site to another and contributes DC 
conductivity [36]. Here, DC conductivity has been extracted 
by taking extrapolation of the mid-frequency region (plateau 
region) to Y-axis. The obtained conductivity values have 
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Fig. 3  Nyquist plot (Z’’ versus Z’) for a PMMA-EC + PC-NaClO4—
x wt%  SiO2 at different filler concentration of x = 0, 2, 4, 7, 9, 15 at 
303 K. b PMMA-EC + PC-NaClO4—4 wt%  SiO2 at different temper-
atures from 303 to 338 K

Table 1  DC conductivity values as obtained from bulk resistance 
(obtained from Nyquist plots) and from AC conductivity spectra

wt% of  SiO2 DC conductivity from 
bulk resistance (Rb) 
(S cm−1)

DC conductivity (σdc) 
from AC conductivity 
(S cm−1)

0 4.55E−04 4.10E−04
2 1.84E−03 1.66E−03
4 3.49E−03 3.14E−03
7 2.11E−03 1.99E−03
9 2.79E−03 2.60E−03
15 9.88E−04 9.14E−04
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been tabulated in Table 1 which is almost comparable to the 
obtained conductivity data from the Nyquist plot. It has been 
found that the conductivity of the present electrolyte system 
increases with increasing the amount of  SiO2 nano parti-
cles. The maximum ionic conductivity value of the order of 
3.14 × 10–3 S cm−1 is achieved for the NGPE sample having 
4 wt%  SiO2 nanofiller.

The increase in ionic conductivity may be attributed to 
an increase in the charge carrier as a result of the disso-
ciation of pair of anion and cation. Apart from this, Lewis 
acid–base interaction occurs due to the presence of oxy-
gen vacancies at the surface of the  SiO2 nano particles as 
reported by Wang et al. [37]. The introduction of nanofiller 
in gel polymer electrolyte increase amorphous phase which 
avails the conduction pathway for sodium ion due to Lewis 
acid–base interaction results in an increase in conductivity 

[38–41]. Furthermore, beyond the amount of 4 wt%  SiO2, 
the decrease in the conductivity may be due to aggregation 
of ion-pair or ion cluster. AC ionic conductivity as a function 
of frequency for optimized NGPE system PMMA-EC + PC-
NaClO4—4 wt%  SiO2 at different temperatures is shown in 
Fig. 4b. The temperature-dependent AC ionic conductivity 
(σ’) increases as temperature increases from 303 to 333 K. 
This may be attributed to increased ionic mobility due to 
enhancement in polymer chain segmental motion with an 
increase in temperature.

3.3  Dielectric analysis

The dielectric behavior of the present NGPE system has 
been analyzed by using dielectric formalism. The complex 
permittivity ( �∗ ) can be given as �∗ = �

�

+ �
ε , where �′ is 

dielectric constant and �ε is a dielectric loss. These can be 
given as

where C0 is the vacuum capacitance, Z’ and Z’’ is real and 
imaginary part of complex impedance.

Figure 5a, b represents the dielectric constant (ε’) and 
dielectric loss (ε’’) for PMMA-EC + PC-NaClO4—SiO2 
nanocomposite gel polymer electrolyte membranes with 
different concentration of  SiO2 nanofiller at room tem-
perature. The figure reveals the high value of the dielectric 
constant and dielectric loss at lower frequency region may 
be due to significant contribution of space charge effect 
(accumulation of charges) near blocking electrodes–elec-
trolyte interface and dipoles alignment with the applied 
field because of sufficient time. On the other hand, the 
value of dielectric constant and dielectric loss decreases 
as the frequency increases. This is because of the rapid 
changing of applied AC field where dipoles are unable to 
orient themselves and diffusion of ions cannot take place 
within available sites with an increase in the frequency of 
the applied field. Another conclusion can be drawn from 
the figure that the dielectric constant of present NGPE 
systems has been varied with changing the content of 
 SiO2nanofiller. The highest value of dielectric constant has 
been found for the NGPE system containing 4 wt%  SiO2. It 
might be due to the incorporation of nanofillers into GPE 
system that enhances charge carriers as well as mobility of 
ion through Lewis acid–base interaction. This is indirectly 
associated with an increase in the amorphous phase of the 
polymer which creates new conducting pathways for the 
migration of  Na+ ion via filler surface region. The increase 
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Fig. 4  AC ionic conductivity plots as a function of frequency for a 
PMMA-EC + PC-NaClO4—x wt%  SiO2 where x = 0, 2, 4, 7, 9, 15 at 
303 K. b PMMA-EC + PC-NaClO4—4 wt%  SiO2 at different temper-
atures
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in amorphicity of the present system with the addition of 
 SiO2 nanoparticles in PMMA-EC + PC-NaClO4 system has 
been discussed in our previous report [15].

Temperature-dependent dielectric constant (ε’) and die-
lectric loss (ε’’) spectra is shown in Fig. 6a, b. Generally, 
dielectric constant (ε’) and dielectric loss (ε’’) measure 
the charge storage and energy dissipation due to the move-
ment of ions and dipoles. Both are found to increase mono-
tonically with an increase in temperature. This might be 
due to greater freedom for dipoles orientation and motion 
of charge carrier within the polymer matrix [42]. Similar 
ion conduction behavior has also been reported by Hem-
latha et al. [43].

3.4  Modulus analysis

In the dielectric analysis, the interfacial polarization sup-
presses conductivity relaxation processes [44]. Hence, fur-
ther analysis has been carried out using modulus spectros-
copy which provides information regarding ion transport and 
conductivity relaxation phenomenon. An electric modulus 
(M*) can be represented as an inverse of the complex dielec-
tric permittivity (ε*).

(5)M∗
=

1

�∗
= M�

+ jM

Fig. 5  a Dielectric constant (ε’) b dielectric loss (ε’’) versus frequency for PMMA-EC + PC-NaClO4—x wt%  SiO2 where x = 0, 2, 4, 7, 9, 15

Fig. 6  a Dielectric constant (ε’) b dielectric loss (ε’’) versus frequency for PMMA-EC + PC-NaClO4—4 wt%  SiO2 at different temperatures
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Figure 7a, b shows the frequency dependence of real (M’) 
and imaginary (M’’) part of modulus for PMMA—EC + PC-
NaClO4—SiO2 system with different concentration of  SiO2 
nanoparticle at 303 K. The spectra show the M → 0 at lower 
frequency region indicates the negligible effect of polari-
zation [45]. The long tail at this frequency region reveals 
the large capacitance is associated with it [46]. M’’ values 
increase (dispersion) with the increase in frequency due to 
the bulk effect of the gel polymer electrolyte material. Low-
frequency region is due to long-range mobility of ions and 
migration of  Na+ ions is available here whereas the high-fre-
quency region is due to short-range mobility of ions through 
the polymer matrix. Another conclusion can be drawn from 
the spectra that the peak maximum is low for the highest 

conducting sample. This indicates the hopping of the charge 
carriers (ions) is predominant.

The temperature-dependent modulus (M’ and M’’) spec-
tra for the highest conducting sample is shown in Fig. 8a, b. 
As the temperature increases from 303 to 348 K, the maxima 
of M’ and M’’ (peak of M’ and M’’) shift towards higher fre-
quencies which indicate relaxation phenomenon is occurring 
[47]. The height of the peak is also found to be decreasing 
due to decreases in the bulk resistance of the present GPE 
system. However, the complete peak is not observed due to 
the upper limit of the frequency of the instrument.

The tangent loss measures the lost electrical energy to 
stored electrical energy. Mathematically, it can be expressed 
as

Fig. 7  a Real part of modulus (M’) b imaginary part of modulus 
(M’’) versus log f for PMMA-EC + PC-NaClO4—x wt%  SiO2 where 
x = 0, 2, 4, 7, 9, 15 at 303 K

Fig. 8  a Real part of modulus (M’) b imaginary part of modulus 
(M’’) versus log f for PMMA-EC + PC-NaClO4—4 wt%  SiO2 at dif-
ferent temperatures
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In order to enlighten the variation of  SiO2 nanofiller on 
the relaxation process, a tangent loss study has been carried 
out.

Figure 9a represents the loss tangent ((tan δ) versus log 
f at room temperature for different weight percentages of 
 SiO2 dispersed GPE. It is noted that the increase in the val-
ues of tangents loss with increasing frequency and reaches 
a maximum value. However, complete peak has not been 
observed due to the frequency limitation of the instrument. 
The frequency at with maximum loss occurs is charac-
teristic frequency known as relaxation frequency which 
describes the relaxation time according to relation ωτ = 1 
where ω = 2πf. This addresses that the relaxation process 
occurring in NGPE [5]. The temperature-dependent tan-
gent loss as a function of frequency for the nanocomposite 

(6)tan � =
�
��

��
.

gel polymer electrolyte with a concentration of 4 wt% 
 SiO2 nanofiller is plotted in Fig. 9b. It is clearly visible 
that the height of the peak decreases with increasing the 
temperature as well slight shifting in the peak (maximum 
value of tangent loss) with a rise in temperature indi-
cates a decrease in relaxation time τ means present NGPE 
system relax much faster. This behavior might be due to 
thermally activated ions and dipoles can easily follow 
the applied field and hopping takes place within avail-
able sites. Table 2 highlights the characteristics features 
of the gel-based polymer electrolyte membrane dispersed 
with/without  SiO2 nanoparticles. From Table 2, we can 
observe the optimized nanocomposite gel polymer elec-
trolytes offers superior characteristic features such as low 
bulk resistance, high conductivity, high dielectric constant, 
low tangent loss, high liquid retention, better thermal sta-
bility and surface morphology as compared to gel polymer 
electrolytes not dispersed with  SiO2 nanofillers.

Fig. 9  Loss tangent (tan δ) ver-
sus log f for a PMMA-EC + PC-
NaClO4—x wt%  SiO2 where 
x = 0, 2, 4, 7, 9, 15. b PMMA-
EC + PC-NaClO4—4 wt%  SiO2 
at different temperatures
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3.5  Linear sweep cyclic voltammetry study

The electrochemical stability window (ESW) of the highest 
conducting composition of the prepared nanocomposite gel 
polymer electrolyte is obtained by LSV on the asymmet-
ric cell: SS| nanocomposite gel polymer electrolyte|Na–Hg 
(Fig. 10). The effective ESW is obtained to be ~ 3.3 V which 
is a sufficient working voltage range for sodium batteries.

3.6  Prototype sodium cell studies

The highest conducting nanocomposite gel polymer electro-
lyte with 4 wt%  SiO2 nanofiller has been used in a prototype 
cell with Na–Hg anode and P–C cathode. The P–C compos-
ite is a good electrode material for sodium-based batteries 
[16, 42]. Figure 11a shows the variation of open-circuit volt-
age (OCV) of the prototype cell with time. The OCV of the 
cell is observed stable for the considered experiment time of 

10 h. The fabricated cell is discharged through three different 
specific drain currents, 14, 36, and 57 mA g−1 up to 0.5 V. 
The specific discharge capacities are shown in Fig. 11b. 
The cell displays the discharge capacity of ~ 500, ~ 250 and 
~ 50 mAh g−1 at 14, 36, and 57 mA g−1, respectively. The 
cycling performance of the fabricated cell at 14 mA g−1 has 
been tested between cut-off voltages 2.5 V and 0.5 V.

The variation of specific discharge capacity with cycle 
number is shown in Fig. 11c. As shown in the figure, the 
specific capacity fades quickly to ~ 216 mAh g−1 during the 
second discharge and retains only ~ 81 mAh g−1 capacity 
in the 10th discharge. In order to investigate the reason for 
the capacity fading during the cycling of the cell, complex 
impedance spectroscopy studies have been done on the pro-
totype cell in full-charged state and after the 10th discharge. 
The Nyquist plot is shown in Fig. 12. The impedance curve 
of full-charged cell displays the existence of three typical 
resistive components as bulk electrolyte resistance (Rb), 
solid electrolyte interface resistance (RSEI), and faradic 
charge transfer resistance (RCT) appeared in three different 
frequency regions of the measurement (Inset Fig. 12).

The total resistance of the cell assembly is considered as 
the contribution of these three resistances. As can be seen 
from the figure, the RCT of the cell has been increased to 
eight times after discharge, from ~ 0.4 kΩ to ~ 3.2 kΩ. This 
faradic charge transfer observed in the low-frequency region 
occurs at the electrode/electrolyte interface. The increase in 
RCT is associated with the volume expansion of cathode and 
anode during cycling, resulting in poor cycling performance 
of the fabricated prototype. The volume expansion in the 
cathode side of the prepared prototype causes the pulveriza-
tion of the phosphorus particles and the formation of unsta-
ble solid electrolyte interphase (SEI). This is reflected in the 
EIS analysis, as RSEI is observed to be increased in the dis-
charged cell. During the cycling of the prototype, the thick-
ening of the passivation at the electrode/electrolyte interface 
occurs which is responsible for the capacity deterioration 

Table 2  The characteristic features of the gel-based polymer electrolyte membrane dispersed with/without  SiO2 nanoparticles

Characteristic feature Gel polymer electrolyte membrane 
without  SiO2 nanofiller

Gel polymer electrolyte membrane 
with optimized  SiO2 nanofiller con-
centration (4 wt%)

Remarks

Bulk resistance (Ω) 150 20 From Fig. 1b
Ionic conductivity (S cm−1) 4.5 × 10–4 3.5 × 10–3 From Fig. 2a
Dielectric constant 783 10,743 From Fig. 3a at 100 kHz
Dielectric loss 7470 54,233 From Fig. 3b at 100 kHz
Loss tangent (tan δ) 9.29 5.54 From Fig. 7a at 100 kHz
Liquid retention Low High Qualitatively
Thermal stability Low High Ref. [15]
SEM morphology Flat morphology Highly aligned strands of  SiO2 par-

ticles around which polymer gel is 
wrapped

Ref. [15]

Fig. 10  LSV curve of nanocomposite gel polymer electrolyte with 4 
wt%  SiO2 at scan rate of 5 mV s−1
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of the prototype. The formation of the passivation layer 
consumes electrolyte at the electrode/electrolyte interface 
which causes an increase in the Rb and, in total, a rise in the 
internal resistance of the battery. The low active material 
utilization may also be one of the reasons for capacity fad-
ing [18, 49]. In order to deal with the volume expansion of 
the electrode materials, in a sodium ion full-charged cell, 
the use of composites of phosphorous red (P), at the anode 
side, and sodiated layered transition metal oxides (TMOs), 
metal fluorides, metal phosphates, and fluorophosphate, at 
cathode sides, with high conductivity carbonaceous mate-
rials such as carbon nanotubes (CNTs), N-doped micro/
nanoporous carbon and carbon nanofibers (CNFs) appears 
to be an interesting approach [48]. Suitable interfaces, such 
as artificial mechanical stable biphasic interphase (BPI) and 

metal–alloy interphase (MAI) can also be employed to check 
volume expansion of sodium anodes and facilitate reversible 
deposition of sodium during cell operation [50, 51]. These 
materials decrease the absolute stress/strain and may hinder 
large volume change by providing good encapsulation to 
the active material. Additionally, these materials provide 
excellent electronic conductivities and promote better charge 
transfer at the electrode.

4  Conclusions

In the present study, ion conduction behavior has been stud-
ied by employing electrochemical investigations on flexible 
 Na+ conducting nanocomposite gel polymer electrolytes. 

Fig. 11  a Variation of open-circuit voltage (OCV) with time, b discharge curves at different specific drain currents, c variation of specific dis-
charge capacity with cycle numbers
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The AC conductance spectrum of the reported electrolyte 
system shows the accumulation of charges occurs due to the 
electrode–electrolyte interface in the low-frequency region. 
The incorporation of nanofillers into GPE system affects 
total available charge carriers as well as their mobility 
through Lewis acid–base interaction and therefore the die-
lectric constant (ε′) tends to vary with  SiO2 concentration. 
The low-frequency region showed high values of dielectric 
constant due to polarization at the electrode–electrolyte 
interface. The real M′ and imaginary part M′′ of modulus 
reveal large capacitance associated with it at lower fre-
quency region whereas conductivity relaxation dispersion at 
higher frequency region. The reported electrolyte membrane 
exhibited high ionic conducting of the order of  10–3 S cm−1 
with a sufficiently high electrochemical stability window of 
≈ 3.3 V for electrochemical systems. A prototype sodium 
battery using the optimized flexible nanocomposite gel poly-
mer electrolyte films showed a stable open-circuit potential 
of ~ 2.1 V and a significant first specific discharge capacity 
of ~ 500 mAh g−1 at a drain current of 14 mA g−1. From 
the ionic conductivity, dielectrics, linear sweep voltamme-
try, open-circuit voltage, and discharge capacities studies 
revealed that the reported gel-based nanocomposite electro-
lytes can be utilized as electrolyte/separator by sandwiching 
it between suitable cathodes for the fabrication of flexible 
sodium batteries.
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Abstract
This paper reports investigations on flexible magnesium-ion-conducting polymer electrolyte membranes using mechanical, 
structural, and electrochemical impedance spectroscopic analysis. XRD studies reveal significant changes in structural char-
acter on varying the concentration of propylene carbonate-diethyl carbonate (PC-DEC) organic solvent within the polymer 
electrolyte matrix. SEM and AFM studies indicate variation in surface morphology and maximum roughness height by 
introducing PC-DEC in increasing amount. The plasticized polymer electrolyte membrane with optimum concentration of 
15 wt% PC-DEC demonstrates magnesium-ion conductivity of 3 × 10− 5 s  cm− 1at room temperature. This flexible electrolyte 
has Young’s modulus of 100 N  mm− 2, mechanical strength of 2 Kgf, and ability to withstand stress of 6 N  mm− 2 and strain 
of 7 N  mm− 2 at a maximum load of 10 Kgf. The electrolyte membranes do not show any degradation after stretching and 
rolling it for hundred times. The electrolyte membrane offer electrochemical stability window of ~ 3.5 V and  Mg2+ transport 
number of 0.32. The reported electrolyte membranes can be employed in fabricating flexible magnesium batteries.

1 Introduction

Fossil fuels have caused global environmental pollution 
and safe, low cost, and greener energy storage systems are 
needed to fulfill the global energy demand. Li-ion batter-
ies are well known for their high specific energy density 
and are widely used in portable electronics and EVs. The 
concentration of Li resources to limited countries and low 
natural abundance has contributed to price rise [1, 2]. There 
are many reports of safety issues with Li-ion batteries 
which clearly suggest that Li-ion batteries are not ultimate 
and there is a scope to research on low cost, more abundant 
resources such as Mg, Na, Zn, K, and Al-based battery sys-
tem [3–10]. Electrolyte is most important part of any battery 

system as it ensures proper redox reactions and electrochem-
istry of cell. The solid electrolytes are widely used to ensure 
cell safety but they tend to possess low ionic conductivity 
and poor electrolyte/electrode interfacial contact [11, 12]. 
Researchers utilize liquid electrolytes primarily, due to their 
high ionic conductivity but these electrolytes are prone to 
leakage and are fire hazard [13, 14]. Glyme-based liquid 
electrolyte are known for the lesser discharge capacity val-
ues and therefore carbonate-based electrolytes are preferred 
due to high ionic conductivity, wide electrochemical stabil-
ity window, relatively higher discharge capacity, and stable 
anode passivation layer [15–22].

Plasticized polymer electrolytes are known for liquid-
like ionic transport (thereby giving rise to high ionic con-
ductivity, good electrochemical stability window, and high 
transference number) and solid-like safety and sufficient 
mechanical strength (as salt solution is immobilized in 
polymer matrix) [23–25]. Such electrolytes are widely 
utilized in various electrochemical devices such as batter-
ies, supercapacitor/ultracapacitor, sensors, fuel cells, etc. 
Incorporation of low molecular weight and high dielec-
tric constant organic solvents in such electrolyte system 
ensures better salt dissociation and high ionic conduction. 
The commonly used organic solvents for realizing polymer 
gel electrolytes are ethylene carbonate (EC), propylene 
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carbonate (PC), dimethyl carbonate (DMC), diethylene 
carbonate (DEC), fluoroethylene carbonate (FEC), and 
dimethyl formamide (DMF) etc. [26–30]. Magnesium-
based batteries have attracted the attention of research-
ers from last few decades due to low cost, high natural 
abundance, sufficiently low electrochemical equivalence 
(12.5 eq−1), and low electrode potential (− 2.3 V versus 
SHE) [31]. In addition, Mg metal is more stable and can 
be handled safely in oxygen and humid atmosphere unlike 
Li, which requires inert atmosphere. The development of 
rechargeable Mg batteries is largely hampered due to irre-
versibility of Mg negative electrode and lack of proper 
 Mg2+-conducting non-aqueous, high conducting electro-
lyte. Muldoon et al. have highlighted the lack of suitable 
electrolyte as main roadblock for the development of a 
magnesium rechargeable battery [32].

There are many reports on Mg-ion-conducting poly-
mer electrolytes. Agrawal et al. studied variation in ion-
transport properties of  MgTf2/PEO system on using dif-
ferent active/passive fillers [33]. In three different reports, 
Kumar et al. studied electrochemical properties of  MgTf2/
polymer/EC-PC system by selecting poly(acrylonitrile) 
(PAN), poly(ethylene oxide) (PEO), and poly(methyl 
methacrylate) PMMA as polymer matrix [34–36]. Sharma 
et al. studied the effect of varying succinonitrile on ther-
mal, structural, and conductivity properties of polymer 
electrolyte system [37]. Das and Ghosh studied the effect 
of different types of plasticizers on ionic conductivity and 
dielectric relaxation of  LiClO4/PEO polymer electrolytes 
[38]. Hence, it will be interesting to know the effect of 
plasticizing  MgTf2/PEO polymer electrolyte matrix with 
PC-DEC as binary organic solvents.

In this report, we study the plasticization effect of PC-
DEC binary solvents at different dilution level within 
 MgTf2/PEO matrix using XRD, SEM, and AFM for 
structural properties, and impedance spectroscopy, cyclic 
voltammetry, and dc polarization for electrochemical 
properties. Plasticized flexible  Mg2+-conducting polymer 
electrolyte membranes have been fabricated by standard 
solution casting technique. Mechanical strength of elec-
trolytes has been evaluated on varying the concentration 
of PC-DEC organic solvents in it. In order to understand 
the ion conduction behavior, conductivity and dielectrics 
studies have been performed for electrolytes with different 
PC-DEC solvent concentration. Cyclic voltammetry study 
has been performed to check platting/stripping of  Mg2+ 
ions at electrodes. The cation-transport number has been 
determined for optimized polymer electrolyte membrane 
with highest conductivity. The investigations revealed sig-
nificant changes on morphology and ion dynamics within 
the flexible magnesium-ion-conducting polymer electro-
lyte membranes.

2  Experimental section

2.1  Material used and preparation of flexible 
polymer electrolyte membranes

The materials used for the preparation of flexible polymer 
electrolytes membranes includes poly(ethylene oxide), PEO 
from Alfa Aesar, Mg(CF3SO3)2 salt of 97% purity from 
Aldrich, propylene carbonate (PC) from Sigma Aldrich with 
99.7% purity, and diethyl carbonate (DEC) of 99% purity 
from Aldrich were used after drying overnight in oven. Ace-
tone of purity 99% was obtained from Sigma Aldrich and 
was used as received for dissolving PEO polymer host. The 
flexible  Mg2+-conducting polymer electrolyte membranes 
were fabricated by standard solution casting technique. In 
this technique, PEO polymer and magnesium triflate salt 
were separately dissolved in acetone and stirred for 8 h at 
40 °C to ensure complete dissociation of polymer and salt. 
Subsequently, desired weight ratio of PC-DEC plasticizer 
was added and stirred continuously until a viscous solution 
was obtained. This viscous solution containing  MgTf2/PEO/
PC-DEC was poured in glass petri dishes and acetone was 
allowed to evaporate at ambient condition to obtain free 
standing plasticized flexible polymer electrolyte membranes 
of thickness ~ 70 µm (Fig. 1). A total of four electrolyte spec-
imens have been prepared and their codes and constituents 
are mentioned in Table 1.

2.2  Instrumentation

Mechanical properties were evaluated by recording 
strain versus stress curves from Instron’s mechanical 
tester (Model 5848, Singapore) at a strain rate of 5 mm 
 min− 1, by applying a maximum load of 10 N and a pres-
sure of 1 Bar. X-ray diffraction patterns were recorded 
by XPERT-PRO system using Cu-Kα radiation in Bragg 
angle (2θ) range from 10° to 80° at scan rate of 2°  min− 1. 
SEM micrographs of polymer electrolyte membrane films 
were recorded by FEI Quanta 200 microscope equipped 
with EDAX-EDS analyzer. Atomic force microscopic 
measurements were carried out by employing AFM, pico 
SPM-picoscan 2100, Molecular Imaging, USA. The AFM 

Table 1  Electrolyte specimens with their codes and chemical compo-
sition

Sample code Electrolyte composition

S-1 MgTf2/PEO
S-2 MgTf2/PEO/PC-DEC (5 wt%)
S-3 MgTf2/PEO/PC-DEC (10 wt%)
S-4 MgTf2/PEO/PC-DEC (15 wt%)
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images were recorded in tapping mode with a diamond-
like carbon-coated ultra-sharp silicon tip. Thermal proper-
ties of these polymer electrolyte membranes were studied 
by differential scanning calorimetry (DSC). For the DSC 
measurement, samples were hermetically sealed in an 
aluminum pan, and DSC thermograms were obtained by 
SIIEXSTAR − 6000 systems at the heating rate of 10 °C 
 min− 1 under nitrogen atmosphere. Electrochemical imped-
ance spectroscopy (EIS) measurements were performed 
at 1260 Solartron Impedance analyzer in frequency range 
from of 1 Hz to 32 MHz at signal level of 10 mV in tem-
perature range from 303 to 333 K. The EIS measurements 
were carried out by sandwiching the flexible polymer elec-
trolyte membranes between two stainless steel electrodes 
under spring pressure. The cyclic voltammetry (CV) was 
performed by using electrochemical analyzer (Zive SP1) 
of WonATech Co., Ltd., Korea, at a scan rate of 5 mV  s− 1. 
The dc polarization measurements were also performed by 
using electrochemical analyzer (Zive SP1) of WonATech 
Co., Ltd., Korea.

3  Results and discussion

3.1  Mechanical and structural studies

The mechanical properties of solid and plasticized polymer 
electrolyte membranes have been studied with the help of 
mechanical strength investigations. The Young’s modulus 
and mechanical strength of flexible polymeric electrolyte 
membranes have been plotted as a function of PC-DEC dilu-
tion from 0 to 15 wt% as shown in Fig. 2a. The Young’s 
modulus and mechanical strength of the polymer electro-
lyte membranes decrease with increase in the plasticizer 
PC-DEC content within the PEO/MgTf2. However, the S-4 
electrolyte membrane with optimum concentration of PC-
DEC, i.e.,  MgTf2/PEO/PC-DEC (15 wt%), shows a Young’s 
modulus of 100 N  mm− 2 and mechanical strength of 2 Kgf. 
The stress and strain values at maximum load are plotted 
as a function of PC-DEC dilution and are shown in Fig. 2b. 
As obvious, with enhancement in PC-DEC content within 
the PEO/MgTf2 matrix, the stress and stain values tend to 

Fig. 1  Magnesium-ion-conducting plasticized polymer electro-
lyte specimen (S-4) illustrating (a) scale and membrane thickness 
arrangement (b) flexibility. Photographs of membranes illustrating (c) 

stretchability (d) rollability of the electrolyte film after stretching and 
rolling it for hundred times
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continuously decrease. The polymer electrolyte specimen 
with optimum concentration of PC-DEC, i.e., S-4, could 
withstand stress of 6 N  mm− 2 and strain of 7 N  mm− 2 at a 
maximum load of 10 Kgf. The typical response (extension) 
undergone by electrolyte under the action of applied load 
for S-4 is shown in Fig. 2c. As observed from the graph, the 
electrolyte membrane with 15 wt% PC-DEC is able to take a 
maximum load of 2.6 Kgf and breaking point is observed at 
extension of 1 mm. It is important to note that solid ceramic 
electrolyte tends to remain brittle and the optimized flexible 
polymer electrolyte membrane of this report is expected to 
ensure better electrolyte/electrodes interfacial contact lead-
ing to better electrochemical properties in magnesium-ion-
conducting electrochemical devices.

In the present study, the XRD patterns (Fig. 3) of  MgTf2/
PEO solid polymer electrolyte with no organic solvent con-
tent and  MgTf2/PEO/PC-DEC with varying concentration of 

PC-DEC as organic solvent within the  MgTf2/PEO matrix 
are recorded. We observe two prominent blunt crystalline 
peaks at 19.3° and 23.4° of pure PEO in the diffractogram 
for all the membranes. This suggests the presence of char-
acteristic semi-crystalline pure PEO dominates in  MgTf2/
PEO solid polymer electrolyte as well as plasticized polymer 
electrolytes. Further, on varying the concentration of binary 
organic solvents up to 15 wt% within the  MgTf2/PEO matrix, 
the characteristic peaks broaden increasingly which indicate 
decrease of crystalline character. These observations suggest 
introduction of significant structural disordering in  MgTf2/
PEO matrix on varying concentration of PC-DEC. These 
structural changes are likely to affect  Mg2+ ion conduction 
behavior within the electrolyte system, as ion conduction is 
considered to be more prominent in amorphous polymer-
based systems.

Fig. 2  a Young’s modulus and mechanical strength and b stress and strain at maximum load versus PC-DEC concentration within  MgTf2/PEO 
matrix, and c a typical load versus extension plot for plasticized polymer electrolyte membrane  MgTf2/PEO/PC-DEC (15 wt%)
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The comparative surface morphologies of  MgTf2/PEO 
solid polymer electrolytes and plasticized polymer electro-
lyte membranes with different PC-DEC dilution, i.e.,  MgTf2/
PEO/PC-DEC (5 to 15 wt%), respectively, is shown in Fig. 4. 
The unplasticized  MgTf2/PEO membrane possesses tightly 
integrated spherulites on its surface (Fig. 4a), which is an 
indicative of high crystallinity of  MgTf2/PEO solid polymer 
electrolyte membrane [39]. On increasing concentration of 
PC-DEC plasticizer, a significant change in spherulites size 
and crystalline character is observed. From the micrographs 
(Fig. 4b–d), we observe that the spherulites are getting more 
separated with the presence of distributed amorphous lumps 
in-between. For S-4 composition, i.e., for  MgTf2/PEO/PC-
DEC (15 wt%), less denser and large sized spherulites are 
well observed. These observations from SEM are in well 
corroboration with the XRD results.

Figure 5a-d shows AFM pictures of solid polymer elec-
trolyte and plasticized polymer electrolytes containing PEO 
as polymer host. A significant variation in the maximum 
roughness height is observed on changing the PC-DEC car-
bonate content from 0 to 15 wt% within the MgTf2/PEO 

Fig. 3  X-ray diffraction patterns of (a) S-1, (b) S-2, (c) S-3 and (d) 
S-4

Fig. 4  SEM micrographs of a S-1, b S-2, c S-3 and d S-4
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Fig. 5  AFM images of a S-1, b S-2, c S-3 and d S-4, and e variation of roughness height and average roughness as the PC-DEC concentration 
changes within  MgTf2/PEO matrix
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matrix. Figure 5e indicates the maximum roughness height 
drastically changes from ~ 300 to 70 nm while PC-DEC con-
centration changes from 0 to 15 wt%. It is important to note 
that the S-4 composition carrying 15 wt% PC-DEC content 
has optimized retention of organic solvents and, therefore, 
smooth morphology with minimum roughness height

Figure 6a shows the DSC pattern for pure polyethylene 
oxide film obtained by discussing it in acetone, followed by 
its slow evaporation. The characteristic melting peak of PEO 
is obtained at ~ 60 °C. When magnesium triflate  (MgTf2) salt 
is incorporated in PEO, the DSC profile suddenly changes 
and the melting temperature of  MgTf2/PEO film approaches 
to 59 °C. Hence, a decrease in melting temperature from 
60 to 59  °C is observed when  MgTf2 is immobilized in 
PEO matrix to obtain solid polymer electrolyte. On increas-
ing PC-DEC plasticizer in  MgTf2/PEO matrix, the melting 
temperature further decreases to 57 °C. It is important to 
note that incorporation of liquid binary organic plasticizer 
contribute to amorphicity within the PEO polymeric chain 
and therefore lesser melting temperature is observable for 
the flexible polymeric electrolyte membranes. The melting 
points and the percentage crystallinity of the electrolyte 
compositions obtained from the DSC curves are motioned 

in Table 2, which clearly indicates a continuous decrease in 
both the parameters on increasing PC-DEC concentration 
in  MgTf2/PEO solid polymer electrolyte system. Further, it 
is revealed that the optimized plasticized polymer electro-
lyte membrane,MgTf2/PEO/PC-DEC (15 wt%),maintains its 
phase and remains thermally stable up to 57 °C.

3.2  Nyquist plot and ionic conductivity

Electrolyte is very important to maintain facile ionic inter-
face between the electrodes and electrolyte. The plotting of 
ac data in terms of impedance is extremely important to 
investigate different electrochemical and ion conduction pro-
cesses within the polymer electrolyte membranes. In order to 
understand ion conduction behavior, Nyquist plot and ionic 
conductivity data have been utilized. From Z′versus Z′′ plots 
(i.e., Nyquist plot), we observe two arcs: first arc is related 
to the bulk resistance and the second one is due to electro-
chemical phenomenon at electrode/electrolyte interface [40]. 
The difference between Z′ at high-- and low-frequency end 
of the first semicircular portion gives the bulk resistance of 
polymer electrolyte membranes. The highest bulk resistance 
of 1720 Ω is observed for  MgTf2/PEO solid polymer electro-
lyte (Fig. 7a). However, on enhancing the PC-DEC concen-
tration up to 15 wt%, a systematic decrease in bulk resistance 
is observed for plasticized polymer electrolyte membranes.

From the literature, we know Rb is inversely proportional 
to ionic conductivity of electrolyte and is given by the fol-
lowing Eq. (1)

where σ is ionic conductivity of the electrolyte, t is the 
thickness of the electrolyte specimen, Rb is bulk electrolyte 
resistance, and A is area of cross-section of the electrolyte 
specimen. The calculated values of ionic conductivity are 
plotted in Fig. 7b. As can be seen, a continuous enhance-
ment in the ionic conductivity is observed on increasing 
the concentration of PC-DEC plasticizer. This is associated 
with the increased mobility of the ions present in the  MgTf2/
PEO matrix supported well with the amorphicity present 
in the system, as observed in the XRD, SEM, and DSC 

(1)� =
t

Rb ⋅ A

Fig. 6  Differential scanning calorimetry curves (a) pure PEO, (b) S-1, 
(c) S-2, (d) S-3 and (e) S-4

Table 2  The melting temperature (Tm) and degree of crystallinity (Xc) 
for various electrolyte membranes with their codes and composition

Sample code Electrolyte composition Tm(°C) Xc(%)

S-1 MgTf2/PEO 60.7 39.2
S-2 MgTf2/PEO/PC-DEC (5 wt%) 59.1 29.4
S-3 MgTf2/PEO/PC-DEC (10 wt%) 58.3 28.7
S-4 MgTf2/PEO/PC-DEC (15 wt%) 57.1 16.2
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Fig. 7  a Complex impedance diagram obtained at 303 K for S-1, S-2, 
S-3, and S-4, b Ionic conductivity and bulk resistance as a function of 
PC-DEC concentration at 303 K, c frequency--dependent conductiv-
ity spectra for S-1, S-2, S-3 and S-4, d frequency-dependent conduc-

tivity spectra at different temperatures for optimized S-4 membrane, 
and e DC conductivity versus temperature plots for S-1, S-2, S-3, and 
S-4
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studies. Hence, we observe maximum ionic conductivity of 
3 × 10− 5 s  cm− 1 at room temperature for S-4 composition, 
i.e.,  MgTf2/PEO/PC-DEC (15 wt%).

The variation of conductivity as a function of fre-
quency for  MgTf2/PEO solid polymer electrolyte and 
 MgTf2/PEO/PC-DEC (5 to 15 wt%) plasticized polymer 
electrolyte membrane at room temperature is shown in 
Fig. 7c. For all polymeric electrolyte specimens, three 
different frequency regions, i.e., low-frequency disper-
sion, plateau-frequency region, and high-frequency 
dispersion region are observed [41, 42]. The frequency-
-dependent conductivity feature is typically observed for 
ion-conducting material having frequency-dependent 
ion-transport. For mid-frequency region, if plateau is 
extrapolated, then we obtain ionic conductivity values 
and these values are quite close with the ionic conduc-
tivity values as shown in Fig. 7b. For  MgTf2/PEO solid 
polymer electrolyte and plasticized polymer electrolyte 
compositions with different amount of PC-DEC content, 
a dispersion in conductivity is observed at low frequency 
due to polarization effects at electrode/electrolyte inter-
face. However, observed plateau in mid-frequency region 
corresponds to dc conductivity (σdc) of polymeric elec-
trolyte specimen. At high-frequency region, a sharp rise 
in conductivity is due to the fast displacement of anion/
cations under the effect of alternating field. In order to 
understand ion conduction behavior in more detail, we 
plot the ionic conductivity as a function of temperature 
as shown in Fig. 7d and e. For the solid polymer electro-
lyte (i.e.,  MgTf2/PEO) and plasticized polymer electrolyte 
membranes with PC-DEC concentration of 5, 10, and 15 
wt%, we observe straight line feature, which corresponds 
to Arrhenius-type behavior of ions within the electrolyte 
system. An Arrhenius equation [28, 29] is described by 
the following expression:

where σ0 is pre-exponential factor, Ea is the activation 
energy, k is the Boltzmann constant, and T is temperature in 
K. This typical Arrhenius ion-transport behavior resembles 
that of ionic crystal where ion jumps into nearby vacant 
sites contributing to enhancement in ionic conductivity. The 
increase in conductivity with temperature is due to possible 
decreases in PEO viscosity and enhanced flexibility. The 
activation energy for each electrolyte composition has been 
calculated using Arrhenius equation and is shown in Table 3. 
The lowest action energy ~ 0.141 eV has been observed for 
optimized high conducting electrolyte specimen. Similar io 
conduction behavior has been reported by many researchers 
[41–44]. In the temperature range from 303 to 333 K, there 
is no sign of any irregularity in σ versus 1000/T profile, 

(2)� = �0 exp

(

−
Ea

kT

)

which indicates no phase change and melting of plasticized 
polymer electrolyte system.

3.3  Dielectric and modulus studies

Dielectric investigations help to understand the conductiv-
ity behavior and polarization effects occurring at electrode/
electrolyte interface. In general, the complex dielectric per-
mittivity can be written as �∗ = �

� + j���where �′ and �′′ are 
dielectric constant (real part of permittivity) and dielectric 
loss (imaginary part of permittivity) respectively [45–47]. 
The complex permittivity (ε*) or dielectric constant of a 
system is defined by:

where ε′ is real part of complex permittivity and also known 
as dielectric constant, ε″ is imaginary part of complex per-
mittivity of electrolyte and also known as dielectric loss, σ 
is conductivity, ω is angular frequency, and εo is permittivity 
of free space. The mathematical expressions for ε′ and ε″ are 
given by the following expressions;

Figure 8a shows dielectric constant ( �′ ) as a function 
of frequency as the concentration of PC-DEC varies from 
0 to 15 wt% in  MgTf2/PEO matrix. In the low-frequency 
region, the dispersion of permittivity is observed on vary-
ing the PC-DEC binary organic solvent concentration in 
the  MgTf2/PEO matrix. For the plasticized polymer elec-
trolyte S-4 carrying optimum concentration (15 wt%) of 
PC-DEC plasticizer, the dielectric constant is observed 
to be highest. This high value of dielectric constant con-
tributes in freeing up the ionic charge species within the 
electrolyte system. As the frequency increases, the values 

(3)�
∗ = �

� − j��� = �
� − j

(

�

��0

)

(4)�
� =

Z��

�C0(Z
�2 + Z��2)

(5)�
�� =

Z�

�C0(Z
�2 + Z��2)

Table 3  The activation energy as calculated from Arrhenius equation 
for various electrolytes

Sample code Electrolyte composition Activation 
Energy 
(eV)

S-1 MgTf2/PEO 1.419
S-2 MgTf2/PEO/PC-DEC (5 wt%) 0.340
S-3 MgTf2/PEO/PC-DEC (10 wt%) 0.310
S-4 MgTf2/PEO/PC-DEC (15 wt%) 0.141
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of dielectric constant decreases for all polymeric electro-
lyte specimens due to the electrical relaxation process; 
however, the electrode polarization impacts cannot be 
ruled out as the materials are ionic conductors. The strong 
low-frequency dispersion and high dielectric constant is 
due to the fact that the presence of plasticizers in increas-
ing amount results in more localization of ionic species 
within the polymeric electrolyte system. Figure 8b indi-
cates the variation of dielectric constant as the frequency 
increases for optimized polymer electrolyte  MgTf2/PEO/
PC-DEC (15 wt%) at different temperatures. The value 
of the dielectric constant increases as the temperature 
rises which indicates more ion-dissolving ability of elec-
trolyte as its backbone becomes more flexible. The high 
value of dielectric constant suggests the presence of dif-
ferent polarization at low-frequency region. However, as 
the frequency increases, the inability of electric dipole 
to orient themselves complies with applied a.c. electrical 

field. Figure 8c indicates variation of loss tangent as the 
frequency increases for  MgTf2/PEO matrix with different 
dilution of PC-DEC from 0 to 15 wt%. The plots indi-
cate presence of a peak around  105 Hz for all polymeric 
electrolyte compositions. The peak tends to shift towards 
lower-frequency end as the dilution of PC-DEC binary 
organic solvent increases from 0 to 15 wt% in  MgTf2/PEO 
matrix. On addition of PC-DEC plasticizers, the polymer 
backbone becomes flexible and capable of orienting them-
selves relatively easy and rapidly, thus contributing to shift 
in relaxation frequency. The ratio of dielectric loss (ε″) 
and dielectric constant ( �′ ) is called tangent loss and is 
given by

(6)tan� =
�
��

��
=

Z�

Z��

Fig. 8  a Frequency-dependent real part of dielectric constant ( �′ ) 
for S-1, S-2, S-3, and S-4 at room temperature, b variation of �′ as a 
function of frequency for optimized composition S-4 at different tem-
peratures, c variation of frequency-dependent dielectric loss for S-1, 

S-2, S-3 and S-4  at room temperature, and d variation of dielectric 
loss as a function of frequency at different temperatures for optimized 
composition S-4
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where ω is angular frequency, Co is capacitance in vac-
uum, and Z′ and Z″ represent the real and imaginary parts 
of impedance for electrolyte system. Figure 8d shows tan-
gent loss (tan � ) plots with frequency for optimized poly-
mer electrolyte membrane  MgTf2/PEO/PC-DEC (15 wt%) 
as the temperature varies from 303 to 333 K. As the tem-
perature increases, the tangent loss increases and relaxation 
peak shifts towards higher-frequency side as more number 
of charge carriers become available for the ionic conduction.

Electrical modulus formulation is very important tool to 
understand the dispersion behavior of conductivity in speci-
fied frequency domain. This tool is widely utilized to study 
conductivity relaxation behavior of polymer electrolyte 
membranes. Modulus representation mainly reflects the bulk 
electrical properties of polymer electrolyte membranes with 

suppressed electrode polarization effects [48–50]. Mathemati-
cally, electric modulus is given by the relation

where the angular frequency ω = 2πf and Co is the vacuum 
capacitance of the electrochemical cell, and M′ and M″ 
denote the real and imaginary parts of the modulus M*, 
respectively.

Figure 9 shows the imaginary part of the modulus for 
 MgTf2/PEO solid polymer electrolyte and  MgTf2/PEO/
PC-DEC (5 wt% to 15 wt%) plasticized polymer electro-
lyte membranes. The peak observed in Fig. 9 is related with 
the translational ion dynamics and mirrors the conductivity 

(7)M∗ = M� +M��

(8)M∗ =
(

1∕(��
)

= j�C0Z∗ = M� + jM��

Fig. 9  a Variation of imaginary part of electric modulus ( M′′ ) with 
frequency for S-1, S-2, S-3, and S-4, b frequency-dependent imagi-
nary part of modulus M′′ at various temperatures for optimized com-

position S-4, and c normalized spectra of the imaginary part of modu-
lus using normalized variables M′′/M′′

max and log (f/fmax) at various 
temperatures
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relaxation of mobile ions. A prominent peak is observed for 
the solid polymer electrolyte and optimized polymer elec-
trolyte membranes, which indicate the electrolytes are ionic 
conductors. As the concentration of binary organic solvents 
(PC-DEC) is gradually increased from 0 to 15 wt%, the peak 
maxima of modulus shift towards higher-frequency side. The 
inconsistency in peak height indicates variation in dielectric 
constant and conductivity for various concentration of PC-
DEC within  MgTf2/PEO matrix. The imaginary part of the 
modulus is also plotted as a function of frequency for the 
optimized polymer electrolyte membrane S-4, i.e.,  MgTf2/
PEO/PC-DEC (15 wt%) at various temperatures (Fig. 9b). 
It is observed that the peak maximum of modulus shifts 
towards higher-frequency side as the temperature increases, 
this is due to enhanced ionic motion within polymer elec-
trolyte specimen. The scaling of modulus spectra was per-
formed to understand ion dynamics processes at varying 
temperature for  MgTf2/PEO/PC-DEC (15 wt%) as optimized 
polymer electrolyte specimen. Figure 9c shows normalized 
spectra of the imaginary part of modulus using normalized 
variables M′′/M′′

max and log (f/fmax) at various temperature 
for S-4. The approximate overlap of the modulus curve for 
all temperature indicates the similar dynamical processes 
occurring at different frequencies and its independence on 
temperature.

3.4  Cyclic voltammetry and ion‑transport studies

In order to calculate the working voltage range, i.e., elec-
trochemical stability window, of the optimized polymer 
electrolyte composition S-4, cyclic voltammetry (CV) has 
been performed on symmetrical cell, SS|S-4|SS at scan rate 
of 5 mV  s− 1 (Fig. 10a). In the cyclic voltammogram, no 
anodic and cathodic peak is observed from − 2.2 to 1.4 V, 
which suggests a working voltage range of 3.6 V for the 
optimized S-4 electrolyte membrane. The current values are 
insignificant in stability region which further suggests the 
absence of undesirable water contamination and associated 
reactions in optimized polymer electrolyte membrane. In 
order to confirm the ion movement (i.e., platting|stripping) 
of  Mg2+ ions, cyclic voltammetry study is performed on 
Mg|S-4|Mg symmetrical cell (Fig. 10b). The occurrence of 
anodic and cathodic peaks in cyclic voltammogram indi-
cates that platting and stripping of  Mg2+ ions are prevalent 
at Mg|electrolyte interface. Many researchers have reported 
similar ion-conducting behavior using polymer electrolyte 
membranes and reversible electrode system [51, 52].

In order to confirm the electrochemical stability window of 
the optimized composition S-4, the membrane is subjected to 
linear sweep voltammetry (LSV) using SS as working elec-
trode and Mg electrode as combined counter and reference 
electrode at scan rate of 5 mV  s− 1. The LSV plot shown in 
Fig. 10c suggests the electrochemical stability window of 

~ 3.5 V, which is significant for electrochemical applications 
with maximum voltage of ≤ 3.5 V. This value of stability 
window as calculated by linear sweep voltammetry for cell 
configuration SS|S-4|Mg is almost same as observed in CV 
study. Therefore, the optimized flexible polymer electrolyte 
membrane promises sufficiently good electrochemical stability 
for application in flexible electrochemical devices especially 
in magnesium batteries.

In order to calculate the total ion-transport number within 
the optimized polymer electrolyte membrane, dc polarization 
technique was adopted for the following cell configuration 
SS|S-4|SS (denoted as cell A) (Fig. 10d). The current density 
versus time (i.e., the polarization curve) indicates sudden fall 
in current density which become close to zero value indicating 
the optimized polymer electrolyte is principally ionic in nature 
[39, 53]. The total ion-transport number  (tion) can be given by 
the following formula:

where  iT and  is are total and residual current, respectively. 
The  tionvalue is obtained as ~ 0.99, suggesting the purely 
ionic nature of the optimized polymer electrolyte system.

In order to estimate the percentage contribution of magne-
sium ions towards ionic motion within the optimized polymer 
electrolyte, combined ac and dc technique as suggested by Vin-
cent method is utilized [54, 55]. As a part of the method, the 
symmetrical cell Mg|S-4|Mg was undergone dc polarization 
and impedance spectroscopy before and after the polarization. 
The dc polarization curve for the cell Mg|S-4|Mg is shown in 
Fig. 10d. The cell delivers an initial current (Io) of ~ 13 µA 
and get saturated at current (Is) of ~ 5 µA. The Nyquist plots, 
obtained from the impedance measurements on the cell Mg|S-
4|Mg before and after dc polarization, are given in Fig. 10e. 
The values of the impedance of the cell before (Ro) and after 
(Rs) the polarization are obtained as ~ 600 Ω and ~ 1118 Ω , 
respectively. The magnesium-ion-transport number (tmg

2+) can 
be given by the following formula

where t2+
Mg

 is magnesium transport number within the flexible 
polymer electrolyte membrane, Is is saturation current, Io is 
the initial current, ΔV  is applied small dc voltage, R0 is 
impedance before polarization and Rs is impedance after 
polarization. Using Eq. 10, the magnesium-ion-transport 
number is determined to be 0.32. This value of  Mg2+ trans-
port number in this flexible polymer electrolyte membrane 
suggests significant contribution of other anionic species in 
the electrolyte system [56, 57].

(9)tion =

(

1 −
ts

tT

)

………… .(9)

(10)t2+
Mg

=
Is

Io
⋅

(

ΔV − RoIo

ΔV − RsIs

)
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Fig. 10  Cyclic voltammogram and ion-transport studies using opti-
mized flexible polymer electrolyte membrane  MgTf2/PEO/PC-
DEC (15 wt%), a electrochemical stability window, b cyclic vol-

tammetry, c Linear sweep voltammetry, d polarization curves for 
SS|electrolyte|SS and Mg|electrolyte|Mg cells, e Impedance plots 
before and after polarization
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4  Conclusions

In this paper, we report flexible magnesium-ion-conducting 
solid and plasticized polymer electrolyte membranes. The 
electrolyte membranes do not exhibit any degradation after 
rolling and stretching it for hundred times. The optimized 
flexible electrolyte has Young’s modulus of 100 N  mm−2 
and mechanical strength of 2 Kgf and could withstand stress 
of 6 N  mm− 2 and strain of 7 N  mm−2 at a maximum load 
of 10 Kgf without any rupture. The XRD curve confirms 
the increase in amorphous nature and SEM graphs shows 
formation of large sized spherulites with the addition of PC-
DEC in increasing amounts within the  MgTf2/PEO matrix.
AFM micrographs of  MgTf2/PEO/PC-DEC (15 wt%) elec-
trolyte shows smooth morphology with lowest roughness 
height and its DSC profile shows this polymer electrolyte 
membrane maintains its phase and remains thermally stable 
up to 57 °C. Nyquist plots and conductivity measurement 
suggest that ion conduction behavior follows Arrhenius 
pattern and  Mg2+ conduction becomes favorable with the 
optimum concentration of PC-DEC binary organic solvent 
in  MgTf2/PEO matrix. The strong low-frequency dispersion 
and high dielectric constant is observed for electrolytes with 
increasing amount of plasticizers in  MgTf2/PEO matrix due 
to more localization of ionic species within the polymer 
electrolyte membrane system. The value of the dielectric 
constant is found to increase with temperature rise as the 
backbone become more flexible and ion-dissolving character 
increases. The modulus curves of optimized electrolyte spec-
imen  MgTf2/PEO/PC-DEC (15 wt%) at various tempera-
ture shows shift in peak maximum towards higher-frequency 
side as the temperature increases, this is due to enhanced 
ionic motion within electrolyte specimen. Electrolyte with 
optimized concentration of 15 wt% PC-DEC exhibits elec-
trochemical stability window of ~ 3.5 V, room temperature 
 Mg2+ conductivity of 3 × 10− 5 s  cm− 1, and cation-transport 
number of 0.32. The reported Mg-ion-conducting plasticized 
polymer electrolyte can be employed in fabricating flexible 
electrochemical devices especially the magnesium batteries.
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a b s t r a c t

This paper reports effect of dispersing active MgO nano-particles in small amount within magnesium-
ion conducting polymer electrolyte matrix. The electrolyte films are prepared by solution casting
techniques and experimental techniques are employed to carry out structural, electrochemical and
mechanical analysis. SEM and AFM micrographs demonstrate a variation in surface morphology
and maximum roughness height with the incorporation of MgO nano-particles within the polymer
electrolyte matrix. The nano-composite polymer electrolyte film with optimized concentration of
1 wt% MgO nano-particles delivered an ionic conductivity of 1.49 × 10−4 S cm−1 at 25 ◦C, though
its crystallinity is higher than the pristine. In depth, ion-conduction has been probed with the
help of dielectric and modulus behavior of electrolyte system as a function of MgO nano-particles
concentration, frequency and temperature. The mechanical studies reveal a Young’s modulus of 150 N
mm−2, mechanical strength of 2.7 Kgf and stress of 2.6 N mm−2 at a maximum load of 10 Kgf for the
optimized electrolyte film. The reported electrolyte can be utilized in rechargeable Mg batteries due
to its high conductivity, flexibility and mechanically stability.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The research and development on polymer electrolytes and
ts variants is largely motivated by their possible application in
arious electrochemical devices including rechargeable batteries.
he existing lithium-ion batteries provide high energy density
nd recyclability but they suffer from some safety limitations and
any other problems [1–3]. Therefore, researchers are working
ard to search newer environment friendly and low cost energy
torage systems such as magnesium, sodium, zinc, potassium,
luminum etc. [4–14].
Magnesium is attractive cell chemistry due to its high natural

bundance in the earth crust, low material cost, reasonably good
lectrode potential (−2.3 V verses SHE) and low reactivity in
omparison to the established lithium cell chemistry [15–21].
dditionally, handling of magnesium is possible in oxygen and
umid atmosphere unlike Li, which requires an inert atmosphere.
lectrolyte plays a very crucial role in an electrochemical cell
s it ensures required redox reactions and associated electro-
hemistry of cell. The existing organo-Mg complex based elec-
rolytes offers superior electrochemical properties but they have
nherent drawback such as corrosiveness and flammability. In

∗ Corresponding author.
E-mail address: deepak.kumar06@gov.in (D. Kumar).
https://doi.org/10.1016/j.nanoso.2020.100587
2352-507X/© 2020 Elsevier B.V. All rights reserved.
addition, these electrolytes are compatible with Chevrel-phase
cathodic materials having low discharge capacity (≈130 mAh
g−1) values [22–24]. Muldoon et al. has pointed out lack of
a commercial high conducting, non-aqueous electrolyte having
compatibility with suitable cathode materials as main roadblocks
to the development of Mg rechargeable batteries [25].

The polymer based electrolytes appears promising due to their
specific features such as non-leakage, flexibility, high ionic con-
ductivity, ease of fabrication as thin films and better electrolyte–
electrode interfacial contact [26–28]. The polyethylene oxide
(PEO) is most studied polymer host in designing several elec-
trolyte systems owing to its high salvation properties and poten-
tial to dissolve a high concentration of various kinds of dopant
salts [16,29]. The complexes of PEO with magnesium salt i.e. solid
polymer electrolyte offers moderately high ionic conductivity
(10−5 to 10−4 Scm−1) at ∼60 ◦C and the conductivity values
are even lower at room temperature due to retardation of ionic
transport imposed by their crystalline phases [30–33]. In or-
der to increase the ionic conductivity, mechanical, thermal and
electrochemical properties of PEO based polymer electrolytes,
numerous endeavor have been made to improve the structure of
PEO polymer by plasticizing them with carbonate solvents and/or
by incorporating nano/micro-sized filler particles in it [34–38].

Plasticization of polymer electrolytes with low molecular
weight and high dielectric constant organic solvents leads to flex-
ible polymer backbone with enhanced ion-conduction [39–41].

https://doi.org/10.1016/j.nanoso.2020.100587
http://www.elsevier.com/locate/nanoso
http://www.elsevier.com/locate/nanoso
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoso.2020.100587&domain=pdf
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hese electrolytes are known to provide liquid like ionic transport
nd improved electrochemical properties within polymer-salt
atrix. The organic solvents such as ethylene carbonate (EC),
ropylene carbonate (PC), dimethyl carbonate (DMC), diethylene
arbonate (DEC), fluoroethylene carbonate (FEC) and dimethyl
ormamide (DMF) etc. are utilized for fabricating the polymer
ased electrolytes [42–44]. The incorporation of nano-micro sized
ctive or passive nano-particles in polymer based electrolyte
nsures better liquid adsorption, higher ionic conduction and
mproved electrolyte/electrode interfacial properties [45]. The
assive filler particles do not participate in ion-conduction pro-
ess but supports the more retention of liquid electrolyte, higher
echanical stability and decreases the risk of leakage. On the
ther hand, the active nano-particles (e.g. NaAlO2 is active par-
icle for Na-ion conducting electrolyte system) take active part in
he ion-conduction process and facilitate overall charge transport
y enhancing the ionic conductivity, transport number and other
lectrochemical parameters. The small size of MgO nanoparticles
ends them a high specific surface, high adsorption capacity and a
igh surface charge [46]. In view of this, during the last few years
great enthusiasm has arisen for the study of MgO nanostructure
pplications as active phase supports, heterogeneous catalysts,
dsorbents and as nano-filler in polymer electrolytes [47].
The effect of dispersing magnesium oxide nanoparticles have

een studied by various researchers. Ahmed et al. investigated
ffect of varying MgO in PEO/NaSCN matrix with the help of scan-
ing electron microscopy, conductivity and Fourier transformed
nfra-red spectroscopic measurements in Na+ conducting solid
olymer electrolyte system [48]. Recently, Nidhi et al. fabricated
olid polymer electrolyte by dispersing MgO in Mg(NO3)2/PVdF
atrix and studied conductivity, dielectrics and thermal proper-

ies [35]. Pandey et al. performed structural, electrical and elec-
rochemical investigations on Mg(ClO4)2/EC-PC/PVdF-HFP system
ispersed with MgO nano-particles concentration up to
5 wt% [37]. Wu et al. studied conductivity, porosity, struc-
ural and voltammetric properties of nanocomposite gel polymer
lectrolytes consisting of Mg(ClO4)2 salt, EC-PC binary solvents,
gO nano-filler and blend of PVdF-HFP polymer with thermo-
lastic polyurethane (TPU) [38]. Sharma et al. studied the effect
f dispersing nano-sized passive aluminum oxide (Al2O3) and
ctive Mg aluminate (MgAl2O4) filler in MgTf2/EC-PC/PVdF-HFP
ystem with the help of X-ray diffraction, field emission scanning
lectron microscopy, electrochemical and tensile strength mea-
urement [45]. A detailed investigation on effect of dispersing
gO nano-particles in small amounts within magnesium-ion
onducting polymer electrolyte matrix is lacking. Hence, it will be
nteresting to investigate the effect of dispersing the MgO active
ano-particles in small concentrations on structural, mechanical,
ielectric and modulus properties of polymer based electrolyte
onsisting of PEO as polymer host, MgTf2 as magnesium salt and
C-DEC as binary carbonate solvents.
In this paper, we studied the effect of dispersing MgO nano-

articles in Mg(CF3SO3)2/PC-DEC/PEO electrolyte system. The
tructural properties of the electrolyte films are studied with
he help of SEM, AFM and XRD techniques. The electrochemical
mpedance spectroscopy has been performed to understand the
on-conduction behavior in varying frequency range with the
elp of conductivity, dielectric and modulus response. To know
he suitability of the nanocomposite films under the effect of
oad, the mechanical study has also been performed for different
gO nano-particles concentration. The studies suggest changes

n morphological and ion-conduction behavior on utilizing MgO
ano-fillers in varying amounts within the magnesium-ion con-
ucting polymer based electrolyte films.
 U

2

Fig. 1. A plasticized polymer electrolyte specimen MgTf2/PC-DEC/PEO with
1 wt% MgO.

2. Experimental section

2.1. Material

Poly(ethylene oxide), PEO of average molecular weight
∼300,000 from Alfa Aesar was utilized as polymer host, mag-
nesium triflate i.e. Mg(CF3SO3)2 of 97% purity from Aldrich was
sed as magnesium salt, propylene carbonate (purity 99.7 %) and
iethyl-carbonate (purity 99 % purity) were obtained from Sigma
ldrich and employed as organic carbonate solvents. Magnesium
xide (MgO) nano-particles (purity > 99.9%) of < 50 nm average
article size and was procured from Sigma Aldrich and used after
rying overnight in an oven. Acetone (purity 99 %) was purchased
rom Sigma Aldrich and used as received for dissolving the PEO
olymer.

.2. Preparation of flexible polymer electrolyte membranes

The standard solution cast technique was utilized to prepare
anocomposite Mg2+ conducting polymer based electrolyte films
ispersed with magnesium oxide (MgO). The polymer host and
agnesium salt (i.e. PEO and Mg(CF3SO3)2 respectively) were
eparately dissolved in acetone before mixing them together. Fur-
her, optimized weight ratio of PC-DEC plasticizer was added to
g(CF3SO3)2/PEO matrix to obtain plasticized polymer electrolyte
olution. The magnesium oxide particles in varying amounts
ere further dispersed in this electrolyte solution according to
he compositional formula; (MgTf2/PEO/PC-DEC) + x wt.% MgO,
here x = 0, 0.25, 0.5, 1, 1.5, 2 wt%, and resulting mixture was
tirred and ultrasonicated to obtain viscous nanocomposite elec-
rolyte solution. This electrolyte solution containing magnesium
xide in varying concentrations was poured in Teflon petri dishes
nd acetone was allowed to evaporate at room temperature to
btain the desired free standing nanocomposite polymer elec-
rolyte films. A typical nanocomposite electrolyte membrane is
hown in Fig. 1.

.3. Instrumentation

SEM images of nanocomposite polymer electrolyte films were
aken from FEI Quanta 200 microscope fitted with EDAX-EDS
nalyzer. Atomic force microscopic measurement was performed
y utilizing AFM, pico SPM-picoscan 2100, Molecular Imaging,

SA. The AFM pictures were obtained in tapping mode with
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Fig. 2. SEM micrographs of electrolyte specimens (MgTf2/PEO/PC-DEC) + x wt.% MgO (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 1, (e) x = 1.5 and (f) x = 2.
diamond-like carbon coated ultra-sharp silicon tip. The X-ray
iffraction curves were obtained from XPERT-PRO system using
u–Kα radiation in Bragg angle (2θ ) range from 10◦ to 80◦ at

scan rate of 2◦ min−1. Electrochemical Impedance Spectroscopy
(EIS) data was recorded using 1260 Solartron Impedance analyzer
in the frequency range from of 1 Hz to 32 MHz at signal level
of 10 mV in temperature ranging from 303 K to 333 K. In order
to perform the EIS measurements, the nano-composite polymer
electrolyte films were sandwiched between two stainless steel
(SS) electrodes. The mechanical studies were performed by draw-
ing the strain versus stress curves from Instron’s mechanical
tester (Model 5848, Singapore) at a strain rate of 5 mm min−1,
by applying a maximum load of 10 N at a pressure of 1 Bar.
3

3. Results and discussion

3.1. Structural and morphological studies

Fig. 2 shows the SEM micrographs of polymer electrolyte ma-
trix dispersed with varying concentration of MgO nanoparticles in
it. The MgTf2/PEO/PC-DEC film without any MgO content shows
a flat surface morphology (Fig. 2a). Fig. 2b indicate the onset of
ring type structural formation for 0.25 wt% dispersion of MgO
nano-particles. The ring type structures are more prominently
observed in electrolyte film dispersed with 0.5 wt% MgO nano-
particles (Fig. 2c). From Fig. 2d, we can observe that ring type
structures are not observable and instead globular type structure
is observed. It is important to note that portion of the micrograph
(Fig. 2d) neither contains any ring type nor any globules, possibly
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Fig. 3. AFM images of electrolyte specimens (MgTf2/PEO/PC-DEC) + x wt.% MgO (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 1, (e) x = 1.5 and (f) x = 2.
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ue to ring type structure being combined in presence of MgO
anoparticles. For 1.5 wt% of MgO nano-particles i.e. Fig. 2e the
lectrolyte film appears very uniform, however for 2 wt% of MgO
ano-particles (Fig. 2f) the surface morphology becomes compact
nd uniform. Thus, SEM study suggests significant morphological
hanges on adding MgO nano-particles in small amounts within
he MgTf2/PEO/PC-DEC matrix.

Fig. 3a–f depicts the atomic force microscopic measurement
or electrolyte films with varying amount of MgO nano-particles
 i

4

n MgTf2/PEO/PC-DEC matrix. The small MgO nano-particles con-
ent (from 0 to 2 wt%) was able to significantly alter the morphol-
gy, as observed from the change in maximum roughness height
or all electrolyte compositions. As the MgO concentration varies
rom 0 wt% to 1 wt%, the maximum roughness height drastically
aries from ∼163.2 nm to 39.5 nm (Fig. 3a–d). This decrease
n maximum roughness height may be due to the smaller rings
Fig. 2c) combining together and forming larger sized globules
tructure (Fig. 2d). However, for the higher MgO content slight
ncrease in maximum roughness height is observed (Fig. 3e–f).



C. Maheshwaran, D.K. Kanchan, K. Mishra et al. Nano-Structures & Nano-Objects 24 (2020) 100587

+

t

M
i
s
p
A
p
c
(
(
a
d
w
p
n
m
p
t
i
2

D

t
f

w
b
d
o
m
i
i
a
t
f

o

σ

Fig. 4. X-ray diffraction patterns of electrolyte specimens (MgTf2/PEO/PC-DEC)
x wt.% MgO (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 1, (e) x = 1.5 and

(f) x = 2.

Table 1
The values of crystallite size for electrolyte compositions with different MgO
nano-particles concentration.
MgO (wt.%) Crystallite size (D) (Å)

0 3.93
0.25 4.32
0.50 4.97
1.00 6.51
1.50 5.71
2.00 5.71

From the AFM measurement, we can note that electrolyte films
undergo significant change in morphology with the addition of
MgO nano-particles in it and electrolyte film with 1 wt% MgO
content has optimized retention of MgTf2/PC-DEC solution and
herefore a relatively smooth morphology.

Fig. 4 depicts the X-ray diffraction (XRD) patterns for
gTf2/PEO/PC-DEC polymer electrolyte films dispersed with vary-

ng concentration of MgO nano-particles. All electrolyte films,
hows two prominent crystalline peaks at 19.3◦, 23.4◦ due to the
redominant semi-crystalline nature of PEO polymer host [49].
dditionally, two smaller peaks appearing at 27◦ are due to PEO
olymer. Form the literature, we observe that MgO is highly
rystalline with its principle crystalline peaks located at 37.15◦

planes (111)) and 43◦ (planes (200)) and 62.30◦ (planes (220))
JCPDS No-78-0430) respectively [32,50,51]. The XRD pattern of
ll polymer electrolytes with different amount of nano-particles
oes not show any significant crystalline peaks relevant to MgO
hich shows the complete dispersion of nano-particle in the
resent electrolyte system. However, with the dispersion of MgO
ano-particles from 0 wt% to 1 wt% within polymer electrolyte
atrix, the XRD spectra show slight increase in the height of
eaks at 19.3◦ and 23.4◦. This indicates the crystallinity increases
ill incorporation of 1 wt%. In support of this, the crystallite size
s estimated by calculating change in the peak width at 19.3◦ and
3.4◦ according to the Scherrer equation.

=
kλ

β cos θ
(1)

where k is the Scherrer factor (k = 0.94), λ is the wavelength
of X-rays (λ = 1.54 Å), θ is the Bragg diffraction angle and β is
he full width at half maxima which is calculated using Gaussian
itting.
5

As it can be seen from Table 1, the crystallite size is increasing
ith increasing the amount of MgO from 0 wt% to 1 wt%. This may
e due to the possible prevention of reorientation of chain of PEO
ue to increase in the charge carrier as a result of dissociation
f MgTf2 salt and MgO active nano-particles which restrict the
ovement of polymer chain. When MgO nano-particle are added

n the polymer matrix, it is expected to have Lewis-acid base
nteraction at the EO group of PEO polymer chain and Lewis
cid sites of MgO nano-filler which result in the increment in
he free charge carrier [49]. On further addition of MgO nano
iller i.e 1.5 wt% and 2 wt%, the intensity of peaks at 19.3◦ and
23.4◦ decreases and the crystallite size has also been found to
be decreased. Along with it, the peaks at 43◦ corresponding to
MgO is becoming slight prominent for sample having 1.5 wt% and
2 wt% compare to sample having 1 wt% MgO indication of starting
of MgO aggregation cause reduction in the free charge carriers.

3.2. Ionic conductivity

The analysis of frequency dependent impedance not only pro-
vides ionic conductivity values but also provides insights on ion-
dynamics within the polymer electrolyte membranes. In order to
understand ion conduction behavior, the Nyquist plots are drawn
for various compositions of MgO dispersed MgTf2/PEO/PC-DEC
electrolyte systems are shown in Fig. 5a. All the plots comprise
a semi-circle at high frequency range, associated with the ion
conduction in the bulk of electrolyte, and a slant corroborating
ionic accumulation at electrolyte and ion blocking SS (Stainless
Steel) electrode. The common interception of the semi-circle and
slant on the real axis (Z ′) of the Nyquist plot provides bulk
resistance (Rb) of the electrolyte membranes, which is used to
btain the ionic conductivity (σ ) from the formula:

=
d

Rb · A
(2)

where, d and A are thickness and area of the electrolyte mem-
brane, respectively and Rb is the bulk resistance obtained from
Nyquist plots.

The obtained ionic conductivity values are plotted against the
concentration of MgO nano-particles in the MgTf2/PEO/PC-DEC
polymer electrolyte matrix (Fig. 5b). The ionic conductivity of the
electrolyte system is observed to be increasing with MgO concen-
tration and the composition with 1 wt% MgO display maximum
ionic conductivity. Thereafter, the conductivity is significantly de-
creased for MgO nanoparticles concentration up to 2 wt%. This is
a typical behavior of composite electrolytes which show highest
conductivity at a particular threshold loading of nano-particle
fillers. The temperature dependent ionic conductivity of various
compositions of the electrolyte systems is shown in Fig. 5c. All
the compositions follow straight line Arrhenius behavior, as:

σ = σ0exp
(

−
Ea
kT

)
(3)

where, σ0 is pre exponential factor, Ea is the activation energy,
k is the Boltzmann constant and T is temperature in K . This
behavior is a typical of semi-crystalline polymer electrolytes, in
which ion-transport take place due to hopping [52,53]. The ionic
conductivity increases due to the faster segmental motion of the
host polymer supported by the diminution in its viscosity at
higher temperatures. The activation energy is another important
factor for a feasible electrolyte system, which is a combination of
the energy of free-ion creation and their transport via hoping in
the present case. The activation energy of the electrolyte system
must be as low as possible to facilitate faster ion motion. The
activation energy of the different electrolyte compositions has
been evaluated using Eq. (3) and plotted with room temperature
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Fig. 5. (a) Nyquist plots (i.e. Z ′ versus −Z ′′ pattern) (b) activation energy and ionic conductivity values (c) ionic conductivity versus temperature plots (d) ac
onductivity versus angular frequency plots for electrolyte films with different MgO nano-particles concentration.
onic conductivity in Fig. 5b. The activation energy values are well
elow 0.4 eV for all the composition and the maximum conduct-
ng composition, i.e. MgTf2/PEO/PC-DEC with 1 wt% MgO, display
inimum activation energy (0.13 eV). The frequency dependent
onductivity of all the compositions are also plotted in Fig. 5d. The
onductivity pattern is found to obey the well-known Jonscher’s
ower Law (JPL) [54] in high frequency range, given as:

ac = σdc + Aωη (4)

here σdc is the dc conductivity, A is pre-exponential factor and
is the fractional exponent which reveals the ratio of backward
otion of the ions to the site relaxation time in the polymer elec-

rolyte system. A deviation of the conductivity spectra from JPL
ehavior is observed at low frequency region, where the electrode
olarization effect is dominant. In this region, accumulation of
ons at SS blocking electrodes results in a decrease in effective
umbers of free-ions, which turn out as fast decline in the ionic
onductivity. The JPL fitting parameters are listed in Table 2.
The σdc values are close to those obtained from Nyquist plots

Fig. 5b). The maximum dc conductivity is obtained as 1.60 ×

0−4 S cm−1 for MgTf2/PEO/PC-DEC with 1 wt% MgO. The η values
f all the compositions are greater than unity, this is quite contra-
ictory to the earlier reports on the polymer electrolytes [55,56],
n which η remain less than 1 showing the long range transla-
ional hopping motion. The obtained values of the η reveal the
ominance of localized hopping or reorientational motion of ions
n the prepared electrolyte system [57]. The value of η > 1 has
lso been observed some other workers also [58,59]. This may
6

Table 2
Parameters obtained from JPL fitting of the frequency dependent ac conductivity
plot.
MgO (wt.%) σdc (S cm−1) A η

0 3.80 × 10−5 1.37 × 10−13 1.50
0.25 9.33 × 10−5 2.06 × 10−14 1.61
0.50 1.08 × 10−4 1.27 × 10−15 1.76
1.00 1.60 × 10−4 2.44 × 10−14 1.605
1.50 4.30 × 10−5 1.28 × 10−14 1.644
2.00 4.45 × 10−5 1.65 × 10−16 1.99

be the effect of the enhanced crystalline nature of the polymer
electrolyte system on dispersion of MgO fillers, as observed in
XRD analysis, which hinders the segmental motion of the elec-
trolyte and hence, the long range ionic translational motion. From
the above studies, it is revealed that the translational motion of
the ions is seized in the electrolyte system on dispersion of MgO
fillers. This is quite strange on the part that the conductivity has
been significantly enhanced in dispersed electrolyte compositions
up to 1 wt% MgO.

3.3. Dielectric studies

In order to have better understanding of the ion-dynamics in
the electrolyte system, dielectric studies have been performed
(Fig. 6). The frequency dependence of real (ε′) and imaginary
(ε′′) part of permittivity for various compositions of the polymer

electrolyte system are shown in Fig. 6ab. As can be seen from
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Fig. 6. (a) Dielectric constant (ε′) (b) Dielectric loss (ε′′) (c) tangent loss versus logarithmic frequency for electrolyte films with different MgO nano-particles
oncentration (d) Charge carrier concentration (N) and mobility (µ) versus MgO nano-particles concentration.
he figure, dispersion is observed in the both ε′′ and ε′ traces at
low frequency region. It is due to the electrode polarization effect
at electrode/electrolyte interface [60]. At higher frequency side, a
plateau is observed for all the compositions which is associated
with the inability of the ionic dipoles at such frequencies [61,62].

The value of ε′ is related to the numbers of dissociated ions
present in the electrolyte system, as;

n = noexp
(

−U
ϵ′KT

)
(5)

where no is the pre-exponential factor, U is the dissociation en-
ergy and T is the absolute temperature of dielectric measurement,
respectively. The values of ε′ at 1 kHz, for various electrolyte
compositions are listed in Table 3.

As can be seen from Table 3, the ε′ values have been signifi-
cantly enhanced upon dispersion of MgO nano-particles, except
for the composition with 0.50 wt% MgO. The highest conduct-
ing composition, MgTf2/PEO/PC-DEC with 1 wt% MgO, have the
maximum value of ε′, which is an indicative of the presence
of maximum numbers of dissociated ions present in the elec-
trolyte composition. Additionally, a hump is observed in ε′′ vs
log f graph (Fig. 6b), between log f = 2 and 3, for the highest
conducting composition MgTf2/PEO/PC-DEC with 1 wt% MgO. This
may be attributed to the contribution of interfacial polarization,
also known as Maxwell-Wagner–Sillars (MWS) polarization, over
the dipolar polarization in the above composition of the polymer
electrolyte system [56]. In order to access the relaxation time,
frequency dependence of the tangent loss (tan δ) is plotted at
room temperature (Fig. 6c). A relaxation peak associated with
7

the presence of scaling dipole is observed for all the electrolyte
compositions. However, the position and the height of this peak
provide important information about the ion dynamics. The por-
tion of the relaxation peak on the frequency-axis reveals the ion
relaxation time (τ ) in the electrolyte compositions, as;

τ =
1

2π fmax
(6)

where fmax is the frequency of the relaxation peak. The calculated
values of τ are listed in Table 2. The highest conducting com-
position carrying 1 wt% MgO has the minimum relaxation time
of 0.61 µs [63]. The compositions with > 1 wt% MgO, display
significantly high relaxation time. The conductivity data and the
tan δ plots are used to obtain diffusivity (D), free ion number
density (N), and ion mobility (µ) in the electrolyte system, using
the following formulas [64]:

D =
2π fmaxd2

32(Tan δmax)3
(7)

N =
σdcKbT
Dq2 (8)

µ =
σdc

qN
(9)

where d is the thickness of the electrolyte membrane, q is the
elementary charge, Tan δmax is maximum tangent loss and fmax
is the frequency corresponding to maximum tangent loss. The
evaluated parameters are listed in Table 3.
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Table 3
Variation of dc conductivity (σdc), relaxation time (τ ), ion diffusivity (D), and number (N) and
mobility (µ) of charge carriers (N) for electrolyte compositions with different MgO nano-particles
concentration.
MgO (wt.%) ε′ (at 1 kHz) τ (µs) D N (cm−3) µ (cm2 V−1 s−1)

0 135 0.98 6.44 × 10−5 9.15 × 1016 0.00259
0.25 231 0.97 4.78 × 10−5 2.50 × 1017 0.00233
0.50 52 0.97 5.22 × 10−5 3.22 × 1017 0.0021
1.00 759 0.61 4.22 × 10−5 5.89 × 1017 0.0017
1.50 347 1.23 7.33 × 10−5 9.11 × 1016 0.00295
2.00 657 1.28 2.09 × 10−4 6.27 × 1016 0.00842
Fig. 7. (a) Imaginary part of modulus (M′′) as a function of frequency for MgTf2/PC-DEC/PEO matrix at different concentrations of MgO nano-particles (b) Imaginary
art of modulus (M′′) as a function of frequency for electrolyte composition with 1 wt% MgO content at different temperatures (c) Scaled spectra of modulus for
GPE with 1 wt% MgO at different temperatures.
The diffusivity and mobility of the ions are found to decrease
lightly on increasing the concentration of MgO nano-particles
nd the composition with 1 wt% MgO possesses the minimum
alues. Beyond 1 wt% MgO nano-particles concentration, these
arameters are increased significantly. On the contrary, the ion
umber density displays initial increase followed by decline after
wt% MgO. Fig. 6d shows the comparative variation of µ and
with MgO filler concentration in polymer electrolyte system.

rom the figure, it is clear that the number of free ions is dom-
nantly affecting the ionic conductivity of the electrolyte system
han the mobility of the ions. The slight reduction in the mobility
f the ions is a consequence of the increased crystallinity of the
olymer electrolyte membranes on dispersion of MgO fillers, as
bserved in XRD studies.
8

3.4. Modulus studies

The bulk behavior of the conductivity is generally suppressed
in the dielectric analysis because it highlights lower frequency re-
gion i.e. electrode polarization effects. To overcome this problem
as well as to investigate the conductivity relaxation process in the
present nano-composite polymer electrolyte, modulus analysis
has been carried out [65]. The complex electric modulus is inverse
of the dielectric permittivity and it can be represented as

M∗
=

1
ε∗

(10)

The electric modulus can also be written mathematically in terms
of complex impedance

M∗
= M′

+ jM′
= jωC Z∗ (11)
0
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Fig. 8. (a) Young’s modulus and mechanical strength (b) stress at maximum load for electrolyte films with different MgO concentration, and (c) stress at break for
electrolyte films with different MgO nano-particles concentration.
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where, the angular frequency ω = 2π f and C0 is the vacuum
apacitance of the electrochemical cell, and M′ and M′′ are real
nd imaginary parts of the complex modulus M∗, respectively.
The M′′ (imaginary part of the modulus) as a function of

requency for polymer electrolyte system containing different
oncentrations of MgO nano-particles at 303 K is shown in Fig. 7a.
prominent peak at a particular frequency is observed in modu-

us spectra which is the signature of ionic conductivity relaxation.
he frequency (fmax) corresponding to M′′

max is called as conduc-
ivity relaxation frequency. The region where f < fmax is due to
he long-range mobility of ion where successful hopping of ion
rom one available site to another site is feasible and at very low
requency, the plateau region is an indication of large capacitance
ssociated with it [66]. On the other side when f > fmax, the ions
re not able to follow the direction of the applied ac field results
n short-range mobility of ion.

Another interesting and notable feature of change in height
f the peak is seen with the addition of MgO nano-filler from
he 0 wt% to 2 wt%. With increasing the amount of MgO nano-
iller from 0 wt% to 1 wt%, the height of the peak is decreasing
hereas reverse trend has been seen for the electrolyte system
aving 1.5 wt% MgO content. The minimum value of the height of
he peak is observed for composition MgTf2/PEO/PC-DEC+1 wt%
gO. This suggests occurrence of relaxation phenomena and an

ncrease of ionic conductivity due to increase in number of mobile
harge carrier density within the electrolyte system.
Fig. 7b depicts the M′′ (imaginary part of the modulus) as a

unction of frequency for polymer electrolyte composition con-
aining 1 wt% MgO nan-particles content in temperature range
rom 303 K to 333 K. The peak maximum is found to be shifted
owards a higher frequency side with a rise in temperature. Aziz
9

t al. [67] have also observed the similar behavior in sodium ion-
onducting Chitosan-based solid polymer electrolyte with differ-
nt concentrations of Al2O3 nano-filler. This indicates thermally
ctivated conductivity relaxation process within electrolyte sys-
em with a decrease in relaxation time as per the relation ωτ = 1,
here angular frequency ω = 2π f and τ is relaxation time.
decrease in relaxation time clearly supports the increasing
obility of free charge carriers as well as polymer segments
hich results in an enhancement of ionic conductivity values.
In order to get more insight into temperature dependents ion

ynamics, the scaling tool is adopted. The scaling is also known
s the ‘‘Time–temperature superposition principle’’. The main aim
f the scaling is to probe whether the conduction mechanism is
emperature-dependent or independent in the present system.
harma et al. [68] reported the merging of M′′ at different temper-
tures (single normalized peak) in their PEO/PMMA based system
onfirming that relaxation behavior is temperature independent.
In the present study, the Ghosh scaling is approached given as

elow
M′′

M′′
max

= F
(

f
fmax

)
(12)

where M′′
max is peak maxima and fmax is frequency corresponds to

the peak.
The scaled spectra of the imaginary part of modulus for

MgTf2/PEO/PC-DEC with 1 wt% MgO content is shown in Fig. 7c.
The scaling of M′′ spectra result in superimposed curves which
suggests the ion-dynamics is temperature independent. Similar
kind of scaling behavior has also been reported by Karmakar et al.
in their study for PEO-LiClO4 based polymer electrolyte system
where the spectra scaled to common master curve suggesting
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hat the charge carriers follow similar ion-transport behavior
hroughout the temperature range [69].

.5. Mechanical studies

The mechanical properties of polymer based electrolytes dis-
ersed with MgO nano-particles have been evaluated using me-
hanical studies. The mechanical strength and Young’s modulus
f the films have been plotted for varying concentration of MgO
ano-particles in it (Fig. 8a). The values of Young’s modulus and
echanical strength are found to be improved with the disper-
ion of MgO nano-particles within PEO/MgTf2/PC-DEC matrix. The
ndispersed electrolyte MgTf2/PEO/PC-DEC i.e. PE offers a Young’s
odulus of 100 N mm−2 and mechanical strength of 1.2 Kgf.

The optimized electrolyte MgTf2/PEO/PC-DEC/1 wt% MgO offers
a Young’s modulus of 150 N mm−2 and mechanical strength of
2.7 Kgf.

The stress at maximum load and stress at break is demon-
strated (Fig. 8b and c) with variation in MgO nano-particles
concentration. The undispersed electrolyte films could withstand
stress of ∼1.6 N mm−2 at maximum load and stress at break is
observed to be 0.6 N mm−2. However, the optimized electrolyte
could withstand stress of 2.5 N mm−2 at maximum load and
stress at break is found to be 1.25 N mm−2. The mechanical
studies reveal a significant enhancement in mechanical strength,
Young’s modulus and stress bearing capacity of the electrolyte
films with the addition of MgO nano-particles in it.

4. Conclusion

In this paper, the effect of dispersing active MgO nano-particles
in small amount within magnesium-ion conducting polymer elec-
trolyte matrix have been studied by structural, conductivity,
dielectrics and mechanical investigations. AFM micrographs of
MgTf2/PEO/PC-DEC electrolyte matrix with 1 wt% MgO dispersion
shows smooth morphology with lowest roughness height. The
XRD curves indicate an increase in crystalline character with PEO
prominent peak increasing in height with the dispersion of MgO
nano-particles up to 1 wt%. However, on contrary the ionic con-
ductivity is found to increase with MgO dispersion up to 1 wt%.
The ion dynamics studies reveal the dominance of enhanced
numbers of free charge carriers prompted by MgO nano-particles
over the seized ion mobility due to increased crystallinity of
the electrolyte system. The nano-composite polymer electrolyte
film with optimized concentration of 1 wt% MgO nano-particles
delivered an ionic conductivity of 1.49 × 10−4 S cm−1 at 25 ◦C.
The mechanical studies on optimized nano-composite polymer
electrolyte membrane reveal a Young’s modulus of 150 N mm−2,
mechanical strength of 2.7 Kgf and stress of 2.6 N mm−2 at a
maximum load of 10 Kgf. The reported Mg-ion conducting plasti-
cized polymer electrolyte can be employed in fabricating flexible
electrochemical devices especially the magnesium batteries.
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