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ARTICLE INFO ABSTRACT

Keywords: Research on magnesium battery has gained momentum in recent years due to its high stability and hazardous
Blend polymer electrolyte free nature. For such batteries solid polymer electrolyte films have been prepared using blend polymer technique
Polyacrylonitrile with the polymers polyvinyl alcohol (PVA) & polyacrylonitrile (PAN) (92.5PVA:7.5PAN) and Mg(ClO4), of dif-

Magnesium perchlorate
Ionic conductivity
Magnesium battery

ferent molar mass percentage (m.m.%) as 0.05%,0.1%,0.15%,0.2%,0.25% and 0.3% by solution casting tech-
nique using DMF as solvent. The XRD results confirms that the incorporation of magnesium salt (Mg(ClO4)2)
which reduces the crystallinity of blend polymer (92.5PVA:7.5PAN). FTIR has been carried out to study the
complex formation between the blend polymer and salt. AC impedance spectroscopy has been used to examine
the ionic conductivity and dielectric behaviour of the blend polymer electrolyte (BPE). The maximum ionic
conductivity of 2.96 x 10~ * S/cm has been observed for the sample 92.5PVA:7.5PAN:0.25 m.m.% Mg(ClO,) at
room temperature for which the activation energy measured is minimum (0.21 eV). Electrochemical studies
show that highest conducting BPE has the highest electrochemical stability. Transference number measurement
confirms that the conducting species are Mg * ion. Primary magnesium battery has been constructed with

maximum conducting electrolyte system and its discharge characteristics have been studied.

1. Introduction

Today's rapid development of portable electrochemical devices
mainly mobile phones, laptops, tablets and notebook computers have
been remarkable in the last decade, which increases the demand of high
energy batteries. Due to high specific capacity and excellent cyclic
stability lithium ion is incorporated in fabrication of commercially
available batteries [1-3]. At the same time, lithium ion batteries are
relatively expensive and suffer from safety limitations due to their ex-
plosive nature. Hence for future technological attention, we need re-
chargeable batteries with significant increase in energy density, cost
effectiveness, low toxicity, ease of handling, and safer than lithium.
This huge expectation in the battery industry leads to develop magne-
sium battery whose performance characteristic is closer to that of li-
thium counter parts [4-6]. Magnesium (Mg) is an ideal metal anode
that has nearly double the volumetric capacity of lithium metal with
many advantages such as (i) negative reduction potential of —2.37 Vs
standard hydrogen electrode (SHE) (ii) apparent lack of dendrite
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formation during charging, which overcomes major safety and perfor-
mance challenges encountered with lithium metal anodes [7] (iii) high
melting point (649 °C) (iv) low cost and (v) substantial abundance in
nature. Despite the practical use of Mg batteries, development of re-
chargeable Mg batteries has been retarded by two problems (i) diffi-
culties in the reversibility of the Mg negative electrode and (ii) lack of
appropriate nonaqueous media that conduct Mg®* species [8].

Over the past 40 years, the polymer electrolyte has been studied
widely due to its high compliance, mouldability, processability, good
electrode-electrolyte contact and high ambient temperature con-
ductivity. These features permit the polymer electrolyte for the devel-
opment of thin batteries with design flexibility for electrochemical
devices. Various methods has been performed to improve the ionic
conductivity and mechanical strength of the polymer electrolyte, which
includes synthesizing new polymer [9]; Use of cross linking two poly-
mers [10]; Blending of two polymers [11]; adding plasticizers to
polymer electrolytes [12]; adding inorganic inert fillers [13] to make
composite polymer electrolytes.
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In the present work, investigations have been focused primarily on
polymer blends, which are the most promising and feasible approach
because of easy for preparation and control the physical properties
within the compositional regime. Bend polymer electrolytes (BPE) are
physical mixtures of structurally different polymers that interact
through secondary forces and that are miscible to the molecular level.
Through polymer blending properties of the final product can be tai-
lored to the requirement of applications, which cannot be achieved
alone by one polymer. However, the film properties depend on the
miscibility of blend. The polymer—polymer miscibility may arise from
any one of the interactions such as hydrogen bonding, dipole-dipole
forces and charge transfer complexes for homopolymer mixtures
[14-19]. Many researchers have reported on BPE systems such as PVA/
PVP, PVA/PMMA, PAN/PEO, PVA/PAN with ammonium nitrate, li-
thium tetrafluroborate, lithium triflate, lithium perchlorate respectively
[20-23], etc., The literature review reveals that very little attention has
been given to the polymer electrolytes based on PVA-PAN blend in
which multivalent cations as the mobile species. Magnesium per-
chlorate Mg(ClO4), is the fast conducting salt in a number of crystalline
and amorphous materials, its incorporation in a polymeric system is
expected to have more complexation with the polymer due to its large
anions [24].

Polyvinyl alcohol (PVA) is a semicrystalline polymer, studied ex-
tensively because of its many interesting physical properties, such as
high dielectric strength (1000 kV/mm), good charge storage capacity,
dopant dependent electrical and optical properties which arise from the
presence of OH groups and the hydrogen bond formation [20].

Polyacrylonitrile (PAN) is a synthetic organic polymer or copolymer
of acrylonitrile which are mostly used to make fibers for fabrics. PAN
has been extensively studied due to its semicrystalline nature, electro-
chemical stability, good chemical and flame resistance [25]. The choice
of PAN as a host polymer has been first reported by Reich and Michelai
[26]. Both polymers PVA and PAN are having a good charge storage
capacity and dopant dependent electrical and optical properties. When
these two polymers are mixed, the interactions between PVA and PAN
are expected to occur through interchain hydrogen bonding. PVA-PAN
is a potential material having good charge storage capacity and dopant
dependent electrical and optical properties [27].

Siva devi et al., carried out a study on PVA-PAN based BPE and
optimized the conductivity of 92.5PVA:7.5PAN as 1.13 x 10~ 7 Sem ™!
[28]. There have been some studies on this BPE based on ammonium
and lithium salts [27,29-31]. As far as the knowledge of the author,
literature survey reveals that in the electro chemical device applica-
tions, there has been minimum work on PVA/PAN BPE doped with
magnesium salts. Hence the present work investigate the effect of Mg
(ClOy4), of different ratios in the BPE system with the aim of obtaining
improved ionic conductivities compared with pure blend
(92.5PVA:7.5PAN). As in this research, the initial approach to suppress
the high crystallinity is done by the dissociation of Mg(ClO,4), in
92.5PVA:7.5PAN matrix forming free ions, which could give high ionic
conductivities to BPE films. These films have been characterized by
means of various physical techniques, namely, X-ray diffraction,
thermal analysis, infrared spectroscopy, complex impedance analysis,
conductivity, linear sweep voltammetry and transport number mea-
surements. The BPE is found to be a thermally and electrochemically
stable material for application in power sources such as magnesium
batteries.

2. Materials and methods
2.1. Materials

Polyvinyl alcohol (PVA) with an average molecular weight of
1,24,000 from Sd fine-chem Ltd., Polyacrylonitrile (PAN) with an

average molecular weight of 1,50,000 from Sigma Aldrich and
Magnesium perchlorate (Mg(ClO4)5) of molecular weight 223.21 g/mol
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from Himedia were used without any further purification to prepare the
blend polymer electrolytes. Dimethyl formamide (DMF) with molecular
weight 73.08 g/mol, density = 0.948-0.949 kg/m® from Merck speci-
alities private Ltd., has been used as solvent.

2.2. Preparation of polymer electrolyte films

Blend polymer electrolyte (BPE) films were prepared using solution
casting  technique. = BPE's of various salt concentration
0.05%,0.1%,0.15%,0.2%,0.25% and 0.3% molar mass percentage
(m.m.%) have been prepared with optimized composition
92.5PVA:7.5PAN of the blend polymer. Initially PVA was added to the
solvent at 60 °C and stirred continuously until the complete dissolution
of the polymer. Then appropriate quantity of PAN was added to the
solution and allowed to stir continuously to get a clear solution.
Magnesium salt of various m.m.% (0.05%,0.1%,0.15%,0.2%,0.25% and
0.3%) was added to the solution. The resulting solution were poured
over polypropylene petridishes separately and kept in vacuum oven at
60 °C for two days to remove excess solvent present in the sample. Free
standing composite films of thickness 130 — 140 pum were obtained.

2.3. Characterizations

The amorphicity of blend polymer electrolyte (BPE) has been in-
vestigated using XRD. The XRD patterns of the films were recorded at
room temperature by X’ pert pro diffractometer system using the Cu-Ka
radiation in the range of 26 = 10°-80°. The complex formation between
the chemical constituents of the blend polymer (PVA-PAN) and the salt
has been analyzed by using FTIR. FTIR spectrum of the films were re-
corded in the wavenumber range 3500-650 cm ™ ! at room temperature
using SNADZY-IR Affinity-1 spectrophotometer. The ionic conductivity
of BPE membranes was measured by AC impedance spectroscopy ana-
lyser HIOKI 3532 in the range of 42 Hz-1 MHz with various tempera-
tures from 303K to 343 K. The thermal behaviors of the polymer
electrolytes were examined by differential scanning calorimetry (DSC)
using Perkin Elmer DSC 4000. The total ionic transport number t;,, was
obtained by the d.c. polarization technique [32]. The Mg>" ions
transport number of maximum conducting electrolyte 92.5PVA:7.5-
PAN:0.25 m.m.% Mg(ClO,4), was evaluated using a combination of AC
impedance spectroscopy and DC polarization studies on a Mg/BPE/Mg
cell as described by Evans et al. [33]. The electrochemical stability of
the maximum conducting electrolyte was evaluated by means of linear
sweep voltammetry using stainless steel as the working electrode and
Mg disc as combined counter and the reference electrodes. Using the
highest conducting BPE a magnesium battery has been constructed and
their results are discussed.

3. Results and discussion
3.1. X-ray diffraction analysis

XRD is a significant tool to study the amorphous/crystalline nature
of the polymer matrices. As the ions can freely move in amorphous
phase due to low energy barriers, greater ionic diffusivity occurs and
hence the conductivity increases [34]. The effect of complexation of Mg
(ClO4), with 92.5PVA:7.5PAN system has been investigated using XRD
analysis. Fig. 1 represents the XRD pattern of undoped blend polymer
electrolyte and doped blend polymer electrolyte with salt of different
m.m.%. The broad peaks observed at 26 = 20.3° and 40.8° in the pure
BPE is ascribed to pure PVA [27].Addition of salt of different m.m.%
decreases the intensity and makes the hump broader and flatter proving
that the degree of amorphicity increases for blend polymer electrolytes.
This could be due to the disruption of the long range ordering of
PVA:PAN chains by Mg(ClO,), salt. Hodge et al. [35] established a
correlation between the intensity of the peak and the degree of crys-
tallinity. The peak intensity was observed to be minimum for the



R. Manjuladevi et al.

.‘«)’/AM‘M e P H &
o o @
(c)
= ‘ N
s
=
‘»
g b
E (b)
20.3° l
40.8° (a)
M e
T 1 T T
20 40 60 80
20 (degree)

Fig. 1. XRD patterns of BPE (a) 92.5PVA:7.5PAN (b) 92.5PVA:7.5PAN: 0.1 m.m.% Mg
(ClO4)2 (¢) 92.5PVA:7.5PAN:0.2 m.m.% Mg(ClO,), (d) 92.5PVA:7.5PAN:0.2 m.m.% Mg
(Cl0O4), and (e) 92.5PVA:7.5PAN:0.3 m.m.% Mg(ClO,),.

polymer complex 92.5PVA:7.5PAN:0.25 m.m.% Mg(ClO,),, showing
high degree of amorphicity which is in reliable with the conductivity
result. From the XRD spectra it is evident that, when the salt con-
centration is > 0.25 m.m.% of Mg(ClO,),, an increase in the intensity
of the peak was observed at 20.3°. This suggests that the intercalated
Mg? ™ ion swells the crystalline PVA-PAN [36]. Furthermore no sepa-
rate peaks corresponding to Mg(ClO,), were seen in the spectra in-
dicating the better dissolution of Mg(ClO4), in 92.5PVA:7.5PAN system
and hence the complex formation between PVA-PAN and Mg(ClO,),.

3.2. Fourier transform infrared analysis

FTIR analysis is a powerful tool to investigate the complex forma-
tion between the host polymer 92.5PVA:7.5PAN and the dopant Mg
(Cl04),. The interactions among atoms or ions in electrolyte system
induce changes in the vibrational modes of the molecules. The FTIR
spectra of pure 92.5PVA:7.5PAN along with the doped BPE's are shown
in the Fig.2 and their spectral band assignments are listed in the
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Fig. 2. FTIR spectra of BPE's (a) 92.5PVA:7.5PAN (b) 92.5PVA:7.5PAN:0.1 m.m.% Mg
(ClO4)2 () 92.5PVA:7.5PAN:0.2 m.m.% Mg(ClO4), (d) 92.5PVA:7.5PAN:0.25 m.m.% Mg
(ClO4)2 and (e) 92.5PVA:7.5PAN:0.3 m.m.% Mg(ClO,),.
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Table 1.

The peak at 3288 cm ™! in pure 92.5PVA:7.5PAN blend is ascribed
to hydroxyl group (O—H) stretching of pure PVA. Coates et al. and
Awadhia and Agarwal et al., have mentioned that OH stretching occurs
at 3615-3050 cm ™ ! [37,38]. The absorption peak at 2917 cm™ ! in the
blend polymer attributes to CH, asymmetric stretching of PVA [39].
The band at 2236 cm ™! in the blend is assigned to the stretching vi-
bration of nitrile (C=N) group of PAN [40]. The band appearing at
1716 cm ™ ! corresponds to C=O stretching in the BPE system [41]. The
CH, bending, C—O—C symmetric and C—C asymmetric vibrations of the
blend are observed at 1419 cm™?!, 1244 cm~ ' and 1090 cm ™! re-
spectively [30]. The sharp band at 1652 cm ™~ ! in pure blend electrolyte
is observed due to C=C stretching of PAN [42]. The observed FTIR
peaks position and intensity (3288 cm™?', 2917 cm ™!, 1716 cm™?,
1419cm™!, 1244cm™?', 1090cm™! and 1652cm™ ') have been
shifted due to the addition of 0.1, 0.2, 0.25 and 0.3 m.m.% of Mg
(ClOy4),. The calculated vibrational frequencies for the pure BPE have
been shifted due to the addition of Mg(ClO,4),, which indicates that the
Mg(ClO4), group affects the vibrational mode of PVA:PAN and confirms
the complex formation between 92.5PVA:7.5PAN and Mg(ClO,),.

Due to the addition of Mg(ClO4), from 0.1 to 0.3 m.m.%, the in-
tensity of the band at 2236 cm ™ ! assigned to the stretching vibration of
nitrile (C=N) has been reduced to 80% compared to undoped
92.5PVA:7.5PAN electrolyte. It is the most characteristic band of pure
PAN [43,44].The peak absorbed at 930 cm ™ ! in all the BPE's is ascribed
to the symmetric stretching of the free anion ClO,4 _ ion which remains
the same in all the compositions. This result indicates the coordination
of ClO4_ ion with the polar group present in the polymer of the
polymer complexes [45]. When the salt Mg(ClO4), of different con-
centrations are dopped with the pure 92.5PVA:7.5PAN blend the hy-
droxyl band peaks at 3288 cm ™' gets broaden and shifted towards
higher wave number in the complexes as shown in Fig. 2. It gives strong
indication of interaction of Mg(ClO4), and host polymer PVA in the
polymer electrolytes. The addition of Mg(ClO4), to the sample
92.5PVA:7.5PAN shifts the carbonyl group (C=0) stretching vibration,
which implies that strong intermolecular interaction is between mag-
nesium ion from doping salts and oxygen atoms resulting in polymer
salt complexes. The oxygen atoms from PVA are expected to act as
electron donor atoms and they form co-ordinate bond with magnesium
ion from doping salts [46]. The shift in stretching modes of the carbonyl
bonds has been seen for the sample with 0.1 m.m.% of salt and dis-
appearance of the peak is seen for rest of the electrolytes which in-
dicates complexation of the polymer.

Fig. 3 shows the conduction mechanism of 92.5PVA:7.5PAN/Mg
(ClO4)2 complex in magnesium ion battery. The hydroxyl group, car-
bonyl group, nitrile group and perchlorate interactions between pure
BPE and Mg(ClO4), implies that the ions are mobile in the system. Ion
mobility is important in an electrolyte system as high mobility will
favour to high ionic conductivity. This suggests that Mg(ClO,), has the
potential to function as the charge carrier in the system. A conduction
pathway has been proposed to be formed as there will be a weakly
bound of Mg? * ion, which can be easily dissociated under the influence
of electric field. This Mg * ion can hop through the coordinating site of
O—H, C=0 and C=N of host polymer and the conduction takes place
[47]. Thus, the spectral analysis confirms the complexation and inter-
action between PVA, PAN and magnesium salt Mg(ClO,)-.

3.3. Differential scanning calorimetry

The Fig. 4 shows the DSC thermograms for BPE's of different salt
concentrations 0.15,0.25,0.3 m.m.% of Mg(ClO,), and the glass tran-
sition temperature (Tg) values are given in the Table 2. The glass
transition temperature (Tg) of the blend polymer 92.5PVA:7.5PAN
electrolyte is 136.4 °C [27]. It has been observed that the Ty of polymer
electrolytes with 0.15 and 0.25 m.m.% of salt decreases with the in-
crease in concentration of Mg(ClO4), The decrease in Ty indicates
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Vibrational peaks and assignments observed in 92.5PVA-7.5PAN and Mg(ClO,), blend polymer electrolyte films.

92.5PVA:7.5PAN  92.5PVA:7.5PAN + 0.1 m.m.

% Mg(ClO.,),

92.5PVA:7.5PAN + 0.2 m.m.
% Mg(ClO4)>

92.5PVA:7.5PAN + 0.25 m.m.
% Mg(ClO4);

92.5PVA:7.5PAN + 0.3 m.m.
% Mg(ClO4)>

Assignments

3288 3309 3357 3354 3362 O—H stretching
2917 2919 2920 2936 2938 CH, asymmetric
stretching
2236 2236 2236 2236 2236 C=N stretching
1716 1715 - - - C=0 stretching
1652 1652 1653 1652 1652 C=C stretching
1419 1419 1437 1436 1437 CH, bending
1244 1260 1255 1255 1254 C—0—C stretching
1090 1083 1081 1079 1083 C—C asymmetric
930 930 930 930 stretching vibrations
of ClO4 —
PVA PAN been found to be absent suggesting that only the resistive component of
the polymer electrolytes prevails [52].
. > . . Electrochemical Impedance Spectroscopy (EIS) parameter of the
H H N g H H polymer membrane has been determined from the Cole-Cole plot using
I f T IT | | EQ software developed by B.A. Boukamp [53,54]. The EIS parameters
obtained for the prepared polymer membranes have been tabulated in
c—c¢C c— C c—c¢C the Table 3.
I I I | l l Table 3 gives the resistance value of 92.5PVA:7.5PAN as
H o H o H C 2.3011 x 10° Q whereas for the BPE's with 0.05-0.3 m.m.% of salt, the
I/ . [ [” value of resistance decreases from 4.698 x 10* Q to 9.8 x 10! Q.The
H c=0 N CPE for pure blend was obtained as 9.5811 x 10~ !°F whereas for
| \ BPE's with 0.05-0.3 m.m.% of salt the CPE value lies in the range of
Mg?* H-C-H Mg* 7.909 x 107 1°F to 7.1061 x 10~ ®F. The highest conductivity BPE
clo: | Clos Mgz‘ 92.5PVA:7.5PAN:0.25 m.m.% Mg(ClO4), has Ry, = 23.757 Q and
H CPE = 4.4401 x 10~ °®F.
ClOs

Fig. 3. Possible interaction between blend polymer (PVA:PAN) and Mg(ClO,),.

increase in mobility of polymer chains [48]. This may be due to plas-
ticization effect of the electrolyte with the addition of salt. The com-
plexation of the electrolyte with 0.25 m.m.% of salt has been found to
have a low T, of 46.96 °C. The low glass transition temperature causes
the higher segmental motion of the polymer electrolyte [49]. However,
for 92.5PVA:7.5PAN:0.3 m.m.%Mg(ClO,), the T, has been found to
increase which may be due to the decrease in amorphous nature of the
host polymer matrices. This observed shift in T, values of the polymer
electrolytes in DSC thermograms indicates the interaction between the
polymer and the salt. Polu et al.,, has reported similar results for
30 m.m.% Mg(NO3), doped PVA system. The low values of T, attributes
to the softening of the complexation by the guest salt which beneficiates
the magnesium ion transport [50].

3.4. AC impedance analysis

3.4.1. Cole - Cole

The ionic conductivity of the polymer electrolyte depends upon
many factors such as ionic species concentration, cationic or anionic
type carriers, the mobility of charge carriers and the temperature. AC
impedance spectroscopy is a significant tool to characterize the elec-
trical properties of a material.

Sivadevi et al., has initially optimized the conductivity value as
1.2 x 10”7 S/cm for the BPE 92.5PVA:7.5PAN [28]. The Fig. 5 re-
present Cole-Cole plot for the prepared BPE's at room temperature
(303 K) along with the equivalent circuit. The plot consist of a high-
frequency depressed semicircle represented by a frequency-dependent
capacitor Cg which is mainly due to immobile polymer chains, parallel
to a bulk resistor (Rp,) due to the mobile ions inside the polymer matrix
[51]. The low-frequency spike is due to the effect of electrode and
electrolyte interface which can be represented by a constant phase
element (CPE). As the salt concentration increases the semicircle has
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The ionic conductivity is calculated using the equation

o = l/RpA, S/cm (¢})

where ‘L’ is the thickness, Ry, is the bulk resistance and ‘A’ is the surface
area of the polymer electrolyte film. The Table 3 indicates the calcu-
lated ionic conductivity for BPE's with different salt concentrations at
different temperatures. The value shows that the ionic conductivity
increases with increase in salt concentration and attains a maximum
value of 2.94 X 10~ *S/cm at room temperature for 92.5PVA:7.5-
PAN:0.25 m.m.% Mg(ClO4),, which has greater ionic conductivity than
that of 92.5PVA:7.5PAN (1.30 x 10~ 8S/cm). This variation of the
ionic conductivity and activation energy as a function of Mg(ClO4)>
concentration expressed in m.m.% at room temperature is also shown in
Fig.6. An apparent increase in the conductivity might be due to the
combination of high ionic mobility and dissociation constant of the salt.
Salts with low lattice energies are easier to dissociate into cations and
anions thus enhancing the conductivity [55]. However, the con-
ductivity decreased when > 0.25m.m.% of salt was added to the
92.5PVA:7.5PAN system. This is most likely due to the aggregation of
the ions, leading to the formation of ion clusters which reduces the
number of mobile charge carriers [56,57].

3.4.2. Conductance spectra analysis

The logarithmic plots of the conductivity as a function of angular
frequency for BPE's with different salt concentration are shown in the
Fig. 7. Generally the conductance spectra can be divided into three
regions (i) the low-frequency dispersion region which represents the
space charge polarization at the blocking electrodes (ii) the frequency-
independent plateau region which is on the log o (y-axis) gives dc
conductivity (0q.) of polymer complex (iii) the high frequency region
which corresponds to the bulk relaxation phenomenon, which is due to
the columbic interaction of charge carrier and disorder within the
structure [58]. By extrapolating the plateau region on the log o axis the
dc conductivity values of the BPE's obtained agrees well with values
obtained from cole-cole plot. As the frequency decreases, more and
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Fig. 4. DSC plot for BPE's (a) 92.5PVA:7.5PAN:0.15 m.m.% Mg(ClO,)

(b) 92.5PVA:7.5PAN:0.25 m.m.% Mg(ClO4), and (c) 92.5PVA:7.5PAN:0.3 m.m.% Mg(ClO,).

Table 2
Glass transition temperature (Tg) values of 92.5PVA:7.5PAN and Mg(ClO,4), polymer
electrolyte with different salt concentrations.

Composition 92.5PVA:7.5PAN: x m.m.% Mg Glass transition temperature

(Cl04)2 q9)

X

0 136.4° [27]
0.15 94.02

0.25 46.96

0.3 121.50

more charge accumulation occurs at the electrode—electrolyte interface
which leads to decrease in number of mobile ions and eventually to a
drop in conductivity at low frequency. In high frequency region, the
mobility of charge carriers is high and hence the conductivity increases
with frequency [59].

3.4.3. Temperature dependant conductivity

The linear variation of ionic conductivity with inverse of absolute
temperature gives the Arrhenius type thermally activated process which
is governed by the relation

oT = gpexp(—E,/KT) 2

where 0, 0¢,E;,K and T are the ionic conductivity, pre-exponential
factor, activation energy, Boltzmann constant and absolute temperature
respectively. The Fig. 8 reveals the Arrhenius plot for the BPE
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92.5PVA:7.5PAN with 0.05-0.3 wt% of salt Mg(ClO4), from room
temperature to 70 °C. The regression values of linear fit of the plots
which are close to unity shows that the temperature dependent ionic
conductivity for all the BPE's obey the Arrhenius rule. Similar beha-
viour has been reported in PEO-LiAsFg solid polymer electrolytes [60].
Systems with low values of activation energies are desirable to have
uniform conductivity which are suitable for the devices operating over
a wide temperature range [61]. The activation energy, E, is calculated
for all the prepared BPE by linear fit of the Arrhenius plot and is listed
in the Table 3. The activation energy which is the combination of the
energy of defect formation and the energy of migration for the sample
92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,), was found to decrease from
0.76 to 0.21 eV with an increase in salt content. The low activation
energy for the magnesium ion transport is due to the complete amor-
phous nature which provides a bigger free volume of the polymer
electrolytes. As the amorphous region increases, the polymer chain
acquires faster internal modes in which bond rotation produces seg-
mental motion to favour inter and intra-chain ion hopping and thus the
conductivity becomes high [62]. Hence it is observed that the sample
92.5PVA:7.5PAN:0.25 m.m.% Mg(ClO,), has a higher ionic con-
ductivity (7.51 x 10~ * Sem ™! at 343 K) and lower activation energy
(0.21 eV) compared to other compositions.
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(e) 92.5PVA:7.5PAN:0.2 m.m.%Mg(ClO,4)» (f) 92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,4)» and (g) 92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO4),.

3.5. Dielectric spectra

3.5.1. Dielectric constant

Dielectric constant is a representative of stored charge in a material
while dielectric loss is a measure of energy losses to move ions when the
polarity of electric field reverses rapidly [63]. Using the relation
e =¢ —je" = ¢'j(o"/we) 3

The real and imaginary parts of the complex permittivity from the
measured impedance data were calculated. Real ¢ & imaginary &”
components are the storage and loss of energy in each cycle of the
applied electric field [64]. The Fig. 9 represents the frequency depen-
dence of ¢ with log w for the pure 92.5PVA:7.5PAN along with the
doped Mg(ClOy), BPE's with different concentrations
(0.2,0.25,0.3 m.m.%). The increase in the dielectric constant represents
a fractional increase in charges within the polymer electrolyte. The
dependence of charge carrier concentration upon the dissociation en-
ergy, U and dielectric constant ¢ can be explained by the following
equation [65]

n = ngexp(U/ekT) ()]

where k is the Boltzmann constant and T, the absolute temperature.
The dielectric constant ¢’ has been experimentally found to increase

for the sample 92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO4), and this con-

stant indicates that there is an increase in charge carrier concentration

Table 3
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Fig. 6. Variation of conductivity and activation energy as a function of salt concentration.

and hence the conductivity [66].Further addition of salt decreases the
dielectric constant which causes a fall in mobility of charge carriers and
cause a significant fall in ionic conductivity in accordance with equa-
tion

c=nXqXu ()

The variation of dielectric constant for 92.5PVA:7.5PAN:0.25 m.m.
%Mg(ClO,4), electrolyte at different temperatures is indicated in the

Tonic conductivity at different temperatures and activation energy values for the prepared blend polymer electrolytes.

Polymer composition Tonic conductivity (S/cm) R,Q CPE,uF n Activation energy at
92.5PVA:7.5PAN: x m.m % room temperature
Mg(ClOy), (eV)

X 303K 313K 323K 333K 343K

0 1.30 x 10°% 1.56 x 1077 5.03 x 1077 3.28 x 107° 4.65x 10°°  2.3011 x 10° 9.5811 x 10~ '® 0.8591 1.33

0.05 893 x107% 1.79x1077 43x1077 107 x10™ ¢ 267 x 10" °  4.698 x 10* 7.909 x 10" 0.853 0.76

0.1 2.88 X 107° 5.08 x 107° 1.09 x 10> 258 x 10> 526 x 10>  1.848 x 10° 5732 x10"° 0791  0.66

0.15 36x107° 7.04x107° 111 x10"% 171 x 10™* 239 x 10™*  1.284 x 10> 2397 x 107 °  0.742 0.42

0.2 248 x 10°* 294 x10"* 404 x 10" % 509 x10"* 612x10"*% 3945 x 10! 4.865 x 10°°  0.725 0.22

0.25 2.94 x 10™* 3.56 x 10°* 4.80 x 10°* 6.20 x 10~ * 7.51 x 10~*  2.375 x 10" 4.44 x 10™° 0.756  0.21

0.3 871 x 107° 234 x10"* 410x 10" % 639 x10"* 818 x10™* 9.847 x 10! 7.106 x 10”°  0.751  0.49
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Fig. 8. Arrhenius plot for (a) 92.5PVA:7.5PAN: 0.05m.m.% Mg(ClO4), (b)
92.5PVA:7.5PAN: 0.01 m.m.% Mg(ClO4), (c) 92.5PVA:7.5PAN: 0.15 m.m.% Mg(ClO,),
(d) 92.5PVA:7.5PAN: 0.2 m.m.% Mg(ClO4), (e) 92.5PVA:7.5PAN: 0.25 m.m.% Mg(ClO,4),
and (f) 92.5PVA:7.5PAN: 0.3 m.m.% Mg(ClO4)s.

Fig. 10. The observed variation in ¢’ with frequency could be attributed
to the formation of a space charge region at the electrode and elec-
trolyte interface, which is familiarly known as the non-Debye (Debye)
type of behaviour, where the space charge regions with respect to the
frequency are explained in terms of ion diffusion [67]. At low fre-
quencies the dielectric constant is high due to the accumulation of the
charge carriers near the electrodes [68,69]. At high frequencies there is
a decrease in dielectric constant due to the high periodic reversal of the
applied field which able the charge carriers to orient themselves in the
field direction resulting in decrease of dielectric constant [70].

3.5.2. Dielectric loss

The dielectric loss curves for 92.5PVA:7.5PAN:x m.m.%Mg(ClO,),
(x=0, 0.2, 0.25and 0.3) BPE's at room temperature and
92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,), electrolyte for different tem-
peratures is shown in the Figs. 11 and 12. It reveals two prominent
relaxation processes: the low frequency a-relaxation peak; pronounced
at higher temperatures, may be caused by the movement of main
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Fig. 10. Plot for log w vs &’ for BPE 92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,), at different
temperatures.

segments and the other at high frequency side, the so-called B-relaxa-
tion may be caused by side group dipoles and the nearest part of the
backbone [71]. The relaxation peaks appear to be broad due to different
mechanisms associated with local molecular motions [72].

The relationship between the conductivity and the dielectric loss
factor can be given by

©

Since o is strongly dependent on temperature, the dielectric loss is
strongly dependent on temperature and hence the increase in ¢” value
with increase of temperature.

e = o/weg

3.6. Transference number measurement

3.6.1. Wagner's polarization technique

Transference number measurement (TNM) is a dimensionless
parameter which informs about the contribution of the particular
charged species whether ions or electrons present in the BPEs system.
The total ionic transport number (t;,,) which determines the nature of
species responsible for the conductivity in the present electrolyte
system was evaluated by the dc polarization technique [32]. In this
technique, the SS/92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO4)>/SS cell was
polarized by applying a step potential 1.0 V and the resulting po-
tentiostatic current was monitored as a function of time for
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92.5PVA:7.5PAN:0.3 m.m.%Mg(ClO,),.

92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,), system. The stainless steel (SS)
is used as blocking electrodes. The value of t;,, was determined using
the formula:

iT - ie
tion = .

I (7)
where iy and i, are total and residual current respectively. The value of
tion is determined using Eq. (1) and found to be > 0.99 for all the BPE's.

This shows that the overall conductivity of the BPE's is predominantly
ionic.

3.6.2. Evans polarization technique

The cationic transport number measurement is an important study
to determine the performance of the BPE film from its application point
of view, i.e. magnesium rechargeable batteries. An effort has been made
to evaluate the transport number (t*) of Mg? * ions in the solid polymer
electrolyte using a combination of AC and DC techniques on a
Mg | BPE | Mg cell, as proposed by Evans et al. [33]. In this technique,
the Mg|BPE | Mg cells were polarized potentiostatically by applying a
voltage, V = 0.5 V and the initial and final currents were recorded. As a
part of the technique, the cells were subjected to AC impedance mea-
surements prior to and after the polarization. Values of the electro-
de-electrolyte contact resistances were obtained from the impedance
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Fig. 12. Plot for log w vs ¢” for BPE 92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,). at different
temperatures.
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Fig. 13. DC polarization curve of BPE.
plots.
The t, values were calculated using the expression:
t+ = Is(AV — RoI,)/To(AV — RyI) )

where Io and Is are the initial and final currents; R, and R, are the cell
resistances before and after the polarization respectively. The d.c. po-
larization curve of the maximum conducting BPE film containing
0.25 wt% of Mg(ClO4), salt is shown in Fig. 13. The value of Mg2 * ions
transport number has been calculated using Eq. (6) and the value has
been found to be 0.27. This value is same as reported by Pandey et al.
[73] for Mg(Tf)2/EMITf/PVdF-HFP gel polymer electrolyte.

3.7. Linear sweep voltammetry

The electrochemical stability of BPE is an important parameter to be
evaluated for its application in energy storage devices. The electro-
chemical stability of  the highest conducting BPE
92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,) film has been measured using
linear sweep voltammetry (LSV) and recorded on the SS|BPE|Mg cell
as shown in Fig. 14. The voltage is swept from 0 V towards positive
values with a scan rate of 5mV-s~ ' until a large current is obtained at
certain potential, which is due to the electrolyte decomposition at the
inert electrode interface. The anodic decomposition limit of the
polymer electrolyte is considered as the voltage at which the current
flows through the cells [74]. It is found that the BPE film is stable up to

0.06
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Fig. 14. Linear sweep voltammetry recorded at a scan rate of 5mVs™ !

perature.

at room tem-
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3.65 V which is a sufficient range for electrochemical applications,
particularly for Mg batteries [75]. Pandey et al., has reported the
electrochemical stability value of Mg(Tf),/EMITf/PVdF-HFP gel
polymer electrolyte as 3.5 V [73].

4. Fabrication and characterization of primary magnesium battery

The results reported in the preceding sections reveal that the BPE
92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO4), possesses reasonable con-
ductivity for primary magnesium battery application at ambient tem-
perature. In order to demonstrate the application of the BPE, Mg/
92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO4),/MnO, cells were assembled
and their performance was evaluated. This highest conducting system
was used as an electrolyte and Mg-metal in pellet form was used as
anode. Preparation of the cathode powder MnO, was taken and grind
well for 2h and made into thin pellet. The polymer electrolyte was
sandwiched between the anode and cathode pellets as given in the
Fig. 15.The open circuit voltage (OCV) of the fabricated cell has been
observed to be ~2.06 V and has been found to slightly reduced to
~1.85 Vin two days. The cell is allowed to equilibrate under the value
of 1.85V in open circuit condition for 1 month 10 days (1000h) is
shown in Fig. 16. The intermediated drop in the voltage of the cell after
fabrication has been due to the cell formation reaction at the electrodes.
Similar OCV of 1.95V was reported for PVdF-HFP with 10% of MgO
[76]. The OCV of a magnesium cell is described as the difference be-
tween the equilibrium potentials at each electrode, with the positive
and negative electrode potentials. The use of solid polymer electrolyte
shows good electrochemical performance that leads to a low cost, re-
newable and environment friendly electrolyte than lithium ion bat-
teries.

The oxidation reaction occurs in the anode is,

Mg + 2(OH") = Mg(OH), + 2e 9
The reduction reaction occurs in cathode is,
2MnO, + H,0 + 2e = Mn,0; + 20H (10)

Overall reaction,
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Fig. 15. Battery configuration.
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Fig. 16. Open circuit voltage as a function of time for BPE 92.5PVA:7.5PAN:0.25 m.m.%
Mg(ClO4).
Mg + 2MnO, + H,0 = Mn,0; + Mg(OH), 11)
The discharge characteristic of fabricated magnesium battery for
92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO,), at room temperature, by con-
necting it to an external load 1 MQ are shown in Fig. 17. In BPE system,
the initial sharp decrease in voltage of this cell may be due to the ac-
tivation polarization. The activation polarization occurred because the
rate of an electrochemical reaction at an electrode surface is controlled
by sluggish electrode kinetics [77]. While discharging through 1 MQ
load, the cell voltage has been remained constant at 0.86 V for 200 h.
The region in which the cell potential reaches flat discharge rate is
called “Plateau region”. The cell potential then decreases after this re-
gion. The OCV and discharge time for plateau region and other cell
parameters are listed in Table 4.
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Fig. 17. Discharge curve of the cell using 1 MQ for BPE 92.5PVA:7.5PAN:0.25 m.m.%Mg
(Cl04)>.

Table 4
Cell parameters.

Cell parameters Measured values of discharge through

1 MQ
Cell area (cm?) 1.1304
Cell weight (g) 1.2

Effective cell diameter (cm) 1

Cell thickness (cm) 0.427
Open circuit voltage (V) 2.06
Discharge time for plateau region (h) 200

5. Conclusion

Blend polymer electrolytes based on PVA-PAN and Mg(ClO,), has
been successfully prepared using solution-casting technique. The XRD
spectrum confirms the amorphous nature of the polymer electrolytes.
The strong interaction between the blend polymer and the salt has been
observed from FTIR spectra. The maximum ionic conductivity of
29 x107%S/cm at room temperature for the system
92.5PVA:7.5PAN:0.25 m.m.%Mg(ClO4), which has been confirmed
through EIS analysis. The temperature dependent ionic conductivity of
this highest conducting BPE obeys the Arrhenius relationship with low
activation energy. Measurement of ionic transference number (t. ) re-
veals that the conducting species are predominantly magnesium ions.
The electrochemical stability for 92.5PVA:7.5PAN:0.25 m.m.%Mg
(ClO4)» proved that the BPE is suitable to be applied in electrochemical
devices. The primary magnesium conducting battery has been fabri-
cated and the open circuit voltage has been observed to be 1.85 V for
1 month 10 days and their main parameters have been reported. Efforts
for further improvement in discharge capacity of the Mg batteries are
continued.

References

[1] J.M. Tarascon, M. Armand, Issues and challenges facing rechargeable lithium bat-
teries, Nature 414 (2001) 359-367.

D. Zhang, R. Li, T. Huang, A. Yu, Novel composite polymer electrolyte for lithium
air batteries, J. Power Sources 195 (2010) 1202-1206.

J.A. Lee, J.Y. Lee, M.H. Ryou, G.B. Han, J.N. Lee, D.J. Lee, J.K. Park, Y.M. Lee,
Anion receptor-coated separator for lithium-ion polymer battery, J. Solid State
Electrochem. 15 (2011) 753-757.

P. Novak, R. Imhof, O. Haas, Magnesium insertion electrodes for rechargeable
nonaqueous batteries — a competitive alternative to lithium? Electrochim. Acta 45
(1999) 351-367.

D. Aurbach, Y. Gofer, Z. Lu, A. Schechter, O. Chusid, H. Gizbar, Y. Cohen,

V. Ashkenazi, M. Moshkovich, R. Turgeman, E. Levi, A short review on the

[2]
[3]

[4]

[5]

99

[6

[7

[8]

[9]
[10]

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]

[38]

Solid State Ionics 308 (2017) 90-100

comparison between Li battery systems and rechargeable magnesium battery
technology, J. Power Sources 97-98 (2001) 28-32.

D. Aurba, G.S. Suresh, E. Levi, A. Mitelman, O. Mizrahi, O. Chusid, M. Brunelli,
Progress in rechargeable magnesium battery technology, Adv. Mater. 19 (2007)
4260-4267.

Claudiu B. Bucur, Thomas Gregory, Allen G. Oliver, John Muldoon, Confession of a
magnesium battery, J. Phys. Chem. Lett. 6 (2015) 3578-3591.

Z. Lu, A. Schechter, M. Moshkovich, D. Aurbach, On the electrochemical behavior
of magnesium electrodes in polar aprotic electrolyte solutions, J. Electroanal.
Chem. 466 (1999) 203-217.

Q.Z. Xu, G. Wang, Rechargeable Li/LiMn204 batteries with a polymeric solid
electrolyte, J. Power Sources 41 (1993) 315-320.

W. Wieczorek, Z. Florjancyk, J.R. Stevens, Composite polyether based solid elec-
trolytes, Electrochim. Acta 40 (1995) 2251-2258.

D.W. Kim, J.K. Park, H.W. Rhee, Conductivity and thermal studies of solid polymer
electrolytes prepared by blending poly(ethyleneoxide), poly(oligo[oxyethylene]
oxysebacoyl) and lithium perchlorate, Solid State Ionics 83 (1996) 49-56.

G. Nagasubramanian, A.I. Attia, G. Halpert, A polyacrylonitrile-based gelled elec-
trolyte: electrochemical kinetic studies, J. Appl. Electrochem. 24 (1994) 298-302.
F. Croce, G.B. Appetecchi, L. Persi, B. Scrosati, Nanocomposite polymer electrolytes
for lithium batteries, Nature 394 (1998) 456-458.

D.F. Varnell, M.M. Coleman, FT i.r. studies of polymer blends: V. Further ob-
servations on polyester-poly(vinyl chloride) blends, Polymer 22 (1981) 1324-1328.
M.M. Coleman, J. Zarin, Fourier-transform infrared studies of polymer blends. II.
Poly(ecaprolactone)-poly(vinyl chloride) system, J. Polym. Sci. Polym. Phys. Ed. 17
(1979) 837-850.

A. Garton, M. Aubin, R.E. Prudhomme, FTIR of polycaprolactone/poly(vinylidene
chloride-coacrylonitrile) miscible blends, J. Polym. Sci. Polym. Lett. Ed. 21 (1983)
45-47.

D.F. Varnell, J.P. Runt, M.M. Coleman, FT LR. and thermal analysis studies of
blends of poly(ecaprolactone) with homo- and copolymers of poly(vinylidene
chloride), Polymer 24 (1983) 37-42.

E.M. Woo, J.W. Barlow, D.R. Paul, Phase behavior of blends of aliphatic polyesters
with a vinylidene chloride/vinyl chloride copolymer, J. Appl. Polym. Sci. 32 (1986)
3889-3897.

T. Nishi, T.T. Wang, T.K. Kwel, Thermally induced phase separation behavior of
compatible polymer mixtures, Macro. Mol. 8 (1975) 227-234.

N. Rajeswari, S. Selvasekarapandian, C. Sanjeeviraja, J. Kawamura, S. Asath
Bahadur, A study on polymer blend electrolyte based on PVA/PVP with proton salt,
Polym. Bull. 71 (2014) 1061-1080.

S. Rajendran, M. Sivakumar, R. Subadevi, et al., Mater. Lett. 58 (2008) 641-649.
S. Rajendran, T. Mahalingam, R. Kannan, Experimental investigations on PAN-PEO
hybrid polymer electrolytes, Solid State Ionics 130 (2000) 143-148.

A. Subramania, N.T. Kalyana Sundaram, G. Vijaya Kumar, T. Vasudevan, New
polymer electrolyte based on (PVA-PAN) blend for Li-ion battery applications,
Tonics 12 (2006) 175-178.

L.L. Yang, A.R. McGhie, G.C. Farrington, Ionic Conductivity in Complexes of Poly
(ethylene oxide) and MgCI2, J. Electrochem. Soc. 133 (7) (1986) 1380-1385.
X.H. Flora, M. Ulaganathan, S. Rajendran, Influence of lithium salt concentration on
PAN-PMMA blend polymer electrolytes, Int. J. Electrochem. Sci. 7 (2012)
7451-7462.

J.Y. Song, Y.Y. Wang, C.C. Wan, Review of gel-type polymer electrolytes for li-
thium-ion batteries, J. Power Sources 77 (1999) 183-197.

S. Sivadevi, S. Selvasekarapandian, S. Karthikeyan, C. Sanjeeviraja, H. Nithya,

Y. Iwai, J. Kawamura, Proton-conducting polymer electrolyte based on PVA-PAN
blend doped with ammonium thiocyanate, Ionics 21 (2014) 1017-1029.

S. Sivadevi, S. Selvasekarapandian, S. Karthikeyan, N. Vijaya, F. Kingslin Mary
Genova, C. Sanjeeviraja, Structural and AC impedance analysis of blend polymer
electrolyte based on PVA and PAN, Int. J. Sci. Res. 2 (10) (2013) (ISSN No 2277-
8179).

S. Sivadevi, S. Selvasekarapandian, S. Karthikeyan, N. Vijaya, F. Kingslin Mary
Genova, C. Sanjeeviraja, H. Nithya, Iwai Junichi Kawamura, Proton-conducting
polymer electrolyte based on PVA-PAN blend polymer doped with NH4NO3, Int. J.
Electroactive Mater. 1 (2013) 64-70.

F. Kingslin Mary Genova, S. Selvasekarapandian, S. Karthikeyan, N. Vijaya,

R. Pradeepa, S. Sivadevi, Study on blend polymer (PVA_PAN) doped with lithium
bromide, Polym. Sci. 57 (2015) 851-862.

F. Kingslin Mary Genova, S. Selvasekarapandian, S. Karthikeyan, N. Vijaya,

S. Sivadevi, C. Sanjeeviraja, Lithium ion-conducting blend polymer electrolyte
based on PVA-PAN doped with lithium nitrate, Polym.-Plast. Technol. Eng. (2015),
http://dx.doi.org/10.1080/03602559.2015.1050523.

S.A. Hashmi, S. Chandra, Experimental investigations on a sodium-ion-conducting
polymer electrolyte based on poly (ethylene oxide) complexed with NaPF6, J.
Mater. Sci. Eng. B 34 (1995) 18-26.

J. Evans, C.A. Vincent, P.G. Bruce, Electrochemical measurement of transference
numbers in polymer electrolytes, Polymer 28 (1987) 2324-2328.

M.Y.A. Rahman, A. Ahmad, T.K. Lee, Y. Farina, H.M. Dahlan, LiClO, salt con-
centration effect on the properties of PVC-modified low molecular weight LENR50-
based solid polymer electrolyte, J. Appl. Polym. Sci. 124 (2012) 2227-2233.

R.M. Hodge, G.H. Edward, G.P. Simon, Water absorption and states of water in
semicrystalline poly(vinyl alcohol) films, Polymer 37 (1996) 1371-1376.

M. Jaipal Reddy, Peter P. Chu, Effect of Mg>* on PEO morphology and con-
ductivity, Solid State Ionics 149 (2002) 115-123.

J. Coates, R.A. Meyers (Ed.), Encyclopedia of Analytical Chemistry, Wiley,
Chichester, 2000, pp. 10815-10837.

A. Awadhia, S.L. Agrawal, Structural, thermal and electrical characterizations of


http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0005
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0005
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0010
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0010
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0015
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0015
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0015
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0020
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0020
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0020
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0025
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0025
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0025
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0025
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0030
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0030
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0030
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0035
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0035
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0040
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0040
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0040
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0045
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0045
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0050
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0050
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0055
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0055
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0055
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0060
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0060
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0065
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0065
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0070
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0070
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0075
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0075
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0075
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0080
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0080
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0080
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0085
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0085
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0085
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0090
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0090
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0090
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0095
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0095
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0100
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0100
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0100
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0105
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0110
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0110
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0115
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0115
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0115
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0120
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0120
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0125
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0125
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0125
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0130
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0130
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0135
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0135
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0135
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0140
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0140
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0140
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0140
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0145
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0145
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0145
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0145
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0150
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0150
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0150
http://dx.doi.org/10.1080/03602559.2015.1050523
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0160
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0160
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0160
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0165
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0165
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0170
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0170
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0170
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0175
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0175
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0180
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0180
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0185
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0185
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0190

R. Manjuladevi et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]
[53]
[54]

[55]

[56]

[571

PVA:DMSO:NH,4SCN gel electrolytes, Solid State Ionics 178 (2007) 951-958.

R. Mangalam, M. Thamilselvan, S. Selvasekarapandian, S. Jayakumar,

R. Manjuladevi, S. Vairam, Development and study of solid polymer electrolyte
based on polyvinyl alcohol: Mg(ClO,)», Polym.-Plast. Technol. Eng. (2016), http://
dx.doi.org/10.1007/511581-016-1931-7.

S. Rajendran, R. Kannan, O. Mahendran, Study on Li ion conduction behaviour of
the plasticized polymer electrolytes based on poly acrylonitrile, Mater. Lett. 48
(2001) 331-335.

M. Hema, S. Selvasekarapandian, G. Hirankumar, Vibrational and impedance
spectroscopic analysis of poly(vinyl alcohol)-based solid polymer electrolytes,
Ionics 13 (2007) 483-487.

S. Sikkanthar, S. Karthikeyan, S. Selvasekarapandian, D. Vinoth Pandi, S. Nithya,
C. Sanjeeviraja, Electrical conductivity characterization of polyacrylonitrile-am-
monium bromide polymer electrolyte system, J. Solid State Electrochem. 19 (2015)
987-999.

S.I. Stupp, S.H. Carr, Chemical origin of thermally stimulated discharge currents in
polyacrylonitrile, J. Polym. Sci. Polym. Phys. Ed. 15 (3) (1977) 485-499.

M.M. Coleman, R.J. Petcavich, Fourier transform infrared studies on the thermal
degradation of polyacrylonitrile, J. Polym. Sci. Polym. Phys. Ed. 16 (1978)
821-832.

S. Selvasekarapandian, R. Baskaran, O. Kamishima, J. Kawamura, T. Hattori, Laser
Raman and FTIR studies on Li + interaction in PVAc-LiClO4 polymer electrolytes,
Spectrochim. Acta A 65 (2014) 1234-1240.

M.S. Su'ait, A. Ahmad, K.H. Badri, N.S. Mohamed, M.Y.A. Rahman, C.L. Azanza
Ricardo, P. Scardi, The potential of polyurethane bio-based solid polymer electro-
lyte for photoelectrochemical cell application, Int. J. Hydrog. Energy 6 (2013)
3005-3017.

M. Jaipal Reddy, Peter P. Chu, Ion pair formation and its effect in PEO:Mg solid
polymer electrolyte system, J. Power Sources 109 (2002) 340-346.

W. Wieczoreck, J.R. Stevens, Impedance spectroscopy and phase structure of
polyether — poly(methyl methacrylate) —LiCF3SO3 blend-based electrolytes, J.
Phys. Chem. B 101 (1997) 1529-1534.

M.M.E. Jacob, A.K. Arof, FTIR studies of DMF plasticized polyvinyledene fluoride
based polymer electrolytes, Electrochim. Acta 45 (2000) 1701-1706 (38).

Anji Reddy Polu, Ranveer Kumar, Preparation and characterization of PVA based
solid polymer electrolytes for electrochemical cell applications. Chin. J. Polym. Sci.
3: 641-648.

J.R. Macdonald, Impedance spectroscopy (ed), Ann. Biomed. Eng. 20 (1992)
289-305.

S. Ramesh, A.K. Arof, Ionic conductivity studies of plasticized poly(vinyl chloride)
polymer electrolytes, Mater. Sci. Eng. B 85 (2001) 11-15.

B.A. Boukamp, A nonlinear least squares fit procedure for analysis of immittance
data of electrochemical systems, Solid State Ionics 20 (1986) 31-44.

B.A. Boukamp, A package for impedance/admittance data analysis, Solid State
Ionics 18 (19) (1986) 136-140.

Z. Osman, N. Zainol, S.M. Samin, W.G. Chong, K.B. Md Isa, L. Othman, I. Supa'at,
F. Sonsudin, Electrochemical impedance spectroscopy studies of magnesium-based
polymethylmethacrylate gel polymer electroytes, Electrochim. Acta 131 (2014)
148-153.

J.R. MacCallum, C.A. Vincent, Ion-molecule and ion-ion interactions in polymer
electrolytes, in: J.R. MacCallum, C.A. Vincent (Eds.), Ch. 2, Polymer Electrolytes
Reviews - 1, Elsevier Applied Science, U.K., 1987, p. 23.

Ch.V. Subba Reddy, Xia Han, Quan-You Zhu, Li-Qiang Mai, Wen Chen, Conductivity
and discharge characteristics of (PVC + NaClO4) polymer electrolyte systems, Eur.

100

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]
[66]

[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Solid State Ionics 308 (2017) 90-100

Polym. J. 42 (2006) 3114-3120.

C. Kim, G. Lee, K. Liou, K.S. Ryu, S.-G. Kang, S.H. Chang, Polymer electrolytes
prepared by polymerizing mixtures of polymerizable PEO-oligomers, copolymer of
PVDC and poly (acrylonitrile), and lithium triflate, Solid State Ionics 123 (1999)
251-257.

S. Ramesh, A.K. Arof, Ionic conductivity studies of plasticized poly(vinyl chloride)
polymer electrolytes, Mater. Sci. Eng. 85 (2001) 11-15.

T. Jose Benedict, S. Banumathi, A. Veluchamy, R. Gangadharan, A. Zulfihar
Ahamad, S. Rajendran, Characterization of plasticized solid polymer electrolyte by
XRD and AC impedance methods, J. Power Sources 75 (1998) 171-174.

J.M.G. Cowie, G.H. Spence, Ion conduction in macroporous polyethylene film
doped with electrolytes, Solid State Ionics 109 (1998) 139-144.

K. Tsunemi, H. Ohno, E. Tsuchida, A mechanism of ionic conduction of Poly
(Vinylidene Fluoride) - lithium Perchlorate hybrid films, Electrochim. Acta 28
(1983) 833-837.

H. Woo, S. Majid, A. Arof, Dielectric properties and morphology of polymer elec-
trolyte based on poly (e-caprolactone) and ammonium thiocyanate, Mater. Chem.
Phys. 134 (2012) 755-761.

P. Dutta, S. Biswas, Characterization of plasticized solid polymer electrolyte by XRD
and AC impedance methods, Mater. Res. Bull. 37 (2002) 193-200.

S.L. Agrawal, Arvind Awadhia, DSC and conductivity studies on PVA based proton
conducting gel electrolytes, Bull. Mater. Sci. 27 (6) (2004) 523-527.

J.R. MacCallum, C.A. Vincent, Polymer Electrolyte Review-2, Elsevier, London, UK,
1989.

J.R. Macdonald (Ed.), Impedance Spectroscopy, Wiley, New York, USA, 1987, p. 1.
R.D. Amstrong, T. Dickinson, P.M. Wills, The A.C. impedance of powdered and
sintered solid ionic conductors, J. Electroanal. Chem. 53 (3) (1974) 389-405.
I.M. Hodge, M.D. Ingram, A.R. West, Impedance and modulus spectroscopy of
polycrystalline solid electrolytes, J. Electroanal. Chem. 74 (1976) 125-143.

K. Adachi, O. Urakawa, Dielectric study of concentration fluctuations in con-
centrated polymer solutions, J. Non-Cryst. Solids 307-310 (2002) 667-670.

K. Schmidt-Rohr, A.S. Kulik, H.W. Beckham, A. Ohlemacher, U. Pawelzik,

C. Boeffel, H.W. Spiess, Molecular nature of the beta. Relaxation in poly(methyl
methacrylate) investigated by multidimensional NMR, Macromolecules 27 (1994)
4733-4745.

Silvana Navarro Cassu, Mari Isabel Felisberti, Poly(vinyl alcohol) and poly(vi-
nylpyrrolidone) blends: 2. Study of relaxations by dynamic mechanical analysis,
Polymer 40 (1999) 4845-4851.

G.P. Pandey, S.A. Hashmi, Experimental investigations of an ionic-liquid-based,
magnesium ion conducting, polymer gel electrolyte, J. Power Sources 187 (2009)
627-634.

L. Tiankhoon, N. Ataollahi, N.H. Hassan, A. Ahmad, Studies of porous solid poly-
meric electrolytes based on poly(vinylidene fluoride) andpoly(methyl methacry-
late) grafted natural rubber for applications in electrochemical devices, J. Solid
State Electrochem. 20 (2016) 203-213.

K. Xu, M.S. Ding, T.R. Jow, A better quantification of electrochemical stability
limits for electrolytes in double layer capacitors, Electrochim. Acta 46 (2001)
1823-1827.

G.P. Pandey, R.C. Agrawal, S.A. Hashmi, Performance studies on composite gel
polymer electrolytes for rechargeable magnesium battery application, J. Phys.
Chem. Solids 72 (2011) 1408-1413.

J. Broadhead, H.C. Kuo, D. Linden, T.B. Reddy (Eds.), Handbook of Batteries,
McGraw-Hill, New York, 2001, p. 2.1.


http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0190
http://dx.doi.org/10.1007/s11581-016-1931-7
http://dx.doi.org/10.1007/s11581-016-1931-7
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0200
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0200
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0200
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0205
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0205
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0205
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0210
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0210
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0210
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0210
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0215
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0215
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0220
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0220
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0220
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0225
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0225
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0225
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0230
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0230
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0230
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0230
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0235
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0235
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0240
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0240
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0240
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0245
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0245
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0250
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0250
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0255
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0255
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0260
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0260
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0265
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0265
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0270
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0270
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0270
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0270
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0275
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0275
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0275
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0280
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0280
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0280
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0285
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0285
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0285
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0285
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0290
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0290
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0295
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0295
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0295
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0300
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0300
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0305
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0305
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0305
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0310
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0310
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0310
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0315
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0315
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0320
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0320
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0325
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0325
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0330
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0335
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0335
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0340
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0340
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0345
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0345
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0350
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0350
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0350
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0350
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0355
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0355
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0355
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0360
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0360
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0360
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0365
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0365
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0365
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0365
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0370
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0370
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0370
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0375
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0375
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0375
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0380
http://refhub.elsevier.com/S0167-2738(17)30068-1/rf0380

	Mg-ion conducting blend polymer electrolyte based on poly(vinyl alcohol)-poly (acrylonitrile) with magnesium perchlorate
	Introduction
	Materials and methods
	Materials
	Preparation of polymer electrolyte films
	Characterizations

	Results and discussion
	X-ray diffraction analysis
	Fourier transform infrared analysis
	Differential scanning calorimetry
	AC impedance analysis
	Cole - Cole
	Conductance spectra analysis
	Temperature dependant conductivity

	Dielectric spectra
	Dielectric constant
	Dielectric loss

	Transference number measurement
	Wagner's polarization technique
	Evans polarization technique

	Linear sweep voltammetry

	Fabrication and characterization of primary magnesium battery
	Conclusion
	References




