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Abstract The development of magnesium electrolytes for
battery applications has been the demand for electrochemical
devices. To meet such demand, in this work solid blend poly-
mer electrolytes were prepared using polyvinyl alcohol (PVA)
and polyacrylonitrile (PAN) (92.5PVA:7.5PAN) as host poly-
mer, magnesium chloride (MgCl2) of different molar mass
percentage (m.m.%) (0.1, 0.2, 0.3, 0.4, 0.5, and 0.6%) as salt
and dimethylformamide (DMF) as solvent. Structural, vibra-
tional, thermal, electrical, and electrochemical properties of
the prepared electrolytes were investigated using different
techniques such as X-ray diffraction pattern, FTIR spectros-
copy analysis, differential scanning calorimetry (DSC), AC
impedance measurement, and transference number measure-
ment. X-ray diffraction studies confirm the minimum volume
fraction of crystalline phase for the polymer electrolyte with
0.5 m.m.% of MgCl2. FTIR confirms the complex formation
between host polymer and salt. DSC analysis proves the ther-
mal transition of the prepared films are affected by salt con-
centration. The optimized material with 0.5 m.m.% of MgCl2

offers a maximum electrical conductivity of 1.01 × 10−3 S
cm−1 at room temperature. The Mg2+ ion conduction in the
blend polymer electrolyte is confirmed from transference
number measurement. Electrochemical analysis demonstrates
the promising characteristic of these polymer films suitable as
electrolytes for primary magnesium batteries. Output potential
and discharge characteristics have been analyzed for primary
magnesium battery which is constructed using optimized
conducting electrolyte.
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Introduction

Solid polymer electrolyte (SPE) systems have attracted prev-
alent attention for the fabrication of all solid state electrochem-
ical devices. Among them for metal-ion rechargeable batte-
ries, SPE’s are attractive due to their promising advantages,
including safety, ease of packing, excellent flexibility, and low
level of environmental pollution [1, 2]. For the development
of SPE’s, various polymers have been employed such as PEO
[3], PPO [4], PVA [5], PVC [6], PVDF [7], and PMMA [8].
Researches have been done on polymer/polymer blends in
order to improve electrochemical stability, conductivity,
chemical and electrochemical compatibility with electrode
materials with good thermal and dimensional stability [9]
and it has been shown that polymer electrolytes based on
blends possess higher conductivity compared to polymer elec-
trolytes based on individual host polymer. The conductivity of
PVdf-co-HFP polymer complex when blended with PEMA
has been found to be in the order of 10−3 S cm−1 [10]. A
PVA/PMMA blend polymer electrolyte (BPE) was reported
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to have an improved conductivity of 1.28 × 10−3 S cm−1 when
compared to pure PVA (2 × 10−10 S cm−1) [11]. Further many
blend electrolytes have been reported to achieve better con-
ductivity based on PVP/PVA [12], PVA/PAN [13], PVDF-
HFP/PEMA [14], and so on.

Among the polymers reported, poly(vinyl alcohol) (PVA) is
a semi-crystalline, highly abundant, non-toxic, and biocompat-
ible polymer with good chemical and thermal stability. It con-
tains hydroxyl groups attached to methane carbons which acts
as carbon chain backbone. These OH groups which can be a
source of hydrogen bonding assist in the formation of polymer
blends [15, 16]. Polyacrylonitrile (PAN) polymer has been ex-
tensively studied due to their good chemical, flame resistance,
and electrochemical stability [17]. Polyacrylonitrile (PAN) is a
semicrystalline, synthetic resin which is one of the most impor-
tant fiber-forming polymers and has been widely used because
of its high strength and abrasion resistance [18]. Both of the
polymers PVA and PAN are soluble in dimethylformamide
(DMF).

Due to their high-energy density values, Li-ion battery
technology has been widely employed in energy supply and
storage systems. However, the high cost, decrease of abun-
dance, environmental impact and safety limitations
concerning to lithium materials impede their widespread im-
plementation in future battery technologies [19]. Therefore, it
is necessary to search for alternative energy storage system
technology capable of complementing the Li-ion battery tech-
nology. Among the accessible battery chemistries,
magnesium-based batteries have recently captured much at-
tention because they are environmentally friendly, non-toxic,
low cost, and earth abundant material. Magnesium metal pos-
sesses a number of characteristics whichmake it attractive as a
negative electrode material for rechargeable batteries; high
negative standard potential (− 2.375 V versus SHE), relatively
low equivalent weight (12 g per Faraday), high melting point
(649 °C), low cost, relative abundance, high safety, ease of
handling, and low toxicity which allows for urban waste dis-
posal. In resemblance to the rechargeable lithium battery sys-
tem, the solid state rechargeable magnesium battery requires a
Mg2+ ion conducting polymer electrolyte. Mangalam et al.
reported that the incorporation of Mg(ClO4)2 enhances the
ionic conductivity of blend PVA/PVP to 1.1 × 10−4 S/cm at
RT [20]. Selladurai et al. has reported that MgCl2 could coor-
dinate with PEO and the ionic conductivity increases with
increasing in salt content [21]. Pandey et al. studied the inter-
action of Mg(CF3SO3)2 and PVdF-HFP and found that ionic
conductivity increased with salt content [22].

The present work is aimed at synthesizing a blend polymer
electrolyte with PVA and PAN having high conductance prop-
erty. The ionic conductivity of pure PVA (2 × 10−10 Scm−1)
increases to 1.13 × 10−7 S cm−1 at room temperature for the
composition 92.5PVA:7.5PAN [18]. A few researchers have
reported studies on lithium and ammonium ion conducting

polymer electrolytes employing this 92.5PVA:7.5PAN poly-
mer blend as host [23–26]. However, magnesium conducting
polymer electrolytes based on this blend are scanty in litera-
ture. The rate of electrochemical deposition of host polymer
was found to increase as a function of the nature of chloride
anions present [27]. In this paper, we report the effect of mag-
nesium chloride (MgCl2) on BPE 92.5PVA:7.5PAN in im-
proving its conductivity. The BPE 92.5PVA:7.5PAN with
MgCl2 of different concentrations have been prepared using
solution casting technique and have been characterized by X-
ray diffraction (XRD), Fourier transform infrared spectrosco-
py (FTIR), differential scanning calorimetry (DSC), electro-
chemical impedance spectroscopic analysis, and battery dis-
charge studies.

Experimental technique

Polyvinyl alcohol (PVA) with an average molecular weight of
1,25,000 from Sd fine-chem Ltd., polyacrylonitrile (PAN)
with an average molecular weight of 1,50,000 from Sigma
Aldrich and magnesium perchlorate (Mg(ClO4)2) of molecu-
lar weight 223.21 g/mol from Himedia were used without any
further purification to prepare the blend polymer electrolytes.
Dimethylformamide (DMF) with molecular weight 73.08 g/
mol, density = 0.948–0.949 kg/m3 from Merck specialties
private Ltd., has been used as solvent.

Blended polymer electrolyte (BPE) films 92.5PVA:7.5PAN
and MgCl2 complex have been prepared by solution cast-
technique with different concentrations. Initially 92.5 wt% of
PVAwas added to the solvent DMF at 50 °C and stirred con-
tinuously until the complete dissolution of the polymer in the
solvent. Then 7.5 wt% of PAN is added to the solution and
stirred continuously to get a clear solution. Then a required
quantity of MgCl2 of various m.m.% (0.05, 0.1, 0.15, 0.2,
0.25, and 0.3%) was added and the resultant solution was
stirred continuously until a clear homogeneous solution is
obtained.

Then the solution has been transferred into petri dish and
dried at 60 °C for 2 days to eliminate the solvent. After drying,
the transparent flexible films of thickness ranging from 150 to
200 μm were obtained. The obtained films were taken for
further characterization.

Characterization techniques

X-ray diffraction (XRD) analysis

The amorphousity of BPE has been investigated using XRD.
The XRD patterns of the films were recorded at room temper-
ature by X’ pert pro diffractometer system using the Cu-Kα
radiation in the range of 2θ = 10°–90°.
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Vibrational analysis

The complex formation between the chemical constituents in
the PVA:PAN polymer matrix and MgCl2 has been analyzed
by using FTIR. ALPHA BRUKER FT-IR spectrophotometer
has been used to record the FTIR spectrum in the wavenumber
range 3000–500 cm−1 at room temperature.

Thermal analysis

The thermal behavior of the prepared samples were studied
using a differential scanning calorimeter (DSC) (Perkin Elmer
DSC 4000 apparatus). The samples were heated from 20° to
200 °C in N2 atmosphere at a heating rate of 20 °C/min.

Electrochemical impedance spectroscopy (EIS) analysis

For characterizing the ionic conductivity of the electrolyte
film, impedance analysis has been performed using imped-
ance spectrometer. The impedance of the prepared polymer
electrolytes were recorded using computer controlled HIOKI
3532-50 LCRHi-Tester in the frequency range between 42Hz
and 1 MHz with the temperature range of 303–353 K using
stainless steel (SS) as the blocking electrodes.

Transference number measurement (TNM)

The total ionic transport number (tion) was obtained by the
d.c. polarization technique [28]. In this technique, a
SS|92.5PVA:7.5PAN:0.5 m.m.% MgCl2|SS cell was polar-
ized by applying a step potential of 1.5 V and the resulting
potentiostatic current was monitored as a function of time.
Stainless steel (SS) acted as blocking electrodes for the
above cell. The ‘tion’ was evaluated using the formula:

tion ¼ iT − ie
iT

ð1Þ

where iT and ie are total and residual current, respectively.
The Mg2+ ions transport number (t+) of BPE was evaluated
using a combination of AC impedance spectroscopy and
DC polarization studies on a Mg|BPE|Mg cell according to
the method of Evans et al. [29].

Electrochemical stability analysis

Electrochemical stability is an important criterion to in-
vestigate the working cell potential of an electrolyte.
Using linear sweep voltammetry, the working potential
of the BPE has been measured by stainless steel as the
working electrode and Mg disc as combined counter and
the reference electrodes.

Preparation of anode, cathode, and fabrication of proton
battery

The primary magnesium battery was constructed by using the
highest conductivity BPE membrane. The desired composi-
tion ofmanganese dioxide and graphite powder in the ratio 3:1
were mixed together and grounded well using mortar. Few
drops of the polymer electrolyte was added to reduce the elec-
trode polarization [30] and the final mixture was pelletized to
form the cathode (thickness = 1.9 mm). Magnesium metal of
thickness 1 mm and dia 0.6 mm was used as anode. The
battery was constructed using the above mentioned anode
and cathode with the maximum conducting polymer electro-
lyte. The overall battery thickness was found to be 5.5 mm.
The performance of the battery was studied.

Result and discussion

X-ray diffraction analysis (XRD)

Figure 1 represents XRD pat te rns of pure BPE
(92.5PVA:7.5PAN) and its complexes with MgCl2 salt at dif-
ferent concentrations (0.4 m.m.%, 0.5 m.m.%, 0.6 m.m%.). It
is evident from the XRD measurements that the
92.5PVA:7.5PAN BPE displays intense diffraction peaks at
2θ = 20.3° and 40.8° corresponding to characteristic crystal-
line peak of pure PVA [24]. The gradual decrease in intensity
and increase of broadness of the diffraction peaks as a function
of complexation of MgCl2 salt (Fig. 1b–d) reveal the decrease
in crystallinity of BPE due to the interaction of the salt with
the polymer. The crystallite size for all the electrolytes have
been calculated using Debye-Scherer’s equation [31]

Fig. 1 XRD patterns of BPE’s (a) 92.5PVA:7.5PAN, (b)
92.5PVA:7.5PAN: 0.4 m.m.% Mg(Cl)2, (c) 92.5PVA:7.5PAN:0.5 m.m.%
Mg(Cl)2, and (d) 92.5PVA:7.5PAN:0.6 m.m.% Mg(Cl)2
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D ¼ 0:89 λ
βcosθ

ð2Þ

where λ is the wavelength of the X-ray source, β is the
fullwidth of the half maximum (FWHM), and θ is the diffrac-
tion angle. The diffraction angle, crystallite size, and relative
intensities of all electrolytes have been tabulated in Table 1. It
is observed that 92.5PVA:7.5PAN:0.5 m.m.%MgCl2 polymer
electrolyte has got small crystallite size and less relative inten-
sity. The decrease of the relative intensity with increase in full-
width half maximum of the characteristic peak reveals the
amorphous nature of the polymer electrolyte. These results
can be interpreted in terms of the Hodge et al. criterion which
has established a correlation between the height of the peak
and the degree of crystallinity [32]. The high amorphous na-
ture is found at 0.5 m.m.% salt to host polymer when com-
pared with other polymer electrolyte samples. The increase in
the amorphous nature causes a reduction in the energy barrier
to the segmental motion of the polymer electrolyte resulting in
high ionic conductivity [33]. In the present case, however,
peak shifting and emergence of new peaks is observed. The
peaks at 2θ = 14.9°, 28.2°, 30.1°, 32.1°, 41.7°, 45.8°, 50°, and
52.5° are observed for pure magnesium chloride (JCPDS card
number: 72-1517). Among them, the peaks at 28° and 44°
with less intense have been observed for the composition
0.4 m.m% of MgCl2. Peak at 44° has been absorbed for
0.6 m.m% of MgCl2. These peaks correspond to the

recrystallization of added salt. With increasing salt content,
Mg2+ ion swells the crystalline of the host polymer [34].
Hence, the X-ray diffraction analysis reveals amorphous na-
ture in the polymer matrices.

Fourier transform infrared (FTIR) spectroscopy analysis

The FTIR spectra of pure PVA, PAN and host blend polymer
92.5PVA:7.5PAN recorded at room temperature in the region
500–4000 cm−1 is shown in Fig. 2A. From Fig. 2A, the band
at about 3305 cm−1 assigned to OH stretching of pure PVA
[35] is moved to 3293 cm−1 for the BPE 92.5PVA:7.5PAN.
The bands corresponding to methylene group (CH2) asym-
metric stretching and C=O stretching vibrations of pure PVA
occurs at 2925 and 1732 cm−1 [36] which have been shifted to
2926 and 1723 cm−1 respectively in host blend polymer
92.5PVA:7.5PAN. The bands at 1379, 1244, and 1094 cm−1

have been assigned to CH3 symmetric, C-O-C stretching, and
C-O stretching of acetyl group present on the PVA backbone
[37, 38]. These bands get shifted to 1377, 1246, and
1095 cm−1 in 92.5PVA:7.5PAN. The vibrational peak at
2244 cm−1 for pure PAN represents the stretching vibration
of C≡N stretching [39, 40] which is the most characteristic
band of PAN has been shifted to 2236 cm−1 in pure blend
92.5PVA:7.5PAN. The vibrational bands at 2944, 1666, and
1254 cm−1 which have been assigned to CH2 stretching vibra-
tion, C=C stretching vibration, and CH wagging in pure PAN

Table 1 Diffraction peak,
crystallite size, and relative
intensity of BPE’s

Composition Diffraction peak (2θ) Crystallite size (nm) Relative intensity %

92.5PVA:7.5PAN 20.47 5.48 100

92.5PVA:7.5PAN:0.4 m.m. % MgCl2 24.38 3.08 62.4

92.5PVA:7.5PAN:0.5 m.m. % MgCl2 23.14 2.19 44.6

92.5PVA:7.5PAN:0.6 m.m. % MgCl2 24.2 4.21 57.8

Fig. 2 A- FTIR spectra for (a) pure PVA, (b) pure PAN, and (c) 92.5PVA:7.5PAN polymer electrolyte. B- With different MgCl2 concentrations (d)
0.4 m.m. %, (e) 0.5 m.m%, and (f) 0.6 m.m. %
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have been absent in the host blend polymer which indicates
the complex formation during blending.

Figure 2B shows the FTIR spectra of pure 92.5PVA:7.5PAN
and 92.5PVA:7.5PAN addedwith three different concentrations
(0.4 m.m.%, 0.5 m.m.%, and 0.6 m.m.%) of MgCl2 and the
corresponding vibrational frequencies were assigned and listed
in Table 2. A broad peak centered around 3293 cm−1 in
92.5PVA:7.5PAN assigned to the stretching vibration of hy-
droxyl group of pure PVA gets shifted and broadened when
the salt MgCl2 of different concentrations (0.4 m.m.%,
0.5 m.m.%, and 0.6 m.m.%) are added. This indicates the co-
ordination between the cation of the salt and hydroxyl group of
PVA [41]. Mg2+ and Cl2− were an electrophile which seeks
electron rich atom and nucleophile which seeks electron defi-
cient atom respectively to make possible interaction with hy-
droxyl oxygen and hydroxyl hydrogen of the polymer chain
resulting in the decrease in intensity and broadening of the O–
H peak in the polymer complexes [42]. In consistent with the
XRD results, the crystallinity of the PVA is altered due to the
interaction of the cation/anion of the salt with the O-H group of
PVA. The detected peaks for pure 92.5PVA:7.5PAN are CH2

asymmetric stretching, C = C stretching, CH3 symmetric, C-O-
C stretching, and C-C asymmetric at bands 2926, 1652, 1377,
1246, and 1095 cm−1, respectively, get shifted with decrease in
intensity of the bands when the salt concentration is introduced.

Figure 3 shows the possible interaction between the host
polymer with the salt. The carbonyl group (C = O) stretching
vibration shifts due to the addition of salt which implies that
strong intermolecular interaction is between magnesium ion
present in salt and oxygen atoms resulting in polymer salt
complexes. The coordinate bond with magnesium ion is
formed by the oxygen atoms from PVA, which is expected
to act as electron donor atoms [43]. The shift in stretching
modes of the carbonyl bonds has been seen for the sample
with 0.4 m.m.% of salt and disappearance of the peak is seen
for rest of the electrolytes which indicates complexation of the
polymer. Due to the addition ofMgCl2 from 0.4 to 0.6 m.m.%,

the stretching vibration of nitrile (C≡N) in 92.5PVA:7.5PAN
electrolyte at 2236 cm−1 has disappeared which indicates the
complexation of polymer. The peak absorbed at 672 cm−1 in
all the BPE’s with different salt concentrations is ascribed to
C-Cl stretching peak which confirm the Cl− ion in
92.5PVA:7.5PAN films with MgCl2 [44, 45]. Thus the com-
plexation of the host polymer with salt is proved by the ap-
pearance of new peak along with changes in existing peaks in
the FTIR spectra.

Differential scanning calorimetry (DSC)

In most of the polymeric materials, the crystalline and amor-
phous phases co-exist in variable amount. PVA blended with
PAN membrane exhibits both amorphous and crystalline na-
ture. For electrochemical applications, polymers with the Tg
below the operating temperature are more desirable [46].
Figure 4. represents the DSC curves for PVA:PAN/MgCl2
blended samples in which their Tg values are noted. Sivadevi
et al. have reported Tg value of the blend polymer

Table 2 FTIR assignments of the calculated and observed vibrational
frequencies of 92.5PVA:7.5PAN: MgCl2 BPE’s

92.5PVA:7.5PAN: x m.m.% Assignments

0 0.4 0.5 0.6

3293 3289 3291 3293 OH stretching

2926 2936 2937 2937 CH2 asymmetric stretching

2236 – – – C ≡ N stretching vibration

1652 1654 1654 1651 C = C stretching

1723 1742 – – C = O stretching vibration

1377 1385 1385 1382 CH3 symmetric

1246 1254 1254 1261 C-O-C stretching

1095 1102 1106 1091 C-C asymmetric

672 672 672 C-Cl stretching

Fig. 3 Possible interaction between blend polymer (PVA:PAN) and
MgCl2

Fig. 4 DSC thermogram in glass transition temperature (Tg) of (a)
92.5PVA:7.5PAN:0.4 m.m.% MgCl2, (b) 92.5PVA:7.5PAN:0.5 m.m.%
MgCl2, and (c) 92.5PVA:7.5PAN:0.6 m.m.% MgCl2
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92.5PVA:7.5PAN electrolyte as 136.4 °C [24]. It is observed
from the curve that the Tg values of the polymer-salt com-
plexes decreases with the introduction of salt from 0.4 to
0.5 m.m. % MgCl2. With increase in salt concentration, the
Tg value decreases which may be attributed to the plasticizing
effect. 92.5PVA:7.5PAN:0.5 m.m. %MgCl2 exhibits the min-
imum Tg value of 50.95 °C. Similar result has been reported
for the composition 92.5PVA:7.5PAN with 0.25 m.m.%
Mg(ClO4)2 [47]. Further increase in the salt concentration
causes an increase in the value of Tg which may be due to
the presence of undissociated salt in the polymer matrix [48].

Impedance analysis

The ionic conductivity mainly depends on the conducting
species and their mobility. Figure 5A, B shows Nyquist plots
at room temperature (303 K) for 92.5PVA:7.5PAN and BPE
complexed with MgCl2 salt at various concentrations (0.1,
0.2, 0.3, 0.4, 0.5, 0.6 m.m.%). In the plots, presence of de-
pressed semicircles shows non Debye nature of the polymer
electrolytes [49]. Nyquist plots are fitted with semicircle and
the respective bulk resistance (Rb) of each polymer electrolyte
is determined from the point of intersection of higher end of
semicircle with the real (Z′= Rb) axis [50]. From Fig. 5B, it is
inferred that as the salt concentration increases, the polymer
electrolytes have only inclined spike and the semicircle was
not observed, which indicates that the BPE have resistive
component only and the capacitive nature of electrolyte were
vanished, which is due to the motion of charge carrier in the
polymer electrolyte. The equivalent circuit was also shown in
Fig. 5. Electrochemical impedance spectroscopy (EIS) param-
eters have been obtained from Nyquist plot by using EQ soft-
ware program developed by Boukmap [51, 52], which were
listed in Table 3. In Table 3, the resistance value of pure
92.5PVA:7.5PAN was obtained as 3.08 × 105 Ω, whereas for
0.1–0.5 m.m.% of MgCl2 added with 92.5PVA:7.5PAN

polymer electrolyte the value of resistancewas decreased from
3.6 × 103 Ω to 5.7Ω and increases as 8.9 Ω for 0.6 m.m.% of
MgCl2. The constant phase element (CPE) which represents
the effect of electrode and electrolyte interface value for pure
92.5PVA:7.5PAN was obtained as 4.15 × 10−9 F. The MgCl2
added with 92.5PVA:7.5PAN polymer electrolyte have CPE
values in the range of 0.4 to 0.76 μF which were represented
by low frequency spike. The highest conductivity polymer
electrolyte 92.5PVA:7.5PAN:0.5 m.m.% MgCl2 has
Rb = 5.7Ω and CPE = 3.688 × 10−5Ω. The ionic conductivity
(σ) of electrolyte films is estimated from following equation.

σ ¼ tA�
Rb

ð3Þ

where t and A represent thickness and area of the polymer
electrolyte, respectively.

The calculated ionic conductivity for different concentra-
tion of PVA:PAN:MgCl2 BPE’s at various temperatures is
tabulated in Table 4. Table 4 illustrates that the ionic conduc-
tivity increases with increase inMgCl2 and attains a maximum
value of 1.01 × 10−3 S cm−1 at room temperature for
92.5PVA:7.5PAN:0.5 m.m.%MgCl2. The increase in conduc-
tivity with the salt content is attributed to the increase in mo-
bility of charge carriers in the system. This feature of increase
in conductivity with the salt is an indication of the absence of

Fig. 5 A- Nyquist plot for (a) 95.5PVA:7.5PAN. B - (b)
92.5PVA:7.5PAN:0.1 m.m.% MgCl2, (c) 92.5PVA:7.5PAN:0.2 m.m.%
MgC l 2 , ( d ) 9 2 . 5 PVA : 7 . 5 PAN : 0 . 3 m .m .% MgC l 2 , ( e )

92.5PVA:7.5PAN:0.4 m.m.% MgCl2, (f) 92.5PVA:7.5PAN:0.5 m.m.%
MgCl2, and (g) 92.5PVA:7.5PAN:0.6 m.m.% MgCl2

Table 3 EIS parameter for all the prepared polymer electrolytes

Polymer composition (m.m.%) R(Ω) CPE (F) n

Pure 92.5PVA:7.5PAN 3.0813 × 105 4.1520 × 10−9 0.7187

92.5PVA:7.5PAN:0.1 m.m.%. 3.6165 × 103 5.7750 × 10−6 0.4084

92.5PVA:7.5PAN:0.2 m.m.%. 1.1750 × 102 1.0605 × 10−5 0.4598

92.5PVA:7.5PAN:0.3 m.m.%. 1.3172 × 10 8.9513 × 10−5 0.7691

92.5PVA:7.5PAN:0.4 m.m.%. 6.557 1.7276 × 10−5 0.6934

92.5PVA:7.5PAN:0.5 m.m.%. 5.7 3.688 × 10−5 0.5356

92.5PVA:7.5PAN:0.6 m.m.%. 8.9 7.2195 × 10−6 0.6802

Ionics



neutral pair formation due to salt agglomeration, which is
often observed in polymer electrolyte systems at higher con-
tents of salt. The continuous increase of conductivity with salt
content is a sufficient proof for the maximum dissociation of
the salt in the polymer matrix [53, 54]. It is observed that the
further addition of MgCl2 salts greater than 0.5 m.m.% de-
creases the conductivity due to the formation of more ion
aggregates in the polymer network [55].

Temperature-dependent conductivity

The temperature-dependent study has been used to analyze the
possible mechanism of ionic conduction in BPE system.
Figure 6 shows temperature dependence of ionic conductivity
of BPEs in the temperature range 303 to 343 K. The highest
conducting sample, 92.5PVA:7.5PAN:0.5 m.m.%MgCl2, has
an ionic conductivity of 1.1 × 10−3 S cm−1 at room tempera-
ture and 1.73 × 10−3 S cm−1 at 343 K. As the temperature
increases, the polymer can expand easily and produce free
volume. The increase in conductivity with temperature is at-
tributed to increase the polymer chain mobility due to (i) in-
creased free volume at higher temperature which facilitates the
ions to hop between adjacent coordination sites and (ii) the
equilibrium between dissociated and associated forms of
MgCl2 should favor the dissociated ions at higher tempera-
tures [56]. The linear variation of ionic conductivity with in-
verse of absolute temperature follows Arrhenius relation

σT ¼ σ0 exp

�
−Ea
=KT

�
ð4Þ

where, σ0 is the pre-exponential factor, Ea is the activation
energy and K is the Boltzmann constant. Activation energy
(Ea) is the minimum energy required for the ion movement. Ea
values have been calculated for all prepared BPE’s by the
linear fitting of Arrhenius plots. Figure 7 relates the conduc-
tivity and activation energy values of all composition of
92.5PVA:7.5PAN:MgCl2 polymer electrolyte, which were
listed in Table 4. Table 4 indicates that the activation energy
value of the polymer electrolyte decreases with increase in
MgCl2 concentration. The highest conducting sample posses
the lowest activation energy.

Frequency-dependent conductivity

Figure 8 shows the frequency-dependent conductivity of
92.5PVA:7.5PAN polymer electrolytes with different contents
of MgCl2 at room temperature. From Fig. 8, it is evident that
there is a low-frequency dispersion region which is due to
electrode–electrolyte space charge polarization effects [57]
and the frequency independent plateau region of the con-
ductivity spectra signifies the migration of ions to neighbor-
ing sites. The low-frequency region leads to decrease in the
number of mobile ions and conductivity due to the accumu-
lation of charge at the electrode–electrolyte interface. The
plateau region corresponds to DC conductivity (σdc) of the
blend polymer electrolyte. From the ac conductivity spectra,
it can be observed that the conductivity increases with the
increase in the salt content. The increase in conductivity
with the salt content is attributed to the increase in the num-
ber of charge carriers. The σdc values for highest conductiv-
ity sample (92.5PVA:7.5PAN:0.5 m.m.%.MgCl2) have
been calculated by extrapolating the plateau region to log
σ axis. The conductivity values obtained from the conduc-
tion spectra coincide with the bulk conductivity values ob-
tained from Nyquist plot.

Table 4 Ionic conductivity and activation energy values of 92.5PVA:7.5PAN: MgCl2 BPEs for different temperatures

Pure 92.5PVA:7.5PAN 1.3 × 10−8 1.56 × 10−7 5.03 × 10−7 3.28 × 10−6 4.65 × 10−6 1.33 0.94

92.5PVA:7.5PAN:0.1 m.m.%. 4.22 × 10−6 1.3 × 10−5 2.9 × 10−5 6.15 × 10−5 1.35 × 10−4 0.76 0.99

92.5PVA:7.5PAN:0.2 m.m.%. 2.2 × 10−5 4.05 × 10−5 9 × 10−5 1.43 × 10−4 2.58 × 10−4 0.55 0.99

92.5PVA:7.5PAN:0.3 m.m.%. 4.37 × 10−4 6.3 × 10−4 8.2 × 10−4 1.08 × 10−3 1.32 × 10−3 0.44 0.95

92.5PVA:7.5PAN:0.4 m.m.%. 9.17 × 10−4 9.19 × 10−4 9.95 × 10−4 1.14 × 10−3 1.26 × 10−3 0.11 0.95

92.5PVA:7.5PAN:0.5 m.m.%. 1.01 × 10−3 1.08 × 10−3 1.20 × 10−3 1.43 × 10−3 1.73 × 10−3 0.07 0.99

92.5PVA:7.5PAN:0.6 m.m.%. 4.87 × 10−4 9.57 × 10−4 1.10 × 10−3 1.45 × 10−3 1.77 × 10−3 0.27 0.94

Fig. 6 Temperature dependence ionic conductivity of 92.5PVA:7.5PAN
polymer electrolyte with different MgCl2 concentrations (a) pure (b)
0.1 m.m. %, (c) 0.2 m.m. %, (d) 0.3 m.m. %, (e) 0.4 m.m. %, (f)
0.5 m.m. %, and (g) 0.6 m.m. %

Ionics



Dielectric studies

The important insights into the ionic transport phenomenon
were characterized using dielectric properties of
92.5PVA:7.5PAN(0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 m.m%)MgCl2
BPE’s with frequency-dependent parameters [58]. Figures 9
and 10 show the variation of dielectric permitivity ε′ and di-
electric loss ε″ versus frequency at room temperature 303 K.
Figures 9 and 10 reveal that ε′ and ε″ increases at low frequen-
cies which can be attributed to the formation of space charge
region at the electrode–electrode interface which is familiarly
known asωn-1 variation or non-Debye type behavior where the
space charge regions with respect to frequency is explained in
terms of ion diffusion [59]. The dielectric constant (ε′) is high at
low frequency due to the interfacial polarization and dielectric
loss (ε″) becomes very large at lower frequencies due to free
charge motion within the material [60]. At high frequency, due
to the rapid periodic reversal of the applied electric field the
mobile ion will not be able to orient them in the field direction

which leads to saturate or decrease the dielectric constant [61].
The dielectric parameter values (ε′ and ε″) are found to be
increased with salt-MgCl2 content in polymer complexes. The
higher value for both ε′ and ε″ have been observed for
92.5PVA:7.5PAN:0.5 m.m.%MgCl2 at room temperature due
to the localization of the charge carriers. This signifies that the
degree of salt dissociation and redissociation of ion aggregates
causes the increase in number of free ions which in turn in-
creases the conductivity [62].

Modulus spectra

The electric modulus spectra are a useful tool to investigate
the ion transport process of ionic conductor. Figures 11 and 12
represent the frequency dependence of M′ (ω) and M″ (ω) at
room temperature. At high frequency end both M′ and M″ are
observed to increase. At low frequency, the value of both M′
and M″decreases due to the electrode polarization

Fig. 7 Concentration-dependent conductivity and activation energy

Fig. 8 Frequency-dependent conductance spectra for 92.5PVA:7.5PAN
polymer electrolyte with different MgCl2 concentrations (a) pure (b)
0.1 m.m. %, (c) 0.2 m.m. %, (d) 0.3 m.m. %, (e) 0.4 m.m. %, (f)
0.5 m.m. %, and (g) 0.6 m.m. %

Fig. 9 Plot of log ω vs. ε′ for BPEs with different concentrations of
MgCl2 at RT

Fig. 10 Plot of log ω vs. ε″ for BPEs with different concentrations of
MgCl2 at RT
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phenomenon and makes a negligible contribution. Due to bulk
effect for all the composition of 92.5PVA:7.5PAN:MgCl2
BPE’s the modulus value gradually increases with the increase
of frequency. From the plot it is apparent that as the salt con-
centration increases the height of the plot decreases suggesting
the fast relaxation of the ions. Long tails at low frequency sides
are observed in the plot which indicates the large capacitance
value associated with electrode polarization effects [57].

Transport number measurement

To investigate the main conducting element in the BPE’s trans-
ference number measurement (TNM) has been carried out
using the DC polarization method as described in Section 2.
Figure 13b (i) shows the variation of polarizing current through
a typical cell: SS|92.5PVA:7.5PAN:0.5 m.m.% MgCl2|SS as a
function of time on applying a voltage of 1 V. Due to the

depletion of ionic species in the electrolyte, the initial total current
(ti) has been found to decrease with time and become constant in
the fully depleted situation. At the steady state, the cell is polar-
ized and because of electron migration the current flows across
the electrolyte and interfaces. The value of tion is determined
using Eq. (1) and found to be > 0.98 for all the BPE films.
This shows that the overall conductivity of the BPE’s is predom-
inantly ionic. The present system consists of both cations (Mg2+)
and anions (Cl2−) which are the mobile charge carriers, among
which the transport no of Mg2+ ions are calculated to determine
the performance of the BPE. The transport number (t+) of Mg2+

ions in the BPE films are obtained from a combination ofAC and
DC techniques, as proposed by Evans et al. [29]. In this tech-
nique, the transport number, t+ of Mg2+ ions for the highest
conducting film was evaluated using the symmetrical cell Mg/
BPE/Mg. The cell was polarized by applying a small D.C. volt-
age of 1.5 V and the initial (I0) and the final (Is) current values
were noted from the current-time plot as shown as in Fig. 13b (ii).
Using impedance measurements, the cell resistances before and
after polarization Ro and Rs respectively were obtained. The im-
pedance plots are shown in Fig. 13a, the intercept at the high-
frequency region corresponds to the impedance of the bulk elec-
trolyte, Rb. The fitting of the impedance plots was carried out by
using EQ software [51, 52]. The diameter of the semicircle at the
low-frequency region has formed from the total impedance of the
cell, (Rs = Rb + Ri), where Ri is the resistance of the passivation
layer [63] indicating that the passivation layer is continued to
grow during polarization. Choe et al. and Abraham et al. have
been reported the similar behavior for polymer electrolytes based
on polyacrylonitrile and poly(vinylidene fluoride)-
hexafluoropropene, respectively [63, 64]. The values of Mg2+

transport number were calculated using the formula,

tþ ¼ I s Δ V−R0I0ð Þ
I0 ΔV−RsI sð Þ ð5Þ

where Io and Is are the initial and the final current, respectively.
Ro and Rs are the cell resistance before and after polarization,
respectively. The values of Mg2+ ion transport number were
calculated to be 0.38 for the highest conducting film of the
92.5PVA:7.5PAN:0.5 m.m.% MgCl2 system. This value sug-
gests a significant contribution of Mg2+ to the total ionic con-
duction of the BPE films. Kumar et al. have reported the
values of the transport number for the Mg2+ ion in his work
as 0.33 for PMMA-based GPE system using 0.5 g of
Mg(CF3SO3)2 salt [65].

Linear sweep voltammetry (LSV)

The working cell potential of an electrolyte can be investi-
gated using electrochemical stability. The electrochemical
stability of a polymer electrolyte has been examined by

Fig. 11 Variation of real part of modulus (M′) with frequency for BPEs
with different concentrations of Mg(ClO4)2 at RT

Fig. 12 Variation of imaginary part of modulus (M″) with frequency for
BPE’s with different concentrations of Mg(ClO4)2 at RT
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linear sweep voltammetry. The optimized conducting BPE
sample has been placed between SS and Mg electrode as
SS|92.5PVA:7.5PAN:0.5 m.m.%MgCl2 |Mg and scanned
curve at a rate of 5 mVs−1 has been recorded as shown in
Fig. 14. Due to the decomposition of the electrolyte at the
blocking electrode, sudden rise in the current is observed
from the plot which in turn shows the electrochemical sta-
bility window of 3.66 V. The result shows that the electro-
lyte is convenient for its application in magnesium ion bat-
teries [66]. Osman et al. have obtained the stability window
of 3 .5 V fo r the e l ec t r o ly t e sy s t em SS/PVDF-
HFP:20 wt%(Mg(CF3SO3))2/Mg [67].

Performance of Mg cell

The applicability of the blend polymer electrolyte to
rechargeable magnesium battery system has been exam-
ined by fabricating a prototype cell. For the cathode

material of the cell an amount of MnO2 (1 g) and
graphite (0.1 g) were mixed together and pressed with
5 ton pressure to form a pellet. To introduce the elec-
tronic conductivity graphite was added. For cell anode,
magnesium metal in pellet form was chosen. The
highest conducting BPE(92.5PVA:7.5PAN:0.5 m.m.%
MgCl2) was sandwiched between anode and cathode in
battery holder. Figure 15. represents the schematic dia-
gram of fabricated cell.

The open circuit potential (OCP) of the cell as a function of
time at room temperature is shown in Fig. 16A. The initial
voltage of 2.17 V which has been found to be slightly reduced
to ∼ 1.85 V in the first 200 h of assembly. Similar OCP of
2.3 V was reported by Kumar et al., for magnesium gel poly-
mer electrolyte [68]. The stabilized potential of 1.85 V has
been observed for a period of 1 month. Due to the cell forma-
tion reaction at the electrodes the intermediate drop in the
voltage of the cell after fabrication has been observed. The
chemical reaction that probably take place in the cell are [47]:

Fig. 14 Linear sweep voltammetry of SS/92.5PVA:7.5PAN:0.5 m.m.%
MgCl2/Mg cell recorded at a scan rate of 5 mV s−1 at room temperature

Fig. 13 a A.C. complex impedance plot before and after polarization of a typical symmetric Mg/92.5PVA:7.5PAN:0.5 m.m.%MgCl2/Mg cell. b D.C.
polarizaton curve of (i) SS/92.5PVA:7.5PAN:0.5 m.m.%MgCl2 /SS cell and (ii) Mg/92.5PVA:7.5PAN:0.5 m.m.%MgCl2 /Mg cell at room temperature

Fig. 15 Schematic diagram of battery configuration
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At the anode:

Mgþ 2 OH−ð Þ→Mg OHð Þ2 þ 2e ð6Þ

At the cathode:

2MnO2 þ H2Oþ 2e→Mn2O3 þ 2OH− ð7Þ

Overall reaction

Mgþ 2MnO2 þ H2O→Mn2O3 þMg OHð Þ2 ð8Þ

In the host polymer PVA:PAN, the molecular structure of
PVA contains hydroxyl group which may be source of hydrox-
ide ion in Mg-MnO2 battery. It is also known that PVA will
have occluded moisture/H2O (occluded water is a type of non-
essential water which is retained due to physical forces in mi-
croscopic pores spaced irregularly throughout the solid polymer
PVA) which may be the source of hydroxyl ion. The theoretical
oxidation potential of Mg is known to be − 2.37 V, and the
reduction potential of MnO2 is known to be 1.23 V [69]. The
overall reaction should provide the cell with Eo = 3.6 V.
However, the cell Mg/92.5PVA:7.5PAN:0.25 m.m.%MgCl2/
MnO2 provides a voltage ofE = 2.17V. The difference between
the theoretical and the experimental open circuit potentials may
be due to the possible reduction of the MnO2 which results in a
reduced cummulative voltage being provided by the electrode’s
reaction.

Figure 16B shows the discharge characteristics of the cell at
room temperature by connecting it to an external load of
1 MΩ. The initial decrease in potential of this cell may be
due to the polarization effect at the electrode electrolyte inter-
face [70]. The cell potential discharged at a constant load of
1MΩ remains constant at 1.96 V which reduces to 1.53 Vafter
dropping a short circuit current of 1.4 mA for 24 h and then it
is decreased to 1.32 Vand retained it for 1 month. The region
in which the cell voltage remains constant is called as plateau
region. The cell parameters are given in Table 5.

Conclusion

The new BPEs based on 92.5PVA:7.5PAN:xMgCl2 with var-
ious concentrations (x = 0.1–0.6 m.m.%) have been prepared
by solution casting technique and characterized. On the basis
of various structural, thermal, electrical, and electrochemical
studies, the following conclusions have been drawn:

(i) The polymer blend electrolyte film is flexible and free-
standing with good mechanical strength.

(ii) The composite nature of the blend polymer electrolyte
films due to dispersion of MgCl2 salt is confirmed
through XRD results.

(iii) The existence of free chloride ion–polymer interaction
has also been detected from the FTIR studies.

(iv) The film 92.5PVA:7.5PAN:0.5 m.m.% MgCl2 offers
high ionic conductivity 1.1 × 10−3 S cm−1 at room tem-
perature. The temperature-dependent ionic conductivity
of this highest conducting BPE obeys the Arrhenius
relationship with low activation energy. The electrode
polarization, polymer segmental motion, conductivity
relaxation and the distribution of the relaxation times
in the BPE’s have been confirmed by measuring dielec-
tric spectra and electric modulus.

Fig. 16 a Open circuit potential as a function of time for 92.5PVA:7.5PAN:0.5 m.m.% MgCl2 BPE. b Discharge curves of cell using 1 MΩ for
92.5PVA:7.5PAN:0.5 m.m.% MgCl2 BPE

Table 5 Cell parameters

Cell parameters Measured values of discharge
through 1MΩ

Cell area (cm2) 1.23

Cell weight (g) 1.1

Effective cell diameter (cm) 1.2

Cell thickness (cm) 0.55

Open circuit voltage (V) 2.17

Current drawn (mA) 1.4

Discharge time for plateau region (h) 500
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(v) Thermal analysis indicates that the glass transition tem-
perature is low for the 92.5PVA:7.5PAN:0.5 m.m.%
MgCl2 polymer electrolyte .

(vi) The transport number indicates that the dominant
conducting species are found to be ions rather than
electrons.

(vii) The electrochemical stability window, estimated from
LSV is found to be 3.6 V, which is sufficient for elec-
trochemical applications.

(viii) Thus, the optimized BPE 92.5PVA:7.5PAN:0.5 m.m.%
MgCl2 with high ionic conductivity has been applied for
primary magnesium battery application, in which their
main parameters and out-put potential were reported.
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