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Abstract
Limited global resources of lithium lead to the consideration of magnesium ion bat-
teries as potential energy storage devices. Magnesium ion batteries have potential 
for high energy density but require new types of electrode and electrolytes for practi-
cal applications. Solid polymer electrolytes offer the opportunity for increased safety 
and broader electrochemical stability relative to traditional electrolytes. Herein, we 
report the development of solid polymer electrolyte for magnesium ion batteries 
based on triblock copolymer poly(vinylidene chloride-co-acrylonitrile-co-methyl 
methacrylate) (poly(VdCl-co-AN-co-MMA)). The polymer electrolytes are pre-
pared by solution-casting technique using poly(VdCl-co-AN-co-MMA) with vari-
ous concentrations (10 wt%, 20 wt%, 30 wt%, and 40 wt%) of magnesium chloride 
(MgCl2) salt. Among the prepared polymer electrolytes, the highest magnesium-
ion-conducting polymer electrolyte is 70 wt% poly(VdCl-co-AN-co-MMA):30 wt% 
MgCl2 polymer–salt composition by electrochemical impedance measurements, and 
the obtained value of ionic conductivity is found to be in the order of 10−5 S cm−1. 
Addition of plasticizer succinonitrile in various concentrations (0.1 wt%, 0.2 wt%, 
0.3 wt% and 0.4 wt%) with the identified polymer electrolyte of highest conductiv-
ity shows increased values of conductivity up to the order of 10−3 S cm−1. Observ-
able changes in crystalline/amorphous nature of the polymer are analyzed using 
X-ray diffraction pattern. Glass transition temperature of polymer electrolytes has 
been found using differential scanning calorimetric studies. Transference number 
measurements have been made to confirm the ionic conductivity. The electrochemi-
cal stability for highest conducting plasticized polymer electrolyte is obtained from 
linear sweep voltammetry as 3.3 V. A primary magnesium ion battery has been con-
structed with prepared electrolyte of highest conductivity, and its performance and 
discharge characteristics are also analyzed. The open-circuit voltage of 2.18  V is 
obtained with the constructed primary magnesium ion battery.

Keywords  Polymer electrolyte · Magnesium battery · Triblock copolymer · 
Electrochemical device · Magnesium chloride · Succinonitrile
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Introduction

At present, extensive energy storage devices are required to efficiently store the 
electrical energy produced from different sources. Rechargeable batteries need 
improvements for better performance in various applications. The rechargeable 
battery network requires a material that is low cost, safe, and more capable to 
store energy. However, the lithium-ion battery satisfies the primary requirements, 
but the demand for rechargeable batteries increases continuously because of 
the limitations of lithium like cost and availability. The search for new materi-
als for battery application includes magnesium which has numerous advantages 
over lithium. Abundance of magnesium in earth crust is 104 times more when 
compared to lithium. Magnesium has greater theoretical volumetric capacity of 
3833 mAh/cm3 due its two-electron reduction. Additional advantage of magne-
sium includes low cost, more stability in air, safe operation with wide range of 
temperatures, and non-dendritic electrochemical performance [1–8]. No distinct 
volume changes occurred during charge–discharge cycling in magnesium ion bat-
teries because the magnesium ion has same ionic radius as that of lithium [9]. 
Due to these benefits, magnesium ion batteries acquire more attention, and an 
advanced investigation is necessary so as to develop the batteries to fulfill the 
energy storage requirements. The major concern in the progress of magnesium 
ion batteries is finding appropriate electrolytes which are compatible with magne-
sium electrodes [10]. Basically, conventional liquid electrolytes offer better ionic 
conductivity, but they face a lot of drawbacks in safety concerns. Most of the liq-
uid electrolytes are flammable and has high toxicity [11]. Solid polymer electro-
lytes (SPEs) have been paid an attention as promising materials for electrochemi-
cal devices [12, 13]. Polymer host materials as the solid matrix with the addition 
of alkali or alkaline metal salt without any trace of liquid organic solvents consti-
tute SPEs [14]. The advantages of SPEs include no leakage, very low flammabil-
ity, high flexibility, high safety, high compliance, and stable contact between the 
electrodes and electrolyte [15–17]. SPEs have very strong adhesive property with 
the surface of electrodes compared to the conventional liquid electrolytes, and 
thus they have less interface impedance between electrolyte and electrodes. The 
basic requirements for SPEs used in battery applications comprise high mechani-
cal strength, greater thermal stability, high ionic conductivity at room tempera-
ture, and wide-ranging electrochemical stability [18, 19].

Among various types of SPEs, block copolymers (BCPs) provides a way to 
achieve both high ionic conductivity and mechanical stability. The BCP con-
sists of different blocks which are chemically dissimilar polymers and con-
nected endwise by covalent bond. The microphase separation occurring between 
the dissimilar polymers in BCP splits the blocks into periodically nano-spaced 
domains. One block may contain ionic moieties which are tethered together 
with polymer backbone and other blocks provide mechanical support [20, 21]. 
In the case of BCP electrolytes, many recent researches have been found for 
diblock and triblock copolymers with lithium salts for lithium-ion batteries 
[22–28]. Didier Devaux et al. studied comb and linear triblock copolymers with 
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lithium salt using polystyrene and poly(ethylene oxide) polymers. In this study, 
it is concluded that comb block copolymer electrolytes (BCEs) have slightly 
better ionic conductivity than linear BCEs at room temperature. But, electro-
chemical stability window at 80 °C of these BCEs is poor, and the linear BCEs 
show good performance during battery tests [22]. DigantaSaikia and coworkers 
reported the ionic conductivity of plasticized blend polymer electrolytes based 
on poly(vinylidene fluoride-co-hexafluoropropylene) and triblock copolymer 
poly(propylene glycol)–block–poly(ethylene glycol)–block–poly(propylene gly-
col) bis(2-aminopropyl ether) diamine for lithium-ion batteries as in the order of 
10−2 S cm−1 [23]. Nicholas P. Young et al. analyzed the performance of polypro-
pylene–block–poly(ethylene oxide)–block–syndiotactic polypropylene triblock 
copolymers with lithium bis(trifluoromethane) sulfonimide salt and proven their 
unusual performance as solid polymer electrolytes [24]. Wen-Shiue Young and 
Thomas H. Epps demonstrated the benefits of block copolymer systems with 3-D 
conducting pathways for electrolyte membranes by investigating the conductiv-
ity studies of poly(styrene-b-ethylene oxide) (PS–PEO) samples with lithium 
perchlorate (LiClO4) [25]. Charge transport in nanostructured triblock copolymer 
electrolytes based on poly(ethylene oxide) and polystyrene has been analyzed 
with theoretical predictions by R. Bouchet et al. [26]. Sebnem Inceoglu and cow-
orkers reported the ionic conductivity at low temperatures below 50 °C as in the 
order of 10−7 S  cm−1 and 10−4 S  cm−1 at higher temperatures up to 90  °C for 
poly(ethylene oxide)-b-polystyrenesulfonyllithium(trifluoromethylsulfonyl)imide 
(PEO–PSLiTFSI) diblock copolymers [27]. The triblock copolymer material 
based on poly(styrene trifluoromethanesulphonylimide of lithium) P(STFSILi) 
and poly(ethylene oxide) (PEO) is studied as a polymer electrolyte which exhibits 
exceptional levels of performance for lithium–metal batteries in terms of ionic 
conductivity in the order of 10−4 S cm−1 [28].

Poly(vinylidene chloride-co-acrylonitrile-co-methyl methacrylate) (poly(VdCl-
co-AN-co-MMA)), the triblock copolymer electrolytes containing ammonium and 
lithium salts, has been studied by very few research groups. The great advantages of 
the triblock copolymer poly(VdCl-co-AN-co-MMA) include the hydrophobic nature 
and occurrence of huge number of polar groups such as oxygen, nitrogen, and chlo-
rine in the copolymer which is responsible for the enhanced ionic mobility [29–32]. 
Addition of plasticizers has been used to enhance the conductivity of many copoly-
mers with various salts [33]. For the first time, the present work deals with the aim 
of developing the plasticized triblock copolymer electrolyte for magnesium ion bat-
teries using poly(VdCl-co-AN-co-MMA) polymer, magnesium chloride (MgCl2) 
salt, and succinonitrile (SN) plasticizer. Initially, the polymer electrolytes are pre-
pared using the triblock copolymer and magnesium salt. The polymer electrolyte 
of the highest conductivity among prepared electrolytes has been selected for the 
further enhancement of ionic conductivity using the plasticizer, and the plasticized 
polymer electrolytes are characterized with various characterization techniques.
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Materials and methods

Preparation of polymer electrolytes

The polymer electrolyte samples using triblock copolymer poly(VdCl-co-AN-
co-MMA) have been prepared by solution-casting method with tetrahydrofuran 
(THF) as solvent. Poly(VdCl-co-AN-co-MMA) (molecular weight (MW): 250.1), 
magnesium chloride (MW: 203.31), succinonitrile (MW: 80.09), and tetrahy-
drofuran are purchased from Sigma-Aldrich. Prior to the preparation of polymer 
electrolyte samples, both poly(VdCl-co-AN-co-MMA) powder and magnesium 
chloride (MgCl2) salt are dried in the vacuum chamber at 100 °C for 12 h. Appro-
priate amount of poly(VdCl-co-AN-co-MMA) is dissolved in THF under con-
stant stirring at room temperature. Required amount of MgCl2 is dissolved sepa-
rately with 1 ml of water to obtain an aqueous solution of MgCl2 and added with 
poly(VdCl-co-AN-co-MMA)/THF solution. A homogeneous viscous liquid is 
obtained after continues stirring for 12 h. The homogeneous viscous liquids with 
various concentrations of poly(VdCl-co-AN-co-MMA) and MgCl2 are poured 
into identical glass petri dishes and allowed to dry in room temperature for 24 h. 
The solvent-free polymer electrolyte films with a thickness of 1 mm to 2 mm are 
obtained, and the films are further dried in a vacuum chamber at 60 °C to remove 
any traces of solvent or water content. The prepared polymer electrolytes are 
pure poly(VdCl-co-AN-co-MMA), 90 wt% poly(VdCl-co-AN-co-MMA):10 wt% 
MgCl2, 80 wt% poly(VdCl-co-AN-co-MMA):20 wt% MgCl2, 70 wt% poly(VdCl-
co-AN-co-MMA):30 wt% MgCl2, and 60 wt% poly(VdCl-co-AN-co-MMA):40 
wt% MgCl2.

(Hereafter poly(VdCl‑co‑AN‑co‑MMA) is abbreviated as P(VdCl…))

In addition to these prepared polymer electrolytes, the plasticized polymer elec-
trolytes are prepared using the plasticizer succinonitrile (SN). SN with different 
concentrations (0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%) is added separately with 
homogeneous mixture of 70 wt% P(VdCl…) and 30 wt% MgCl2 under constant 
stirring at room temperature. The solvent-free plasticized polymer electrolytes 
obtained with polymer–salt–plasticizer compositions are 70 wt% P(VdCl…):30 
wt% MgCl2:0.1 wt% SN, 70 wt% P(VdCl…):30 wt% MgCl2:0.2 wt% SN, 70 wt% 
P(VdCl…):30 wt% MgCl2:0.3 wt% SN, 70 wt% P(VdCl…):30 wt% MgCl2:0.4 
wt% SN. Figure 1 shows the photograph of 70 wt% P(VdCl…):30 wt% MgCl2:0.3 
wt% SN polymer membrane.
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Characterization techniques

Structural analysis

X-ray diffraction (XRD) measurements have been carried out using Philips 
X’Pert PRO diffractometer by Cu-Kα radiations at room temperature with diffrac-
tion angle 2θ ranging from 10° to 90° at a rate of 2° min−1 to determine the extent 
of crystalline/amorphous nature of the polymer electrolyte samples.

Thermal analysis

Thermograms of prepared polymer electrolyte samples with heating rate of 10 °C/
min have been obtained by differential scanning calorimetry (DSC) using DSC Q20 
V24.10 Build 122 instrument to analyze the variation of glass transition temperature 
with concentration of salt/plasticizer in the polymer electrolyte samples.

Impedance spectroscopy analysis

Using HIOKI 3532–50 LCR HITESTER, the alternating current (AC) impedance 
measurements have been carried out in the frequency range of 42 Hz to 1 MHz with 
the electrolyte samples sandwiched between two stainless-steel blocking electrodes 
having the contact area of 4.0 cm2.

Transference number measurements

Transference number measurements have been made using Wagner’s DC polari-
zation technique and Evan’s polarization method to find out the charged species 
involved in the electrical conduction through the polymer electrolyte.

Fig. 1   Photograph of highest 
conducting polymer membrane, 
70 wt% P(VdCl…): 30 wt% 
MgCl2: 0.3 wt% SN
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Linear sweep voltammetry

The linear sweep voltammetry responses of the highest conducting sample have 
been carried out using biologic science instruments VSP-300, France, by placing 
the sample between two stainless-steel electrodes at the scan rate of 1 × 10−3 Vs−1 
in the potential range of 0–5 V.

Construction of primary magnesium battery

The primary battery has been constructed with prepared magnesium-ion-conduct-
ing polymer electrolyte sample of the highest conductivity using suitable elec-
trodes. The anode–electrolyte–cathode assembly is firmed in a sample holder, 
and the output measurements have been taken from end to end. Magnesium metal 
with the thickness of 1 mm is used as anode.

Manganese oxide (MnO2) with graphite is used as cathode material. MnO2 
powder and graphite powder are mixed together in the ratio of 3:1 and ground 
well. The homogeneous mixture of MnO2 and graphite is pressed with 5-ton pres-
sure using pelletizer to obtain pellet which is used as a cathode.

Fig. 2   XRD pattern of (a) 
pure P(VdCl…), (b) 70 wt% 
P(VdCl…): 30 wt% MgCl2, (c) 
70 wt% P(VdCl…): 30 wt% 
MgCl2: 0.1 wt% SN, (d) 70 wt% 
P(VdCl…): 30 wt% MgCl2: 0.2 
wt% SN, (e) 70 wt% P(VdCl…): 
30 wt% MgCl2: 0.3 wt% SN, 
(f) 70 wt% P(VdCl…): 30 wt% 
MgCl2: 0.4 wt% SN
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Results and discussion

XRD analysis

Figure  2, curves a and b, denotes XRD pattern of pure P(VdCl…) and 70 wt% 
P(VdCl…):30 wt% MgCl2, respectively. The curves c–f represents the XRD pat-
tern of 70 wt% P(VdCl…):30 wt% MgCl2:0.1 wt% SN, 70 wt% P(VdCl…):30 
wt% MgCl2:0.2 wt% SN, 70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN, 70 wt% 
P(VdCl…):30 wt% MgCl2:0.4 wt% SN, respectively. The observable intense peaks 
at 2θ = 15.8°, 24.8° and broad peaks at 2θ = 33.5°, 37.3° for pure P(VdCl…) reveal 
that the polymer has the semicrystalline nature. These values of 2θ observed for pure 
host polymer are compatible with the earlier report [29–32]. No characteristic peaks 
can be found for MgCl2 in all the prepared samples, and this indicates the complete 
dissolution of MgCl2 into the polymer matrix [34, 35]. With the addition of MgCl2 
to the polymer, the peaks at 2θ = 15.8°, 24.8° become less intense which indicates 
the enhancement of amorphous nature of the triblock copolymer. Addition of 0.1 
wt% of plasticizer SN again reduces the intensity of the peaks and increases the 
broadness of the peaks. The peaks observed at 2θ = 15.8°, 24.8°, 33.5° for 70 wt% 
P(VdCl…):30 wt% MgCl2:0.1 wt% get disappears, and only a broad peak appears 
for 0.2 wt% and 0.3 wt% of SN with polymer–salt composition. The existence of 
broad peak alone in the pattern illustrates the complete amorphous nature of the pol-
ymer electrolyte samples. However, further increase in plasticizer concentration to 
0.4 wt%, the pattern shows the same low-intensity peaks at 2θ = 15.8°, 24.8°, 33.5° 
indicates the increase in crystalline nature. Hodge et al. related the intensity of peaks 
with the crystalline or amorphous nature of the material [36] as when the inten-
sity of peak reduces and broadness increases, the amorphous nature increases. High 
amorphous nature provides the easy diffusion of ions through the polymer matrix 
and increases the mobility of ions [37].

DSC analysis

Differential scanning calorimetric thermograms for pure P(VdCl…), 70 wt% 
P(VdCl…):30 wt% MgCl2 polymer–salt complex, and plasticized polymer electro-
lytes are shown in Fig. 3. The values of glass transition temperature (Tg) for pre-
pared plasticized polymer electrolytes are provided in Table 1. The glass transition 
temperature (Tg) for 70 wt% P(VdCl…):30 wt% MgCl2 is observed as 143.1 °C and 
is slightly lower than pure P(VdCl…) having the Tg value of 144.4 °C. On the addi-
tion of plasticizer with the highest conducting polymer electrolyte having the pol-
ymer–salt composition 70 wt% P(VdCl…):30 wt% MgCl2, the Tg value decreases 
as the concentration of plasticizer increases from 0.1 wt% to 0.3 wt%. The low-
est Tg value is observed for 70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN poly-
mer–salt–plasticizer composition. When concentration of plasticizer is increased to 
0.4 wt%, the Tg value increases. The changes observed in the values of Tg of pre-
pared plasticized polymer electrolytes specify the interaction between the polymer, 
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salt, and plasticizer. The plasticization effect takes place in the polymer electrolytes 
due to the addition of salt with polymer and thereby decreases the Tg values. The 
interactions between the dipoles among the chains in the polymer matrix get weak-
ened with the addition of magnesium salt [38]. The polymer films get softened, and 
the segmental motion of the polymer chain increases due to the addition of salt [39, 
40].

Fig. 3   DSC curves of (a) pure P(VdCl…), (b) 70 wt% P(VdCl…):30 wt% MgCl2, (c) 70 wt% 
P(VdCl…): 30 wt% MgCl2: 0.1 wt% SN, (d) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.2 wt% SN, (e) 70 
wt% P(VdCl…): 30 wt% MgCl2: 0.3 wt% SN, (f) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.4 wt% SN

Table 1   Glass transition 
temperature of polymer 
electrolytes

Compositions Tg (°C)

Pure P(VdCl…) 144.4
70 wt% P(VdCl…):30 wt% MgCl2 143.1
70 wt% P(VdCl…):30 wt% MgCl2:0.1 wt% SN 141.7
70 wt% P(VdCl…):30 wt% MgCl2:0.2 wt% SN 139.8
70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN 135.6
70 wt% P(VdCl…):30 wt% MgCl2:0.4 wt% SN 143.8
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Electrochemical impedance analysis

AC impedance spectroscopy is a significant tool to study the electrical properties 
of the electrolyte or electrode materials. The ionic conductivity of the electrolyte 
is determined using AC impedance spectroscopy. The variation of AC impedance 
(Z) of the electrolyte with frequency (ω) at room temperature can be measured. A 
plot between the real and imaginary part of impedance as a function of frequency 
provides complex impedance plot or Nyquist plot or cole–cole plot. In general, 
the Nyquist plot consists of two distinct regions. Firstly, the semicircle at high-fre-
quency region represents the bulk effect of the polymer electrolyte which is repre-
sented by an equivalent circuit with parallel combination of bulk capacitance and 
bulk resistance (R). Secondly, the inclined spike at low-frequency region is due to 
the effect of blocking double-layer capacitance at electrolyte–electrode interface by 
constant phase element (CPE) [41]. Figure 4a–c shows the Nyquist plot of prepared 
polymer electrolytes without plasticizer. It can be noted that for pure host polymer 
electrolyte, almost a complete semicircle is found. The semicircle gets diminished, 
while the concentration of magnesium salt has been increased, and the clear spike 
is observed at the end of semicircle. The EQ software developed by B.A. Boukamp 
[42, 43] is used to identify the exact value of bulk resistance in the Nyquist plot.The 
ionic conductivity (σ) of the prepared electrolytes can be calculated by

where t is the average thickness of a polymer electrolyte. “A” is the contact area 
between the polymer and the electrodes. Rb is the bulk resistance of the polymer 
electrolyte [44].

The ionic conductivity of polymer electrolytes without plasticizer at room tem-
perature that has been determined by the values of bulk resistance obtained from 
Nyquist plots is provided in Table  2. The ionic conductivity at room temperature 
of pure P(VdCl…) is calculated as 3.07 × 10−8 S  cm−1. The conductivity values 
increases with increase in the concentration of magnesium salt. The highest conduc-
tivity of 1.89 × 10−5 S cm−1 is obtained for the polymer–salt composition, 70 wt% 
P(VdCl…):30 wt% MgCl2. With further increase in salt concentration from 30 to 
40 wt%, the conductivity value decreases. The decrease in conductivity is due to the 
formation of ion clusters and ion pairs [45].

Among all these prepared polymer electrolytes, the electrolyte of the highest 
conductivity has been chosen for the further enhancement of ionic conductivity by 
adding the plasticizer SN in various concentrations from 0.1 to 0.4 wt%. Figure 5 
shows the Nyqusit plot of prepared plasticized polymer electrolytes. Only the spike 
region is observed for the highest conducting plasticized polymer electrolytes. The 
ionic conductivity obtained from Nyquist plot of plasticized polymer electrolytes is 
provided in Table  3. Ionic conductivity of the plasticized electrolyte samples has 
increased by two orders of magnitude than that of the electrolyte sample with-
out plasticizer. The maximum value of ionic conductivity obtained is 1.42 × 10−3 
S cm−1 for 70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN polymer–salt–plasticizer 

�

(

S cm−1
)

=
t

ARb

,
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composition. When the plasticizer concentration is increased to 0.4 wt%, the con-
ductivity decreases. The decrease in conductivity is due to the formation of ion clus-
ters and ion pairs [45].

Conductance spectra analysis

The variation of logarithmic conductivity (log σ) with logarithmic angular fre-
quency (log ω) gives the conduction spectra. The conduction spectra plot has three 
regions: low-frequency dispersion region, plateau region which is independent of 
frequency, and high-frequency dispersion region. The space-charge polarization that 
occurs at the blocking electrodes is responsible for the nature of curve at low-fre-
quency region, and the curve at high-frequency region is due to the bulk relaxation 
phenomenon. The intersection of plateau region with log σ axis provides the infor-
mation about DC conductivity of the electrolytes [46]. Figure 6 shows the conduc-
tion spectra of prepared plasticized polymer electrolytes. From the figure, only the 
low-frequency dispersion region and plateau region are observed in the conduction 
spectra of prepared plasticized polymer electrolytes. By extrapolating the plateau 
region of the curve on log � axis, DC conductivity values of entire polymer elec-
trolytes are obtained. The conductivity values obtained from the plot of conduct-
ance spectra agree with the results obtained from the Nyquist plot. The conductivity 
values obtained from Nyquist plot and conductance spectra are provided in Table 4.

Temperature‑dependent conductivity studies

The variation of AC impedance of plasticized polymer electrolytes has been meas-
ured as a function of temperature ranges from 30 to 100  °C. Figure  7 shows the 
plot between logarithmic values of ionic conductivity (log σ) and reciprocal of cor-
responding temperatures (1000/T). The linear variation of ionic conductivity with 
temperature is observed which shows the Arrhenius behavior. The ionic conductiv-
ity of electrolyte samples is found to be increased with temperature. The expansion 
of polymer occurred during the rise in temperature which produces free volume 
to facilitate enhanced ionic mobility and segmental motion of polymer. [47]. The 
Arrhenius-type thermally activated process is governed by the relation:

where A represents the constant of proportionality related to the amount of charge 
carriers, Ea represents the activation energy, k represents Boltzmann constant, and 
T represents the temperature. The regression values obtained from the linear fitting 
of the plot that are close to unity show the precision of linear fit, and the activation 
energy of all the electrolyte samples has been determined. Low activation energy is 

� = A exp

(

−Ea

kT

)

,

Fig. 4   A Nyquist plot of (a) pure P(VdCl…) and (b) 90 wt% P(VdCl…):10 wt% MgCl2.. B Nyquist plot 
of (c) 80 wt% P(VdCl…):20 wt% MgCl2.. C Nyquist plot of (d) 70 wt% P(VdCl…):30 wt% MgCl2 and 
(e) 60 wt% P(VdCl…):40 wt% MgCl2

▸
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required for the systems to have the constant uniform ionic conductivity which is 
responsible for electrochemical devices operating over a wide range of temperature 
[48]. The regression values and the calculated values of activation energy are pro-
vided in Table 5. It can be seen that the activation energy decreases with increase 

Table 2   Conductivity values 
calculated from Nyquist plot

Compositions Ionic conductivity (σ) 
at room temperature
S cm−1

Pure P(VdCl…) 3.07 × 10−8

90 wt% P(VdCl…):10 wt% MgCl2 1.34 × 10−7

80 wt% P(VdCl…):20 wt% MgCl2 5.50 × 10−7

70 wt% P(VdCl…):30 wt% MgCl2 1.89 × 10−5

60 wt% P(VdCl…):40 wt% MgCl2 7.82 × 10−6

Fig. 5   Nyquist plot of (a) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.1 wt% SN, (b) 70 wt% P(VdCl…): 
30 wt% MgCl2: 0.2 wt% SN, (c) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.3 wt% SN and (d) 70 wt% 
P(VdCl…): 30 wt% MgCl2: 0.4 wt% SN

Table 3   Conductivity values of plasticized polymer electrolytes calculated from Nyquist plot

Compositions Ionic conductivity (σ) 
at room temperature
S cm−1

70 wt% P(VdCl…):30 wt% MgCl2 1.89 × 10−5

70 wt% P(VdCl…):30 wt% MgCl2:0.1 wt% SN 8.02 × 10−5

70 wt% P(VdCl…):30 wt% MgCl2:0.2 wt% SN 1.55 × 10−4

70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN 1.42 × 10−3

70 wt% P(VdCl…):30 wt% MgCl2:0.4 wt% SN 9.19 × 10−4
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in the concentration of plasticizer in polymer electrolytes form 0.1 to 0.3 wt% SN, 
and then activation energy increases for 0.4  wt% SN. The increased amorphous 
nature provides a larger free volume in plasticized polymer electrolytes so that it has 
low activation energy. With the increase in amorphous nature, the polymer chain 
gets quicker internal modes in which bond rotation produces segmental motion to 
favor inter-chain hopping and intra-chain hoping so that the conductivity becomes 
high [49]. The lowest activation energy is observed for the electrolyte sample of 

Fig. 6   Conductance spectra of (a) pure P(VdCl…), (b) 70 wt% P(VdCl…):30 wt% MgCl2, (c) 70 wt% 
P(VdCl…): 30 wt% MgCl2: 0.1 wt% SN, (d) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.2 wt% SN, (e) 70 
wt% P(VdCl…): 30 wt% MgCl2: 0.3 wt% SN, (f) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.4 wt% SN

Table 4   Comparison of conductivity values obtained from Nyquist plot and conductance spectra

Compositions Ionic conductivity (σ) 
calculated from Nyquist 
plot
S cm−1

Ionic conductivity (σ) 
calculated from conductance 
spectra
S cm−1

Pure P(VdCl…) 3.07 × 10−8 3.39 × 10−8

70 wt% P(VdCl…):30 wt% MgCl2 1.89 × 10−5 1.62 × 10−5

70 wt% P(VdCl…):30 wt% MgCl2:0.1 wt% 
SN

8.02 × 10−5 7.59 × 10−5

70 wt% P(VdCl…):30 wt% MgCl2:0.2 wt% 
SN

1.55 × 10−4 1.58 × 10−4

70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% 
SN

1.42 × 10−3 1.02 × 10−3

70 wt% P(VdCl…):30 wt% MgCl2:0.4 wt% 
SN

9.19 × 10−4 8.69 × 10−4
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highest conductivity having the polymer–salt–plasticizer composition as 70 wt% 
P(VdCl…):30 wt% MgCl2:0.3 wt% SN.

Transference number measurements

Wagner’s method

The contribution of charged species either ions or electrons involved during con-
duction in the electrolytes can be identified by transference number measurements. 
Wagner’s DC polarization technique is employed to determine the total ion trans-
port number for polymer electrolyte with stainless-steel electrodes. In this technique, 
the prepared plasticized polymer electrolyte of the highest conductivity has been 

Fig. 7   Arrhenius plot of (a) pure P(VdCl…), (b) 70 wt% P(VdCl…):30 wt% MgCl2, (c) 70 wt% 
P(VdCl…): 30 wt% MgCl2: 0.1 wt% SN, (d) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.2 wt% SN, (e) 70 
wt% P(VdCl…): 30 wt% MgCl2: 0.3 wt% SN, (f) 70 wt% P(VdCl…): 30 wt% MgCl2: 0.4 wt% SN

Table 5   Activation energy and regression value for prepared polymer electrolytes

Compositions Activation energy in eV Regression value

Pure P(VdCl…) 0.78 0.99
70 wt% P(VdCl…):30 wt% MgCl2 0.62 0.98
70 wt% P(VdCl…):30 wt% MgCl2:0.1 wt% SN 0.44 0.99
70 wt% P(VdCl…):30 wt% MgCl2:0.2 wt% SN 0.28 0.97
70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN 0.26 0.98
70 wt% P(VdCl…):30 wt% MgCl2:0.4 wt% SN 0.32 0.97
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polarized with a fixed potential of 1.5 V using SS│SPE│SS cell arrangement, and 
the resulting polarization current flowing through the electrolyte due to the depletion 
of charged species is monitored as a function of time. Figure 8 shows the DC polari-
zation current versus time plot of 70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN-
incorporated polymer electrolytes. It is evident that the plot exhibits high polariza-
tion current at the initial stage and then continue to fall off to reach a constant value 
after a long polarization period. The accumulation of mobile ions in the electrolyte 
surface nearer to the blocking electrodes (SS) occurs slowly, and after a certain time, 
the movement of ions is completely blocked by electrodes and the cell gets polarized 
[50]. The total ionic transference number (tion) of the polymer electrolytes is calcu-
lated by

where Ii and If are the initial and final current, respectively. The tion value is deter-
mined as 0.99 confirms the major role of ions in the total conductivity of the poly-
mer electrolyte.

Evan’s method

The cationic transference number measurement is an important parameter to deter-
mine the performance of a polymer electrolyte with magnesium (Mg) electrodes. A 
combination of AC and DC technique on the Mg│SPE│Mg cell proposed by Evan’s 
et al. [51] is implemented to determine the cationic transference number by measur-
ing the bulk resistance of the Mg│SPE│Mg cell before and after polarization. The 
constant DC potential of 1.5  V is applied across the cell to polarize the polymer 

tion =
Ii − If

Ii

,

Fig. 8   Variation of polarization current in (a) SS│SPE│SS cell and (b) Mg│SPE│Mg cell
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electrolyte sample, accordingly the initial and final currents flowing through the cell 
are recorded at room temperature. AC impedance measurements have been made 
to determine the bulk resistance of the cell using the Nyquist plots before and after 
polarization. Cationic transference number (t+) can be obtained from:

where I0 is the initial current and Is is the final current flowing through the sam-
ple on DC polarization. The variation of current as a function of time is shown in 
Fig. 8. R0 is the bulk resistance before polarization and Rs is the bulk resistance of 
polarized cell obtained from Nyquist plot shown in Fig.  9 [41, 54]. The transfer-
ence number that is calculated as 0.31 for the highest conducting sample 70 wt% 
P(VdCl…):30 wt% MgCl2:0.3 wt% SN shows that the significant contribution of 
Mg2+ ions in the total ionic conductivity of polymer electrolyte. Earlier, the transfer-
ence number measurements by Evan’s method for magnesium-based electrolytes are 
reported as 0.27 for poly(vinyl alchol)–poly(acrylonitrile) blend polymer electrolyte 
with magnesium per chlorate [52] and 0.31 for I-carrgeenan biopolymer electrolyte 
with magnesium nitrate [53].

Linear sweep voltammetry studies

Linear sweep voltammetry (LSV) experiment has been performed in order to study 
the electrochemical stability of the polymer electrolyte. The electrochemical stabil-
ity of electrolyte is an important parameter which determines the operating voltage 
for electrochemical devices such as batteries [54]. The prepared plasticized polymer 

t+ =
Is

(

V − I0R0

)

I0

(

V − IsRs

) ,

Fig. 9   Impedance plot of Mg│SPE│Mg cell (a) before polarization and (b) after polarization
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electrolyte of highest conductivity is inserted between two stainless-steel (SS) elec-
trodes so as to form a SS│SPE│SS cell arrangement and the current flow through 
the electrolyte for various voltages are measured at the scan rate of 1 × 10−3 V s−1. 
From the characteristic curve shown in Fig. 10, it is observed that the initial poten-
tial is swept toward more anodic values until a rapid increase in current is obtained 
through the electrolyte. The high current is due to the decomposition at the inert 
electrode interface. The anodic decomposition voltage limit of the polymer electro-
lyte is defined as the potential at which a rapid rise in current is attained and contin-
ued to increase as the potential is swept and the initial current flow is associated with 
the decomposition of the given electrolyte [55, 56]. It is found that the current flow 
is stable up to 3.3 V which represents the electrochemical stability of electrolyte.

Battery performance test

A primary magnesium ion battery is constructed with magnesium metal plate as 
anode, manganese dioxide (MnO2) doped with graphite as cathode, and prepared 
highest conductivity sample (70 wt% P(VdCl…):30 wt% MgCl2:0.3 wt% SN) as 
electrolyte. The cathode material is prepared as a pallet by grinding MnO2 with 
graphite in the ratio of 3:1 (MnO2: graphite) and pressed with 5-ton pressure. A 
primary battery is fabricated by sandwiching the prepared polymer electrolyte of 
the highest conductivity between anode and cathode materials. The parameters of 
the constructed cell are depicted in Table 6. A stable open-circuit voltage of 2.18 V 
across the anode and cathode is observed for a month, and Fig. 11 shows the voltage 
as a function of time.The anode and cathode reactions are given by:

Fig. 10   Linear sweep voltammetry of highest conducting polymer electrolyte
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In the above equations, existence of occluded moisture/H2O in the polymer elec-
trolyte membrane is the source of hydroxyl ions (OH−). The non-essential water is 
present in the microscopic pores inside the polymer membrane due to the presence 
of physical forces [57].

The discharge characteristics of the battery are observed with the load of 
100 KΩ. Initially, a steady voltage of 1.92 V is observed and the voltage reduced 
gradually to 1.84 V which remains stable for 10 days. Discharge performance of 

Mg + 2(OH−) → Mg(OH)2 + 2e (At the anode)

2MnO2 + H2O + 2e → Mn2O3 + 2(OH−) (At the cathode)

Mg + 2MnO2 + H2O → Mg(OH)2 +Mn2O3 (Overall reaction)

Table 6   Cell parameters Parameter Measured values

Cell area (cm2) 1.23
Effective cell diameter (cm) 1.2
Cell thickness (cm) 0.43
Cell weight (g) 1.34
Open-circuit voltage (V) 2.18
Current through 100 K (mA) 48
Power density (mW) 105
Discharge time through 100 K (h) 800

Fig. 11   Open-circuit voltage of primary battery (Mg│SPE│MnO2 cathode)
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the battery is shown in Fig. 12. The initial decrease in voltage is ascribed to the 
self-discharge of primary magnesium battery [58]. Two constructed primary bat-
teries are connected in series, and the output voltage is observed as 4.26 V. When 
light-emitting diode (LED) is connected across the batteries, the voltage dropped 
to 2.5 V and the current flow through LED is 204 mA. LED showed intense glow 
and the continuous glow is observed for 5 days as shown in Fig. 13.

Fig. 12   Discharge characteristics of primary battery through 100 KΩ (Mg│SPE│MnO2 cathode)

Fig. 13   Series connection of 
constructed batteries makes 
LED glow
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Conclusion

Most of the commercial batteries nowadays use lithium, but this may require low 
cost and safe materials for better environment to use the storage devices in elec-
tronic gadgets. This fundamental research involves in the development of magne-
sium batteries. poly(VdCl-co-AN-co-MMA) triblock copolymer, due to its consider-
able ionic conductivity, is identified as good electrolyte for magnesium ion batteries 
The polymer electrolytes using poly(VdCl-co-AN-co-MMA) with different concen-
trations of magnesium chloride have been prepared by solution-casting technique. 
The polymer electrolyte with the highest conductivity is identified and is found to 
be in the order of 10−5 S cm−1. Addition of plasticizer succinonitrile with highest 
conducting polymer electrolyte sample increases the conductivity up to the order 
of 10−3 S  cm−1. XRD analysis shows the increase in amorphous nature of plasti-
cized polymer due to the addition of magnesium salt and plasticizer. The decrease 
in glass transition temperature with increase in salt and plasticizer concentration is 
observed in DSC results. Higher amorphous nature and lower glass transition tem-
perature imply increase in conductivity of polymer electrolyte. The transference 
number measurement shows the dominant contribution of cation (Mg2+) in the over-
all conduction of the sample. The maximum stable open-circuit voltage of 2.18 V is 
attained with the constructed primary magnesium ion battery. The electrochemical 
stability of the electrolyte is determined as 3.3 V and is suitable choice for electro-
chemical devices.
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