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Abstract Structural, thermal, electrical and electrochemical
behaviour of polymer blend electrolytes comprising polyvinyl
alcohol (PVA) and polyvinyl pyrrolidone (PVP) as host poly-
mers and Mg(ClO4)2 as dopant salt have been investigated.
The changes in the structural properties on the incorporation
of dopant in the blends were investigated by XRD and FTIR
analyses. Thermal properties of pure PVA–PVP blend and
their complexes were examined by DSC to measure how the
thermal transitions of the prepared films were affected by dif-
ferent concentration of Mg(ClO4)2. The ionic conductivity
and dielectric behaviour were explored using A.C. impedance
spectroscopy. The trend of ionic conductivity increases almost
proportionally to the content of magnesium salt and can be
related to an increase of amorphous phase at high level of
dopant salt. The electrochemical stability of the optimum
conducting blend polymer electrolyte is found to be ∼3.5 V.
The Mg2+ transference number for the sample with optimized
conductivity was found to be 0.31.

Keywords Blend polymer .Magnesium ion . Ionic
conductivity . Transient cross-linking knots . Cyclic
voltammetry

Introduction

Research on rechargeable magnesium ion battery has spurred
intense interest among researchers in industry and academia in
the recent past due to the following factors: (i) superior volu-
metric capacity 3833 mAh cm−3 than that for Li metal
(2046 mAh cm−3) and (ii) non-dendritic Mg metal anode.
Despite its advantages, the development of Mg rechargeable
batteries has been limited by several bottlenecks: (i) kinetical-
ly torpid Mg2+ insertion into ion-transfer hosts due to the
strong polarization effect of the small divalent Mg2+ and (ii)
lack of appropriate non-aqueous media that conduct Mg2+

ions [1, 2]. However, passivation-free situation for Mg elec-
trodes exists indeed in Grignard solutions (RMgX in ethers,
R = organic alkyl or aryl group and X = halide like Cl− or Br−).
Yet, the commercialization of those batteries using Grignard
reagents was not successful in view of (i) low anodic stability,
(ii) too narrow voltage window and (iii) low ionic conductiv-
ity. In addition, ionic liquids (ILs) have been investigated for
the preparation of electrolytes for magnesium batteries as they
possess high ionic conductivity and low vapour pressure and
are non-flammable [3, 4]. However, it has been reported that
Mg electrodes are generally reactive towards imidazolium-
based ILs. Thus, an ideal electrolyte system with sufficiently
high ionic conductivity, wider electrochemical stability and
non-flammable is highly desirable for ultimate industrializa-
tion of Mg secondary batteries [5, 6].

Polymer salt complexes are of scientific interest because
they combine ionic conductivity with solid and they are yet
flexible, making them a suitable candidate for its possible
application in different devices such as energy conversion,
electrochromic displays and photo-electrochemical solar cells.
A number of methods are available in literature to modify the
structure of the polymer electrolytes in order to improve their
electrical, electrochemical and mechanical properties. These
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approaches include grafting of polymers, cross-linking two
polymers, blending of two polymers [7], adding plasticizers
to polymer electrolytes [8, 9] and adding inorganic inert filler
to make composite polymer electrolytes [10]. Among these
approaches, polymer blending is a useful technique for the
development of new polymeric materials with extended prop-
erties beyond the range that can be obtained from single poly-
mer equivalents.

Literature provides details about blending polyvinyl alco-
hol (PVA)/polyvinyl pyrrolidone (PVP), PVA/starch and
PVA/PAN polymer electrolytes with lithium and ammonium
salts [11–15]. Data concerning polymer blend with magne-
sium salts are scanty [16, 17]. The present scope of the study
is to prepare solid blend polymer electrolyte film consisting of
PVA, PVP and Mg(ClO4)2 for various concentrations of mag-
nesium salt by keeping PVA/PVP blend ratio as a constant
(50 mol%:50 mol%), in order to optimize the dopant concen-
tration which could give the maximum conductivity at room
temperature. The polymer–polymer interaction, its miscibility
and the hydrogen bonding between the PVA and PVP have
been already reported in literature [18–20]. Since both the
polymers PVA and PVP are soluble in water and miscible in
all proportions, and have polar side groups (hydroxyl and
nitrogen groups, respectively), they assist the film formation
as a result of the attractive interaction between the polymer
chains and cations/anions. PVA is a semi-crystalline polymer
with very high dielectric strength (>1000 kV mm−1), good
charge storage capacity, high tensile strength, abrasion resis-
tance and dopant-dependent electrical and optical properties
[21]. PVP is a bio-compatible polymer possessing a very high
Tg (359 K) due to the presence of the rigid pyrrolidone group.

In the present study, impedance spectroscopy is employed
to understand the ion transport behaviour, micro-Brownian
motion of the polymer chains, ionic conduction and electrode
polarization effects [22–24]. In order to understand the

structural alteration and thermal transition that takes place in
the blend polymer electrolyte system, the samples have been
subjected to X-ray diffraction (XRD), Fourier transform infra-
red spectroscopy (FTIR), differential scanning calorimetry
(DSC), complex impedance spectroscopy, transport number
measurements, linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) measurements.

Experimental procedure

PVA (88% hydrolysed) with an average molecular weight
(1,25,000, Sd Fine), PVP with an average molecular weight
(40,000, Merck) and magnesium perchlorate (Mg(ClO4)2
(Merck) were used as the starting materials. Blend polymer
electrolytes (BPE) of different compositions of PVA/PVP/
Mg(ClO4)2 have been prepared by solution casting technique
using double-distilled water as the solvent. The composition
details are given in Table 1. PVA was initially added to the
solvent at 50 °C and stirred continuously until the complete
dissolution of the polymer in the solvent. Appropriate quantity
of PVP is then added to the solution and stirred continuously
to get a clear solution. After the dissolution of the polymer
PVP in the solvent, required quantity ofMg(ClO4)2 was added
and the resultant solution was stirred continuously until a clear
homogeneous solution is obtained. The solution was then
poured to polypropylene petri dishes and allowed to dry in
air at room temperature for 7 days. Utmost care was taken to
remove the residual traces of the water molecules by drying
the films in air oven at 80 °C for 72 h and then for 80 °C for
48 h in vacuum oven. This procedure yields mechanically
stable, free standing films of thickness between 187 and
190 μm. The obtained films were stored in vacuum desicca-
tors to avoid moisture absorption until further use. Figure 1

Table 1 Sample code, composition, FTIR band assignments, ionic conductivity (σ), activation energy (Ea), total ionic transference number (tion) and
cationic transference number (tMg

2+) for BPEs with different concentrations of Mg(ClO4)2

Sample
code

Composition FTIR band assignments (cm−1) σ S cm−1

(303 K)
Ea R tion tMg

2+

OH
stretching

CH2 asymmetric
stretching

C=O
stretching

C–O
stretching

ClO4
−

stretching

50:50 50 m% PVA-50 m% PVP 3327 2938 1655 1091 – – – – – –

50:50:5 50 m% PVA-50 m% PVP:
5 m% Mg(ClO4)2

3325 2922 1655 1099 622 1.9 × 10−8 0.71 0.95 0.95 0.07

50:50:10 50 m% PVA-50 m% PVP:
10 m% Mg(ClO4)2

3322 2924 1647 1088 622 8.5 × 10−8 0.68 0.96 0.95 0.14

50:50:15 50 m% PVA-50 m% PVP:
15 m% Mg(ClO4)2

3322 2922 1642 1088 622 2.6 × 10−7 0.62 0.98 0.96 0.22

50:50:20 50 m% PVA-50 m% PVP:
20 m% Mg(ClO4)2

3319 2922 1642 1086 622 1.7 × 10−5 0.46 0.99 0.98 0.29

50:50:25 50 m% PVA-50 m% PVP:
25 m% Mg(ClO4)2

3322 2922 1642 1069 622 1.1 × 10−4 0.34 0.99 0.98 0.31
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shows the photograph of BPE of typical composition
50 mol% PVA + 50 mol% PVP + 25 mol% Mg(ClO4)2.

XRD scans were taken using Philips X’Pert PRO diffrac-
tometer at room temperature. The diffraction peaks were re-
corded at Bragg’s angle (2θ) in the range of 10° to 80°. The
blend polymer electrolytes were subjected to FTIR study
using Shimadzu 8000 spectrophotometer in the wave number
ranging 400–4000 cm−1. The melting temperature of the solid
polymer electrolytes was obtained from DSC measurements
using a MAS-5800 model DSC 200 differential scanning cal-
orimeter in N2 atmosphere with a heating rate of 10 °C min−1.
The electrical conductivity of the polymer electrolytes was
evaluated using impedance spectroscopy using a HIOKI
3532 LCR impedance analyser interfaced with a computer in
the frequency range of 42 Hz–5MHz for all the samples in the
temperature range 303 to 343 Kwith stainless steel (SS) as the
blocking electrodes. The Mg2+ ion transport number of the
BPE was evaluated using a combination of A.C. impedance
spectroscopy and D.C. polarization technique proposed by
Evans et al. Cyclic voltammograms (CV) of the symmetrical
cells were recorded using potentiostat/galvanostat (EG&G
PARC Model Versastat) at a scan rate of 5 mV s−1. The elec-
trochemical stability of the BPE was evaluated by means of
linear sweep voltammetry (LSV) using stainless steel (SS) as
the working electrode and magnesium disk as the combined
counter and reference electrode.

Results and discussion

XRD analysis

The X-ray diffractograms of pure Mg(ClO4)2 and undoped
and doped PVA/PVP blend polymer electrolytes containing
different mole ratios of magnesium perchlorate are shown in
Fig. 2. A single broad peak observed around 2θ = 20° is
attributed to the amorphous nature of the polymer electrolytes.
It is observed from the spectra that the intensity of the peak
decreases with increasing dopant concentration. Also, the
shifting and broadening of this peak with increasing dopant

concentration indicate the interaction ofMg2+/ClO4
2−with the

polar side groups of the polymers. This interaction will disrupt
the long range order of the polymer chains which may be
considered as the reason for the increased amorphicity of the
BPEs [25]. Further, there were no extra peaks corresponding
to Mg(ClO4)2 in the BPEs evidencing the complete dissolu-
tion of the salt in the polymer matrix.

FTIR analysis

FTIR spectroscopy is an important tool for the investigation of
the information pertaining to ion–polymer interaction. In the
present study, FTIR spectroscopy is used to establish interac-
tions between the polymer PVA/PVP and Mg(ClO4)2. When
Mg(ClO4)2 is incorporated in the polymer matrix, we expect
prominent changes mainly in the regions namely (i) 3300–
3200 cm−1 (O–H stretching vibration mode of PVA), (ii)
1600–1650 cm−1 (C=O stretching vibration of PVP), (iii)
1100–1000 cm−1 (C–O stretching of PVA) and (iv)
622 cm−1 (ClO4

− stretching), while the other vibrational bands
may not be affected much. FTIR spectra of pure PVA–PVP
and PVA/PVP/x Mg(ClO4)2 (x = 5, 10, 15, 20 and 25 mol%)
BPEs are presented in Fig. 3. The vibrational band appearing
around 3327 cm−1 in the FTIR spectra corresponds to the OH
stretching of pure PVA (Fig. 3 (a)). On addition of Mg(ClO4)2
in the polymer matrix, shifting in the wave number had been
observed (Fig. 3 (a–f)) which indicates that there is complex
formation between the hydroxyl group of PVA and the cations
of the dopant [11]. The band appearing around 1655 cm−1 in
pure PVA–PVPwhich is assigned to C=O stretching of PVP is

Fig. 2 XRD pattern ofMg(ClO4)2, pure PVA–PVP blend and PVA–PVP
BPEs with different concentration of Mg(ClO4)2

Fig. 1 Image of 50 mol% PVA + 50 mol% PVP + 25 mol% Mg(ClO4)2
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shifted to lower wave number side upon incorporation of
Mg(ClO4)2. The decrease in the intensity of the peak and its
shifting towards lower wave number side indicates the forma-
tion of ion dipole C=O……Mg2+ complex [26]. The peaks at
1091–1069 cm−1 are resulted from the C–O stretching of the
residual acetate groups present in PVA (due to the manufac-
ture of PVA from hydrolysis of polyvinyl acetate). With in-
crease in salt concentration, the band appearing at 1091 cm−1

in the pure PVA–PVP blend gets shifted to lower wave num-
bers and a decrease in its intensity is observed. The change in
the band position is a consequence of ion–dipole interactions,
which change the local electronic structure of the chain. The
changes observed for C–O vibrational band indicate the flex-
ibility of the polymer chains. Similar reports were reported in
literature for PVA-based polymer electrolytes [27]. The ap-
pearance of a new peak at 622 cm−1 in the salt-doped polymer
blends is assigned to the symmetrical stretching of perchlorate
anion. This peak is very sensitive to ion association, i.e. the
perchlorate ion is expected to reassociate with cation of the
dopant at higher salt concentration. This leads to the change in
the frequency position of the peak observed around 622 cm−1.
In the present case, peak position remains unchanged with
increasing salt concentration which excludes the possibility
of ion association [28]. The appearance of new peak along
with changes in existing peaks in the FTIR spectra is a direct
indication of the complexation of PVA–PVP withMg(ClO4)2.

DSC analysis

DSC analysis has been employed to observe the changes in
glass transition (Tg) and melting temperature (Tm) that is

caused by the blending of two polymers and addition of the
dopant. All the BPEs show a single Tg between 73 and 88 °C
indicating the compatibility of the polymers (Fig. 4(a)) [29,
30]. The observed Tg value increases with increase in dopant
concentration indicate the stiffening of the polymer chains due
to the interaction of the cation with the electronegative centres
of the polymer backbone. The elevation of Tg could be corre-
lated to the number of free ‘Mg’ ions—more is the number of
free charge carriers, higher is the elevation of Tg. This behav-
iour is presumed that Tg will increase owing to the formation
of transient cross-linking knots formed between the free ions
(Mg2+/ClO4

2−) and hydroxyl group/pyrrolidone group of
PVA/PVP, respectively [31, 32]. Here, in this situation, the
cations/anions will have more than one coordination site to
interact and serve as cross-linking agent for the polymer.
The most favourable inter-chain interactions in a PVA–PVP
system in the presence and absence of the dopant are shown in
Scheme 1.

By further analysing the thermograms (Fig. 4(b)), the pure
PVA–PVP blend shows a single broad endothermic peak
around 143 °C. The presence of single melting peak indicates
the miscibility of both the polymers. Upon addition of dopant
to the polymer blend during the preparation stage resulted in
the formation of polymer–salt complexes and a change in the
crystallization nature of the sample. The shift in Tm towards
higher temperatures for all the blend polymer electrolytes in-
dicates the improved thermal stability of the BPEs. Closer
inspection of the thermogram for 15 m% of the salt-doped
BPE shows a sharp endothermic peak at 195 °C and a small
endothermic peak at 157 °C. The peak at 157 °C becomes
more prominent when the dopant concentration is increased
to 20 and 25 m% Mg(ClO4)2. The above results suggest the
formation of polymer–salt complexes. Further, the splitting of
the melting endotherm at higher dopant concentration may be
attributed to any of the following reasons (i) presence of pure
PVA–PVP phase, (ii) PVA–PVP–Mg(ClO4)2 complex phase
and (iii) multiple states of the salts, i.e. salt aggregates, par-
tially solvated and completely complexed dopant within the
polymer [33, 34].

A.C. impedance analysis

The complex impedance plot (Z′ vs Z″) (Fig. 5) for the BPEs
at 303 K shows two well-defined regions, i.e. (i) the semicir-
cular portion at high-frequency region arises from a parallel
combination of the bulk resistance of the cell and (ii) the linear
region with slight curvature in the low-frequency side is due to
the effect of blocking electrodes [35]. In the impedance set-up,
the two stainless steel plates act as blocking electrodes, and the
electrolyte interface can be regarded as the capacitor [36]. If
the capacitor is ideal, it should give rise to a vertical spike
parallel to the y-axis in the impedance plot. The observed
spikes in the plot are non-vertical in nature and they are

Fig. 3 FTIR spectra of pure PVA–PVP blend and PVA–PVP BPE with
different concentrations of Mg(ClO4)2
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inclined at an angle less than 90°, indicating the non-ideal
mode of capacitance behaviour in the polymer electrolytes
and thus lead to the configuration of electrical double layer
at electrolyte and electrode interface [37]. The observed semi-
circles are found to be depressed below the real axis and the
angle by which the semicircle is depressed below the real axis
and the amount of inclination in the spike is related to the
width of the relaxation time distribution. These results suggest
the presence of constant phase element at the electrode–elec-
trolyte interface and the non-Debye nature of the samples [38,
39]. The bulk resistance (Rb) of the polymer electrolytes is

calculated from the intercept of the high-frequency semicircle
or low-frequency spike on the real impedance (Z′) axis. By
knowing the value of bulk resistance along with the dimen-
sions of the sample, the conductivity has been calculated for
all compositions using the relation,

σ ¼ L=RbA ð1Þ
where L and A are the thickness and the area of the samples,
respectively. It is apparent from Fig. 5 that the diameter of
the semicircle gradually decreases with the addition of the
dopant. The semicircular portion is characteristic of parallel
combination of bulk resistance and bulk capacitance. The
decrease in the diameter of the semicircular portion at
higher frequency is due to the random dipole orientation
of the polar side groups present in the polymer network
owing to the non-capacitive nature. Therefore, only the re-
sistive components in the polymer electrolytes prevail
which constructs a conducting pathway for the ions to move
in the polymer matrix. The value of conductivity calculated
using Eq. (1) for all compositions at room temperature is
listed in Table 1. The highest ionic conductivity at room
temperature has been obtained as 1.1 × 10−4 S cm−1 for
the BPE with 25 mol% Mg(ClO4)2.

Conductivity is related to the number of charge carriers (n)
and their mobility (μ) according to the following equation:

σ ¼ n � q � μ ð2Þ
where q is the charge on each charge carrier. The effect of
adding Mg(ClO4)2 shows a pronounced effect on the conduc-
tivity of the PVA–PVP blend polymer electrolyte. This ob-
served increase in ionic conductivity with increasing dopant
concentration can be explained on the basis of breathing chain
model. According to the model, the opening and folding of the
polymeric chains are associated with a free volume change
[40]. This microscopic fluctuationmay lead to the dissociation

Fig. 5 Cole–Cole plot for the BPEs with different concentrations of
Mg(ClO4)2 at RT

Fig. 4 DSC thermogram a glass transition temperature (Tg) and b
melting temperature (Tm) of pure PVA–PVP (a), 50:50:15 (b), 50:50:20
(c) and 50:50:25 (d)
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of the dopant resulting in the increase in the number of mobile
charge carriers and mobility.

Figure 6 shows temperature dependence of ionic conductiv-
ity of BPEs in the temperature range 303 to 343 K. The highest
conducting sample, 50:50:25, has an ionic conductivity of
1.1 × 10−4 S cm−1 at room temperature and 1.2 × 10−3 S cm−1

at 343 K. This opens a new window for the use of magnesium-
based batteries in practical applications over a wide range of
temperatures. The ionic conductivity exhibits linear dependence
with temperature (within the temperature range studied), which
indicates Arrhenius-type thermally activated process for the ion
conduction in the BPEs. The polymer complexes do not show
any abrupt jump with temperature which indicates the increase
in amorphicity of the BPEs [41]. As the amorphous region in-
creases, the polymer chain acquires faster internal modes in
which bond rotations produce segmental motion which in turn
favours inter- and intra-chain ion hopping, and thus, the degree
of conductivity becomes high [42]. The activation energy (Ea)
for the BPEs has been obtained by the linear fitting of the
Arrhenius equation,

σ ¼ σo=Tð Þexp −Ea=KTð Þ ð3Þ
where σo is the pre-exponential factor and K is the Boltzmann
constant. As expected, the highest conducting sample possesses
the lowest activation energy. Activation energy is often found to
be higher in magnesium-based polymer electrolytes, as com-
pared to their lithium counterpart [43]. This can be thought to

be due to either the greater interaction between the metal ions
and the solvent molecules and/or the formation of multiple ions,
which restricts their movement [44]. The activation energy (Ea)
and the regression values (R) of the BPEs have been tabulated in
Table 1.

Dielectric analysis

The frequency dependence of dielectric constant as a function
of frequency for blend polymer electrolytes is shown in Fig. 7.
At low frequencies, the dielectric constant is maximum and it
becomes almost frequency independent at higher frequencies.
At low frequencies, the charge carriers have enough time to
build up at the electrode–electrolyte interface leading to the
localization of charge carriers. Thus, the electrode polarization
effects contribute to the high value of dielectric constant at low
frequency. As the frequency increases, the charge carriers that
were oscillating along the direction of the field will now lag
behind, resulting in low value of dielectric constant [45]. As
the dielectric constant is the direct measure of the charges
stored in a material, the high dielectric constant obtained for
20 and 25 mol% of Mg(ClO4)2 BPE is an evidence of the
increase in the density of ions and hence increased conductiv-
ity [46].

The amount of energy dissipated is reflected by the pres-
ence of loss peak in the dielectric loss spectra. The dielectric
loss spectra for the BPE with 25 mol% Mg(ClO4)2 at various

Fig. 6 Log σ vs 1000/T plot for polymer electrolytes with different
concentrations of Mg(ClO4)2

Scheme 1 a Inter-chain
interaction of PVA–PVP in the
absence of dopant. b Inter-chain
interaction of PVA–PVP in the
presence of dopant

Fig. 7 Plot of log ε′ vs. log f for BPEs with different concentrations of
Mg(ClO4)2 at RT
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temperatures is shown in Fig. 8. From the plot, the peak ob-
served at high frequencies is due to β-relaxation and this re-
laxation processes may be caused by movement of the side
chains. The presence of β-peak in the dielectric loss spectra is
a proof for the diffusion of ions accompanied by the polymer
segmental mobility [47]. The frequency at which the peak
maxima occurs shifts towards higher frequency region with
increase in temperature, evidences the coordination/de-
coordination of Mg2+ ions with the polymer backbone. Here,
the segmental motion facilitates charge migration between
PVA/PVP chains. Similar reports are available in literature
for PEG–δ-MgCl2-based polymer electrolytes [48].

Dopant concentration-dependent modulus analysis

The electric modulus spectrum is a useful tool to investigate
the conductivity and its associated relaxation in polymer elec-
trolytes. The plot between log ω and M′ (Fig. 9) confirms
almost zero M′ values at low frequencies corresponding to
the suppression of electrode polarization effects [49]. As the
frequency increases, theM′ value also increases and reaches to
maximum value at higher frequencies for all dopant concen-
tration that suggest the distribution of relaxation process over
a range of frequencies. A long tail in the low-frequency side is
observed in the plot for 20 and 25m%Mg(ClO4)2-doped BPE
that indicates the large capacitance value associated with the
electrode polarization effects [50, 51]. Also, the reduction in
the M′ value with increasing Mg(ClO4)2 concentration repre-
sents the increased carrier density and the polymer segmental
mobility.

Well-defined peaks are observed in the log ω vsM″ spectra
as shown in Fig. 10. The peaks are broader and asymmetric on
both the sides of the maxima than predicted by ideal Debye
behaviour. The frequency range where the peak occurs is an
indicative of transition from long range to short range

mobility. The peak in the low-frequency region represents
the movement of ions over long distances, whereas the high-
frequency peak represents the short range movement of the
ions [52]. From the plot, it is apparent that the peak position
shifts to higher frequency and there is a decrease in the height
of the peak as the dopant concentration increases suggesting
the fast relaxation of the ions. The asymmetricM″ plot repre-
sents the distribution of relaxation time and non-Debye nature
of the blend polymer electrolytes. To confirm the non-Debye
nature of the relaxation in the BPEs, an Argand plot has been
drawn for all the compositions and it is shown in Fig. 11. A
complete semicircle in the Argand plot represents the Debye-
type relaxation in the polymer electrolytes. In the present case,
the Argand plots are markedly non-semicircular in nature in-
dicating the relaxation is of non-Debye type having multiple
relaxation times [53]. The reason for the distribution of relax-
ation times may be due to the presence of polar groups, space
charge polarization and in-homogeneities in the polymer

Fig. 9 Variation of real part of modulus (M′) with frequency for BPEs
with different concentrations of Mg(ClO4)2 at RT

Fig. 10 Variation of imaginary part of modulus (M″) with frequency for
BPEs with different concentrations of Mg(ClO4)2 at RT

Fig. 8 Plot of log ε″ vs. log f for BPE with 25 m%Mg(ClO4)2 at various
temperatures
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electrolytes. It is seen from Fig. 11 that, with increasing dop-
ant concentration, the Argand curves shift towards the origin
which may be ascribed to the increase of conductivity with
increase in dopant concentration.

Transference number measurements

The total transport number gives a quantitative evaluation of
the extent of ionic and electronic contributions to the total
conductivity. To determine the nature of species responsible
for the conductivity in the present electrolyte system, the total
ionic transference number was found by applying a small D.C.
potential of 0.7 V across SS/BPE/SS cell configuration at
room temperature. The inset in Fig. 12 (b (i)) shows the cur-
rent vs time plot for the blend polymer electrolyte with 25 m%
Mg(ClO4)2. The value of tion was determined by using the
following equation,

tion ¼ 1– ie=iTð Þ ð4Þ
where iT is the total current and ie is the residual current. The
total ionic transference number was found to be >0.95 for all
the BPEs which indicates the charge carries are ions. In the
present system, both cations (Mg2+) and anions (ClO4

2−) be-
ing the mobile charge carriers, it is essential to find the trans-
ference number of the Mg2+ ions to the total conductivity. The
Mg2+ transport number for the BPEs was evaluated using
A.C./D.C. techniques, proposed by Evans et al. [54]. In this
technique, the symmetrical cell Mg/BPE/Mgwas polarized by
a small D.C. voltage of 0.5 V and the initial and the final
current values were obtained from the current-time plot as
shown as an inset in Fig. 12 (b (ii)). The cell resistances before
and after polarization (after the cell reaches steady-state) were
obtained from impedance measurements. It is evident from the
impedance plot (Fig. 12 (a)) that the bulk resistance (Rb) of the
cell does not change before and after polarization suggesting

that the composition of the BPE did not change even after
polarization. But the diameter of the semicircle at the low-
frequency region, which is due to the total impedance (Rb +
Ri (Ri is the resistance of the passivating layer)) of the cell, has
increased signifying the formation of passivating layer.
Osman et al., Kumar et al. and Pandey et al. have obtained
similar results for PMMA- and PEO-based polymer electro-
lytes respectively [55–57]. The values ofMg2+ transport num-
ber were calculated using the formula,

tþ ¼ I s ΔV−RoIoð Þ = Io 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 value of tMg

2+ found using Eq. (5) is given in
Table 1.

Linear sweep voltammetry and cyclic voltammogram
studies

The electrochemical stability is an important characteristic of
a polymer electrolyte for its technological application, and it
has been examined by linear sweep voltammetry. The LSV
was performed for the optimum conducting BPE (50 PVA/50
PVP/25 Mg(ClO4)2) and is shown in Fig. 13. The LSV was
recorded on SS/BPE/Mg at a scan rate of 5 mV s−1. The
sudden rise in the current observed from the plot is due to
the decomposition of the electrolyte at the blocking electrode.
It is found that the BPE is stable up to 3.5 V [58]. The elec-
trochemical stability found seems to be convenient for its ap-
plication in magnesium ion batteries.

The investigation of electrochemical reversibility of Mg/
Mg2+ from a blend polymer electrolyte is essential for its
potential application in magnesium batteries. The CV

Fig. 12 A.C. complex impedance plot before and after polarization of a
typical symmetric Mg/50PVA:50PVP:25 Mg(ClO4)2/Mg cell (a). Inset
showing the D.C. polarizaton curve of SS/50PVA:50PVP:25
Mg(ClO4)2/SS cell (i) and Mg/50PVA:50PVP:25 Mg(ClO4)2/Mg cell at
room temperature (ii) (b)

Fig. 11 Argand plot for BPEs with different concentrations of
Mg(ClO4)2 at RT
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measurements have been carried out on the following two
symmetrical cells using BPE with 25 mol% Mg(ClO4)2.

Cell 1: SS/50 PVA/50 PVP/25 mol% Mg(ClO4)2/SS
Cell 2: Mg/50 PVA/50 PVP/25 mol% Mg(ClO4)2/Mg

Figure 14 shows the comparative CV plots of cell 1 and cell
2 taken at a scanning rate of 5 mV s−1. The voltammogram
shows two distinct cathodic and anodic current peaks for cell
2, whereas no such features are observed for cell 1 in the same
potential range. This suggests that the cathodic deposition and
anodic oxidation of Mg are facile at the Mg electrode and the
BPE interface due to the following reversible reaction.

Mg2þ þ 2e− ↔ Mg0 ð6Þ

The peak potential separation is several volts apart, which is
the effect of two electrode geometry with no reference

electrode. However, on the anodic side, the current profile
should be the superposition of the currents arising from (a)
the Mg oxidation and (b) the decomposition of the electrolytes.
But, at potential higher than the stripping peak maximum, the
current does not reach zero value, indicating that decomposition
of the electrolyte started at a lower voltage. Such studies are
reported in similar systems in the literature [56, 58–60].

Conclusion

Solid electrolytes based on PVA–PVP blend with and
Mg(ClO4)2 have been prepared by solution casting method.
The XRD results reveal that the increased amorphous content
in the polymer electrolytes leads to conductivity value
reaching 10−4 S cm−1 in the absence of humidity. The conduc-
tivity enhancement in the present system is the direct conse-
quence of the inter-/intra-molecular interactions between the
PVA and PVP, which creates conduction pathway for the free
charge carriers to move. The thermal studies reveal that a
single glass transition for all the dopant concentration indi-
cates the miscibility of the polymers. Also, the magnesium
ions play the role of transient cross-link centres, enhancing
the miscibility and the thermal stability of the polymer elec-
trolytes. The measured dielectric data in terms of dielectric
spectra and electric modulus confirms the electrode polariza-
tion, polymer segmental motion, conductivity relaxation and
the distribution of the relaxation times in the BPEs. The trans-
port number study confirms the Mg2+ ion conduction in the
BPEs. The electrochemical stability window, estimated from
LSV, is found to be ∼3.5 V, which is sufficient for electro-
chemical applications. The cyclic voltammetry suggests the
existence of electrochemical equilibrium between theMgmet-
al and Mg2+ ions in the blend polymer electrolyte.
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