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Abstract Magnesium ion conducting solid polymer
blend electrolyte based on biodegradable polymers poly-
vinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP)
mixed with different molecular weight percentages
(wt.%) of magnesium nitrate (Mg(NOs),) was prepared
by using solution casting technique. X-ray diffraction
studies lead the reduction of crystalline nature by the
addition of magnesium nitrate to the polymeric matrix.
The complex formation between polymer and salt con-
firmed by Fourier transform infrared spectroscopy stud-
ies. Differential scanning calorimetry shows that the
glass transition temperature decreases with increase in
magnesium salt concentration and the thermal stability
of PVA-—PVP-Mg(NO3), complexes. The maximum ion-
ic conductivity 0~3.78x107> S cm ' was obtained for
50PVA-50PVP-30 wt.% of Mg(NOs), polymer blend
electrolyte at room temperature (303 K). The conductiv-
ity—temperature plot is found to follow the Arrhenius
behavior, which showed the decrease in activation ener-
gy with the increasing salt concentration. The transfer-
ence number data indicated the dominance of ion-type
charge transport in these polymer blend electrolytes.
The solid-state electrochemical cells were fabricated,
and their discharge profiles were studied for this poly-
mer blend electrolyte system under a constant load of
100 k2.
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Introduction

Ionic polymer complexes are scientifically interesting
owing to their possible wide range of applications in
solid-state electrochemical devices such as energy con-
version units (batteries per fuel cells), electrochemical
display devices/smart windows, photoelectrochemical
cells, etc. [1-4]. The polymer battery has the advantage
of having high-energy density, a solvent-free
condition,easy processability, and being leak-proof and
light weight. The investigations of solid polymer elec-
trolytes have focused on the enhancement of electrical
and mechanical properties for their commercial applica-
tions in the field of solid-state electrochemical devices.
Various methods have been adopted to reduce crystal-
linity of polymer electrolytes and to increase segmental
mobility of host polymer such as blending, copolymer-
ization, cross-linking, and plasticization of matrix poly-
mer [5]. Among the above, blending of polymers is a
useful tool to develop new polymeric materials with
improved mechanical stability and electrical conductivi-
ty. The most common interactions present in blends are
hydrogen bonding and ionic and dipole interactions.
Main advantages of the blend system are simplicity of
preparation and ease of control of physical properties by
compositional change [6]. However, the film properties
depend upon the miscibility of the blend [7].

Among the polymer electrolytes, those based on
polyvinyl alcohol (PVA) have attracted many researchers
due to their good electrical and mechanical properties.
Most of the commercial PVA samples have been pre-
pared by hydrolyzing the poly(vinyl acetate). Due to the
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presence of hydroxyl groups, the interchain hydrogen
bond of PVA has been developed. This causes the high
melting point and good mechanical stability of PVA.
Yang and Pavani reported the PVA-based polymer elec-
trolytes for electrochemical cell applications [8, 9].

Polyvinyl pyrrolidone (PVP) was selected as the sec-
ond polymer for preparing polymer blend with PVA,
because of its unique properties. First, PVP is an amor-
phous polymer that possesses high glass transition tem-
perature (7,) because of the presence of the rigid pyr-
rolidone group, which can permit faster ionic mobility
compared with other semi-crystalline polymers. Second,
it forms a variety of complexes with various inorganic
salts due to the presence of carbonyl group (C=O0O) in
the side chains of PVP [10, 11]. Another advantage of
using PVP is that it can be thermally cross linked [12],
resulting in outstanding thermal stability and mechanical
strength of the blend material.

The presence of hydroxyl and carbonyl groups in the
structure of PVA and PVP acts as the electron pair
donors that enable complexation with metal ions. More-
over PVA and PVP have good film forming properties,
and are cheap, non-toxic, and bio-degradable. The
polyblend (PVA-PVP) is a potential material having a
very high dielectric strength, good charge storage ca-
pacity, and dopant-dependent electrical and optical prop-
erties. A literature survey reveals that some work has
been reported on conductivity studies of (PVA-PVP)
polymer blend [13-15].

A lot of exploratory research has been made on
monovalent salt systems like Li salts [16—18]; very little
attention has been given to the polymer electrolytes
based on PVA-PVP blend in which multivalent cations
are the mobile species. Magnesium metal possesses a
number of characteristics that make it attractive as a
negative electrode material for rechargeable batteries,
including its low cost, relative abundance, high safety,
ease of handling, and low toxicity which allows for
urban waste disposal [19]. In view of negligible hazards
and enhanced safety, studies of rechargeable magnesium
batteries are expected to have a wide scope in the future
[20, 21]. There have been some studies on the solid
polymer electrolytes based on magnesium salts [22-25].
The conductivity obtained for magnesium salt systems is
comparable with the lithium salt systems [26].

In the present work, the Mg”>* ion conducting poly-
mer blend electrolytes based on PVA and PVP com-
plexed with Mg(NOs), have been prepared by solution
cast technique. The polymer blend electrolytes have
been characterized by X-ray diffraction (XRD), Fourier
transform infrared (FTIR), differential calorimetry scan-
ning (DSC), alternating current (AC) impedance spec-
troscopic analysis, and battery discharge studies.
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Experimental
Polymer electrolyte preparation

PVA from CDH, India, which has molecular weight of
1,25,000, and PVP from CDH, India, with molecular weight
0f 40,000, were used as received. Equal quantity of PVA and
PVP (50/50) by weight was added to doubly distilled water
with stirring the solution at room temperature (303 K) to
complete dissolution. Required quantity (0, 10, 20, 30, and
40 wt.%) of Mg(NO3), was also dissolved in doubly distilled
water and added to the polymeric solution with continuous
stirring. The solution was poured onto cleaned Petri dishes
and dried in oven at 40 °C for 5 days to ensure removal of the
solvent traces. After drying, the films were peeled from Petri
dishes and kept in vacuum desiccators until use. The interac-
tions between the polymers and salt have been shown in
Scheme 1.

Characterization

In order to investigate the nature of these polymer electrolyte
films, WAXD patterns were recorded in the diffraction angular
range 10-60° 20 by a Philips X’Pert PRO (Almelo, The
Netherlands) diffractometer, working in the reflection geom-
etry and equipped with a graphite monochromator on the
diffracted beam (CuK« radiation). Infrared spectra profiles
were obtained using a SHIMADZU-8000 FTIR spectropho-
tometer in the range 400-4,000 cm ' in the transmittance
mode at room temperature. The thermal response was studied
by differential scanning calorimetry (TA Instruments mod.
2920 calorimeter) in the static nitrogen atmosphere at a
heating rate of 5 °C/min in the temperature range 5 to
120 °C. Impedance measurements were carried out using
HIOKI 3532-50 LCR Hitester over a frequency range
100 Hz to 1 MHz.

The transference number measurements were made using
Wagner’s DC polarization technique. Using the polymer elec-
trolyte films, solid-state electrochemical cells have been fab-
ricated with the configuration Mg/(PVA-PVP-Mg(NOs),)/
(I,+C+electrolyte) under a constant load of 100 k€.

Results and discussion
XRD studies

In order to investigate the influence of the concentration of
Mg(NO3); salt on crystallinity of polymer blend electrolytes,
XRD studies were performed for pure PVA, S0PVA-50PVP,
and 50PVA-50PVP—xwt.% of Mg(NOs), (x=0, 10, 20, 30,
and 40) complexes which is shown in Fig. 1. A comparison of
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the spectra of PVA-PVP-Mg(NO;), films with those of pure
PVA, PVA-PVP, and Mg(NOs;), salts reveals the following:
The XRD pattern of pure PVA polymer film shows a broad
peak around 19.7°. The PVA peak decreased in intensity with
the addition of PVP. There is a decrease in the relative inten-
sity of the apparent peaks with increasing magnesium salt
concentration. 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
[27]. They reported that the intensity of XRD pattern de-
creases as the amorphous nature increases with the addition
of dopant. For the filled samples, it is clearly observed that the
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Fig. 1 X-ray diffraction patters of pure PVA, S0PVA-50PVP and
S0PVA-50PVP-xwt.% of Mg(NOs), (x=10, 20, 30, and 40)

incorporation of Mg(NO3), into the polymeric matrix for the
polymer blend causes increase in the amorphous region of the
samples, which is responsible for greater ionic diffusivity
resulting in high ionic conductivity. This behavior demon-
strates that complexation between the filler and the polymers
which takes place in the amorphous region. All the diffraction
peaks for Mg(NOs3), are absent in the complexes. This indi-
cates complete dissolution of the salt in the polymer matrix
and hence complexation.

FTIR analysis

Infrared spectroscopy has been used to identify interactions
between polymer blend and magnesium salt. FTIR spectros-
copy is very sensitive to the formation of hydrogen bonds
[28]. Figure 2a—e shows FTIR transmission spectra of pure
PVA, pure PVP, pure Mg(NOs),, PVA-PVP (50-50) blend,
and 30 wt.% of Mg(NOs3), doped S0PVA-50PVP blend re-
corded at room temperature in the region 400-4,000 cm .
FTIR absorption band positions and the assignments of all
prepared samples are listed in Table 1.

The characteristic predominant O-H stretching vibration
band of pure PVA at 3,436 cm ™' has been displaced towards
lower wave number in the blend polymer electrolyte system.
The peaks at 2,925 and 853 cm ™' assigned to C—H asymmetric
stretching and C—H rocking of pure PVA, respectively, is
shifted in the blend polymer complex system. The band at
about 1,098 cm ! corresponds to C—O stretching of acetyl
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Fig. 2 FTIR spectra of a pure (a)
PVA, b pure PVP, ¢ pure
Mg(NOs),, d PVA-PVP (50-50),
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groups present on the PVA backbone. This peak is shifted in
the blend polymer complex system.

Figure 2b for pure PVP shows a small absorption band at
about 1,496 cm ! that is assigned to the characteristic vibra-
tion of C=N (pyridine ring) [29]. The absorption band at
about 935 cm ' due to the out-of-plane rings C—H bending
[30]. These peaks shifted to lower wave numbers in polymer
blend systems. The vibrational band at about 1,655 cm '
corresponds to C=C stretching of PVP [29]. This peak shifted
to higher wave number in the polymer blend systems. The
peak around 2,397 cm ' of Mg(NO,), is present in the
30 wt.% of Mg(NOs), doped polymer blend system. The
above changes in the characteristic vibrational frequencies of
pure PVA, pure PVP, and Mg(NO3), in the blended polymer
electrolyte system reveal the interaction between the polymers
and magnesium ions.

Table 1 FT-IR absorption bands positions and their assignments

Vibrational frequency (cm ') Band assignment

3,436 O-H stretching

2,925 C—H asymmetric stretching
1,655 C=C stretching

1,496 C=N (pyridine ring)

1,098 C-O stretching

935 Out of plane ring C-H bending
853 C-H rocking
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Wavenumber (1/cm)

DSC analysis

Thermal techniques are the convenient tool to determine the
physical and chemical changes such as phase transitions, glass
transition temperatures (7,), and melting parameters (melting
point 7, thermal decomposition temperature 7y, enthalpy of
fusion Hy). A temperature range of 5-120 °C at a heating rate
of 5 °C/min was utilized under nitrogen atmosphere. The
thermal properties of pure PVA—PVP blend and their com-
plexes were examined by DSC to estimate how the glass
transition temperature of the prepared films were affected by
the different concentrations of Mg(NOs), as shown in Fig. 3.

The values of glass transition temperature are mentioned in
Table 2.The value of T, observed for pure PVA is 85 °C [23].
After blending of PVA with PVP, the value of 7, decreases.
Pure PVA-PVP curve shows a broad endothermic transition
(at about 72.25 °C) attributed to 7, relaxation process
resulting from micro-Brownian motion of the main chain
backbone. The presence of a single glass transition indicates
miscibility in the system [31]. The broad transition may be
assigned to the o-relaxation associated with the crystalline
regions. The position of 7, for PVA-PVP blends filled with
different filling levels of Mg(NOs), was slightly shifted to-
ward temperatures lower than this of the pure PVA-PVP
blend. The significant 7, decreases with increasing dopant
concentration may be the reduced dipole interactions in its
homo polymers. The peak around 82° at high salt concentra-
tion (40 wt.% of Mg(NOj3),) represents the melting point of
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Fig. 3 DSC curves of 5S0PVA-50PVP—-xwt.% of Mg(NOs), a 0 wt.%, b
10 wt.%, ¢ 30 wt.% and d 40 wt.%

the Mg(NOs), salt. By analyzing the thermograms, it is ob-
served that there is decrease in glass transition temperature
with increase in Mg salt concentration, which means increase
the amorphous nature and conductivity value with increasing
Mg salt, which was confirmed by XRD and conductivity
studies.

Impedance analysis

Impedance spectroscopy is employed to establish the conduc-
tion mechanism, observing the participation of the polymeric
chain, mobility, and carrier generation processes. The conduc-
tivities of the polymer complexes were calculated from the
bulk resistance obtained by the intercepts of the typical im-
pedance curves for various temperatures. The impedance
curves of (PVA-PVP-Mg(NO;),) (50-50-30) system at dif-
ferent temperatures are shown in Fig. 4.

The complex impedance plots show two well-defined re-
gions: the semicircle observed in the high frequency region,
which is due to the bulk effect of the electrolytes, and the
linear region, which, in the low frequency range, is attributed
to the effect of the blocking electrodes. The disappearance of
the semicircular portion in the impedance curve at high fre-
quencies leads to a conclusion that the current carriers are
ions, and this leads one to further conclude that the total
conductivity is mainly the result of ionic conduction [32].
The ionic conductivities were calculated using the relation
o0=L/RpA, where L is the thickness, R, is bulk resistance,
and 4 is the known area of the electrolyte film.

Table 2 T, values of

PVA-PVP-Mg(NOs), S. no. Sample Ty in (°C)
polymer electrolyte films

1 Pure PVA-PVP 72.25

2 50-50-10 wt% 69.51

3 50-50-30 wt% 66.79

4 50-50-40 wt% 69.12
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Fig. 4 Complex impedance plots for the (PVA-PVP-Mg(NOs),) (50—
50-30) polymer blend electrolyte at different temperatures

Conductivity analysis

The value of ionic conductivity for pure PVA is 5.9x10°° S/
cm. After blending of PVA with PVP, this value of ionic
conductivity increases to 2.96x 10~® S/cm. The effect of mag-
nesium salt concentrations in the polymer blend matrix on the
logarithmic scale conductivity is shown in Fig. 5. It can be
seen from the figure that the ionic conductivity increases with
the increase in magnesium salt concentration up to 30 wt.% of
Mg(NO3),. The polymer electrolyte obtained from 30 wt.% of
Mg(NO;), with PVA-PVP polymer blend has high ionic
conductivity of 3.44x107> S/cm. This value is higher than
the PVA blend with PVP and optimum conductivity of PVA—
Mg(NOs), (0=7.36x10"" S/cm) [23]. The conductivity in-
creases initially with increasing salt concentration as the num-
ber of charge carriers increases. Beyond this concentration,
the ionic conductivity decreases. This is due to the formation
of ion pairs and ion triplet, which causes constraint in the
polymer segmental motion and also retards the ionic mobility
due to the increase in crystallinity nature of polymer electro-
lyte [33].

Figure 6 shows the variation of conductivity as a function
of temperature for pure (PVA-PVP) and for different
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Fig. 5 Effect of the concentration of magnesium nitrate on the conduc-
tivity of S0PVA-50PVP blend at room temperature (303 K)
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Fig. 6 Temperature-dependent conductivity of SOPVA-S0PVP-xwt.%
of Mg(NO3), (x=0, 10, 20, 30, and 40) polymer blend electrolytes

compositions of (PVA-—PVP-Mg(NOs),) polyblend in the
temperature range 303—-373 K. The conductivity was found
to increase with increasing temperature in both pure and
Mg(NO;), complexed polyblend electrolyte system. The con-
ductivity—temperature plots followed an Arrhenius behavior
throughout the temperature range. The variation of conduc-
tivity (o) with temperature (7) can be fitted to the relation

(Eq. 1) [34].

o= ooexp(—Ea/kT) (1)

where o, is a constant, k£, the Boltzmann constant, and
E,, the activation energy. The activation energy values
were 0.87, 0.68, 0.63, 0.475, and 0.567 eV for pure and
10 %, 20 %, 30 %, and 40 % Mg(NO;3), complexed
PVA-PVP films, respectively. The activation energy
value of Mg(NO;), complexed films decreases com-
pared with pure PVA-PVP. The low activation energy
value is obtained for PVA-PVP-30 wt.% of Mg(NO3),
composition. As increase in temperature leads to an
increase in conductivity, this is only expected because,
as the temperature increases, the polymer expands to
produce free volume, which leads to enhanced ionic
mobility and polymer segmental mobility. The conduc-
tivity variation of polymer electrolytes obeys the Arrhe-
nius behavior which describes the transport properties in
a viscous polymer matrix [35].

The variation of the ac conductivity with frequency
for different Mg(NOs), concentrations with PVA-PVP
blend at 303 K and for (PVA-PVP-Mg(NO3),) (50-50—
30) system at different temperatures are shown in
Fig 7a and b, respectively. From the plot in Fig. 7a, it
is observed that the conductivity increases from 2.94x
10°® to 3.41x107° S/cm with increase of Mg(NO3),
concentration up to 30 wt.% and after which the con-
ductivity decreases. The frequency-dependent AC con-
ductivity of the polymer electrolyte is described by
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Fig. 7 a Conductance spectra of 50PVA-50PVP-xwt.% of Mg(NOs),
(x=0, 10, 20, 30, and 40) polymer blend electrolytes with different salt
concentrations at 303 K. b Conductance spectra of 5S0PVA-50PVP—
30 wt.% of Mg(NOs), polymer blend electrolyte at different temperatures

Almond and West formalism [36],

o(w) = gge + Aw" (2)

where 4 and n are material parameters, 0<n<I, o4 is dc ionic
conductivity, and w is the angular frequency. The plots shows
three regions: The first one is the low frequency dispersion
region observed which can be ascribed to the space charge
polarization at the blocking electrodes. The second region
corresponds to the frequency-independent plateau region.
The conductivity is found almost frequency-independent in
this region, and the extrapolation of the plot to zero frequency
gives the value of DC conductivity at all temperatures. From
Fig. 7b, as temperature increases, the frequency-independent
conductivity region decreases, and thus, the polarization effect
becomes prominent. The high frequency conductivity disper-
sion is prominent at lower temperatures.

Transference number studies

The transference numbers corresponding to ionic (fo,)
and electronic (f..) transport have been calculated for
(PVA-PVP-Mg(NO3;),;) (50-50-30) polymer blend elec-
trolyte film using Wagner’s DC polarization technique
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Fig. 8 Polarization current versus time plot of SOPVA-50PVP-30 wt.%
of Mg(NO3), polymer blend electrolyte film

[37]. In this method, the DC current is monitored as a
function of time on the application of fixed DC voltage
across the Mg/(PVA-PVP-Mg(NOs3),) (50-50-30)/C
cell. After applying 1.5 V, the current versus time plot
was obtained, which is shown in Fig. 8 for a (PVA-
PVP-Mg(NO3),) (50-50-30) electrolyte. The transfer-
ence number has been calculated from the polarization
current versus time plot using Eq. 3

tion = (Irlf)/li 3)

where [; is the initial current and /7 is the final residual
current. The ionic transference number (#,,) for (PVA-
PVP-Mg(NO;),) (50-50-30) polymer blend electrolyte
system is found to be ~0.98. This suggests that the
charge transport in this electrolyte film is predominantly
due to ions.

Discharge studies

Using (PVA-PVP-Mg(NO3),) (50-50-30) blend poly-
mer electrolyte film, solid-state electrochemical cell

2.0
(PVA:PVP:Mg(NO,),) (50:50:30 wt %)

1.8

—
[o))
M|

Voltage (V)
bk

—_
o
P

0.8
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0 30 60 90 120 150 180
Time (hrs)

Fig. 9 Discharge characteristic plot of SOPVA-50PVP-30 wt.% of

Mg(NOs), electrochemical cell for a constant load of 100 kQ

Table 3 Cell parameters of (PVA-PVP-Mg(NOs),) electrolyte cell for a
constant load of 100 kQ

Cell parameters Mg/[PVA-PVP-Mg(NO;),)/(I,+C+

electrolyte)
Cell weight 147 g
Area of the cell 133 em®
Open circuit voltage (OCV) 1.85V
Discharge time for plateau 136 h

region

Current density 13.91 pA/em®

Discharge capacity 2.442 mAh
Power density 17.12 mW/kg
Energy density 2825 mW h/kg

was fabricated in the configuration: Mg (anode)/(PVA—
PVP-Mg(NO3),) (50-50-30)/(1,+C+electrolyte)
(cathode). Magnesium metal was used as the negative
electrode, and a mix of iodine (I,), graphite (C), and
electrolyte in the ratio 5:5:1 as the positive electrode.
The discharge characteristics of the cell Mg/(PVA-PVP—
Mg(NO3),) (50-50-30)/(I,+C+electrolyte) at ambient
temperature for a constant load of 100 KQ is shown
in Fig. 9. The initial sharp decrease in voltage of this
cell may be due to polarization and/or formation of a
thin layer of magnesium salt at the electrode/electrolyte
interface. The open-circuit voltage (OCV) and other cell
parameters for this cell are given in Table 3. The cell
parameters of the present polymer electrolyte system is
comparable with the cell parameters reported for other
cells, thus offering an interesting option of application
of these electrolytes for solid state batteries.

Conclusion

Solid polymer blend electrolytes based on polyvinyl alcohol
and polyvinyl pyrrolidone complexed with Mg(NOs), have
been prepared by solution cast method. Their complexation
has been characterized by XRD and FTIR techniques. The
XRD study reveals the amorphous nature of the polymer
blend electrolytes. FTIR studies showed that co-existence of
vibrational bands correspond to PVA and PVP and confirm
the miscibility of the blend. DSC thermograms show the
decrease of T, with the increase of Mg(NOs), content. The
maximum value of ionic conductivity for the PVA-PVA—
Mg(NOs), (50-50-30) system is 3.44x 107> S/cm at 30 °C.
The temperature-dependent conductivity of polymer electro-
lytes obeys the Arrhenius behavior. The conducting species in
the polymer electrolyte system was found to be predominantly
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ions. From electrochemical analysis, it could be seen that the
solid polymer electrolyte system using PVA-PVP is an effec-
tive tool for improving the properties of magnesium polymer
secondary batteries.
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