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Abstract Solid polymer electrolyte has been prepared with the combination of PVP
(poly vinyl pyrrolidone) and magnesium sulfate heptahydrate (MgSO,4-7H,0) by
solution cast technique and subsequently characterized for possible polymer battery
application. Structural studies were carried out by XRD technique. DSC analysis
revealed that the micro-porous polymer membrane is thermally stable up to 300 °C.
The surface morphology of the films was analyzed by SEM. Electrical conductivity
was performed using AC impedance analyzing technique in the frequency range
from 4 kHz to 5 MHz. Complex impedance spectroscopy revealed that the
enhancement in electrical conductivity by salt doping and the conductivity maxi-
mum was obtained for 15 wt% of MgSO4-7H,O salt concentration. Optical
absorption studies were carried out on to the prepared films in the wavelength range
200-600 nm. Solid-state polymer battery has been fabricated with the configuration
of Mg+/(PVP + MgSO,4-7H,0)/(I, + C + electrolyte) and discharge characteris-
tics were studied for a constant load of 100 kQ. The cell parameters like open-
circuit voltage, short circuit current, energy density and power density were
calculated.
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Introduction

The development of inorganic/polymer materials has received significant interest
due to the wide range of potential applications in optoelectronic devices and
electromagnetic interference shielding. Solid polymer electrolytes were made an
attractive attention due to their wide range and various advantageous properties.
Physically polymer electrolytes behave like solids but internal structure, ionic
conductivity behavior closely resembles liquid state, i.e., free movement of ions in
an electrolyte [1, 2]. The combination of inorganic salt and the polymer enhances
the ionic conductivity and is related to the glass transition temperature () as well
as inter-linking of the polymer chain, having excellent properties like high ionic
conductivity, good mechanical strength, high thermal, electrical properties and
having ability to form thin films easily. Flexibility, light weight, elasticity and high
energy density make them suitable candidates for many electrochemical devices
including solid-sate batteries, super capacitors, fuel cells, sensors, display devices,
dye sensitized solar cells etc. [3—11]. Some fundamental problems and questions are
still unsolved. Among them, low ionic conductivity, low cation transference number
at ambient temperature and the formation of resistive layers on the electrode—
electrolyte interface are crucial. To overcome these problems, various modifications
of polymer salt complexes have been explored but the successes are limited [12].

Polymer electrolyte mechanism is explained by free surface (polymer air
interface) and the polymer substrate interface in perturbing the 7, response [13, 14].
With this model, in a sufficiently thin layer adjacent to a free surface, T, decreases
due to reduced requirements for cooperative segmental mobility, thereby enhancing
mobility and decreasing T, in the layer close to the substrate; T, increases if the
polymer has attractive interactions with the substrate. The improvement in the
mechanical properties has been explained on the premise that the filler particles act
as supporting matrix for the conducting polymer electrolytes so as to retain an
overall solid structure, even at high temperatures. All these physical properties, once
optimized, would make them suitable candidates for solid-state ionic device
applications [15, 16]. Abdelrazek has reported the physical properties of Mg”" filled
PMMA films for optical applications [17]. Pandey et al. have prepared magnesium
ion conducting gel polymer electrolytes dispersed with fumed silica for recharge-
able magnesium battery application [18]. Chu and Jaipal Reddy studied the PEO-
Mg polymer electrolyte system [19].

Poly vinyl pyrrolidone polymer has received special attention among the other
conjugated polymers due to its good environmental stability. Poly vinyl pyrrolidone
is also known as polyvidone or povidone. The structure of PVP is an arrangement of
monomer N vinylepyrolidone. PVP was first synthesized by Prof. Walter Reppe and
a patent was filed in 1939 for one of the most interesting derivatives of acetylene
chemistry [20]. Due to the potential nature, PVP is used for energy stored devices
with high capacity mainly dependent on electrical and optical properties.
Chemically PVP has been bound to be inert, nontoxic and it displays a strong
tendency for complex formation with a wide variety of smaller molecules [21]. PVP
polymer is easily soluble in water and other polar solvents due to its molecular
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structure. It has excellent properties like absorbing the moisture (wetting) and
readily forming films. This makes it good as a coating or an additive to coatings
[22, 23].

The local modification of the chemical structure induces drastic changes in
electronic properties. SPEs are formed by adsorbing a certain amount of liquid
electrolyte in a polymer framework. The polymer is the bone to maintain the
physical strength and shape of the electrolyte [24—26]. The search for Mg”" ion
containing polymer electrolytes can be interesting not only for understanding the
multivalent cationic conductivity mechanism in the polymer, but also due to their
lower cost and ease of handling and fabrication as thin film membranes and satisfy
several requirements, including high ionic conductivity, good mechanical strength
and excellent electrochemical stability. Li metal, but Li™" salts suffer from several
operational limitations, viz. difficulty in handling in open ambience due to highly
reactive materials, high cost, etc. Indeed, materials showing Mg*" conductivity are
quite interesting due to the advantages: (1) the ionic radii of Li™ and Mg*" are 68
and 65 pm, respectively, i.e., comparable in magnitude. Hence, easy replacement of
Li™ ions by Mg®" ions in insertion compounds is possible. Magnesium has been
successfully employed as anode in the primary and reserve batteries. (2) Magnesium
metal is more stable than the lithium. It can be handled safely in oxygen and humid
atmospheres unlike lithium which requires high purity argon or helium atmosphere.
Therefore, safety problems associated with magnesium metal are minimal. Thus,
solid-state rechargeable batteries based on Mg/Mg”>" ion salt SPEs look very
attractive as they are expected to give battery performance capabilities close to
those of Li/Li" ion SPE batteries due to the fact that Mg>" ions have ionic size and
weight comparable to those of Li* ions.

Magnesium metal possesses a number of characteristics which make it attractive
as a negative electrode material for rechargeable batteries including highly negative
standard potential (—2.375 V versus SHE), relatively low equivalent weight (12 g
per Faraday), high melting point (649 °C), low cost, relative abundance, high safety,
ease of handling, and low toxicity which allows for urban waste disposal [27]. In
resemblance to the rechargeable lithium battery system, the solid-state rechargeable
magnesium battery requires Mg>" ion conducting polymer electrolyte. Magnesium
sulfate heptahydrate is an inorganic salt with a combination of Mg, S and O and it is
also called Epsom salt. Magnesium sulfate is highly soluble in water and solubility
is inhibited with lipids typically used in lotions. The anhydrous form is strongly
hygroscopic and it can be used as a desiccant. Development and characterization of
nano-crystalline composite polymer electrolytes as an alternative to existing
electrolytes with improved physical, electrical and testing on lab scale. Develop-
ment of cost effective sol-gel/electro-spinning technique for membrane fabrication
is highly relevant in view of the rapidly increasing conventional alternative sources
of energy. To improve the mechanical integrity, solid-state polymer battery has been
fabricated with the improved ionic conductivity. In the present work, new polymer
electrolyte films have been prepared with PVP complexed with MgSO,4-7H,0 and
an electrochemical cell has been fabricated with the configuration of anode/polymer
electrolyte/cathode and discharge characteristics of the cell were studied for a
constant load of 100 kQ.
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Experimental
Materials and methods

PVP of average Molecular weight (M.W: 36,000) was purchased from Sigma-
Aldrich Chemicals, India. Magnesium sulfate heptahydrate (MgSO,4-7H,0) 98%
pure was purchased from CDH, India. The salt was dried at 50 °C under vacuum for
48 h and double sterilized water is used as common solvent. The polymer
electrolytes were prepared under the following consideration. The weighted amount
of PVP (1000 mg) was dissolved in 20 ml of double distilled water under
continuous magnetic stirring (30 min) for complete dissolution. The appropriate
quantity of MgSO4-7H,O salts was then added in PVP polymer solution with
different compositions of PVP: x wt% MgSO,4-7H,0 (where x = 5, 10, 15, 20) and
stirred continuously for 24 h. The composite polymer solution was poured in
polypropylene Petri dishes and evaporated slowly at room temperature under
vacuum drying process to remove the moisture. The obtained thin films were placed
in a desiccator until further characterization.

Characterization

X-ray diffraction (XRD) pattern of the prepared sample was recorded on Bruker D8
instrument with CuKa radiation. Differential scanning calorimetry (DSC) analysis
was performed by TA instrument model 2920 “Q”. Scanning electron microscopy
(SEM) was performed by FE-SEM, Carl Zeiss, Ultra 55 model. Complex impedance
spectroscopy measurements were carried out by HIOKI 3532-50 LCR Heister to
determine the ionic conductivity and dielectric constant of the polymer electrolyte.
Electrochemical cell has been fabricated and its discharge characteristics were
studied by Keithley electrometer (Keithley Inc., model 6514) for a constant load of
100 kQ. The cell parameters were calculated.

Results and discussion
XRD studies

X-ray diffraction pattern of the pure PVP and PVP complexed with magnesium
sulfate heptahydrate salt is shown in Fig. 1. From the figure, the pure PVP shows a
characteristic peak at 21° indicating its semi-crystalline nature. It is observed from
the spectrum that the intensity of the crystalline peak of pure PVP gradually
decreases with the increase of MgSO4-7H,0O salt. This decrease of degree of
crystallinity of the polymer electrolyte with the increasing salt concentration is
attributed to the distortion of the semi-crystalline structure of the electrolyte by
MgSO,4-7H,0 salt. When MgSQO,4-7H,0 salt is completely dissolved in the PVP
polymer, the intensity of broad peak decreases and widens; this implies that the PVP
matrix augmented the amorphous domains. As the wt% of MgSO,4-7H,0 increases,
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Fig. 1 XRD analysis of polymer electrolyte films for different wt% ratios of a Pure PVP, b (95:5),
¢ (90:10), d (85:15), e (80:20), f salt

the intensity of the PVP diffraction peak weakens, suggesting that the interaction
between PVP chains and salt particles leads to decrease in intermolecular interaction
of PVP chains, thereby resulting in increase of the amorphous nature of PVP. The
chains are irregular and entangled in amorphous regions, whereas the chains are
regularly arranged in crystalline regions. As a result, it is easy to move the
molecular chains in the amorphous state compared to the crystalline state and the
molecular packing in the amorphous state is weak. Hence, the chains in the
amorphous phase are more flexible, orienting themselves relatively more easily and
rapidly. This facilitates significant motion of polymer chains in the amorphous
phase and complete disappearance of sharp peaks with less intensity, which can be
attributed to the amorphous nature of the film. However, when more than 15 wt% of
MgSO,4-7H,O salt added into the polymer matrix, new sharp peaks have been
appeared, which leads to increase in the viscosity of the polymer electrolyte films.
Consequently, the mobility of charge carriers has decreased because of free space
for ion transportation is reduced. Hence, the conductivity is decreased.

This is in parallel with the observation of Hodge et al. [28] who investigated the
relation between the intensity of the peak and the degree of crystallinity. This
increase of amorphous nature with the increase in wt% of salt facilitates Mg ions
movement in the polymer network. The absence of the peak is related to
MgS0,-7H,0 salt concentration in the electrolyte system clearly indicating the
complete dissolution of the slat in the polymer matrix. The obtained results are in
good agreement with conductivity studies in this work.
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DSC studies

The differential scanning calorimetry curves of pure PVP and PVP complexed with
MgS0O,4-7H,O0 for different ratios are shown in Fig. 2. From the figure, it is observed
that the melting point for pure PVP is found at 99 °C. It indicates the amorphous
nature of the film. By doping the salt concentration to the polymer, the melting
temperature (7,,,) is decreased predominantly. From the DSC curves, the optimum
conduction for low melting point can be determined. The glass transition
temperature for different compositions is found to decrease from 99 to 80 °C.
The polymer electrolyte films show one endothermic peak at the glass transition
temperature. These films exhibit only single 7, values and, hence, it may be
concluded that the polymer and salt are miscible completely. By the addition of salt
to the PVP, the glass transition temperature is reduced. Due to lubricating effect of
the polymer chains the decrease of 7, takes place at lower value. Usually, the
amorphous nature of the polymer and its flexibility depends on the glass transition
temperature. It is a general notion that the higher flexibility of the polymeric chains
or segments is proportional to the lower value of T,. The decrease in T, helps to
soften the polymer backbone and increase its ions through the material when there is
an applied electric field [29, 30]. By adding salt to the polymer films, dipole
interaction takes place between salt and the polymer chains. As a result, at the
melting point the semi-crystalline nature of the salt and the polymer converts into
amorphous such that the conductivity nature in polymer film increases.
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Fig. 2 DSC spectra of polymer electrolyte films for different wt% ratios of a Pure PVP, b (95:5),
¢ (90:10), d (85:15), e (80:20)
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SEM analysis

The surface morphology of pure PVP and PVP complexed with MgSO,-7H,0
polymer electrolyte systems was examined using scanning electron microscopy
technique. The SEM images of pure PVP and PVP + MgSO,-7H,0 with different
wt% ratios (95:5, 90:10, 85:15 and 80:20) have been shown in Fig. 3. The SEM
image clearly shows the chunks that are formed in Fig. 3a—e. The MgSO,-7H,0 salt
is in completely dissolved in PVP polymer matrix such that no distribution takes
place and small chunks are formed. These chunks possess crystalline structure
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Fig. 3 SEM images of polymer electrolyte films for different wt% ratios of a pure PVP, b (95:5),
¢ (90:10), d (85:15), e (80:20), f EDS spectra of (85:15) wt% ratio SPE
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embedded in the polymer matrix. The presence of crystalline phase in the samples
has been observed in XRD pattern as sharp peaks which are attributed to
MgSO0,-7H,0 salt. But as shown in Fig. 3d, there was no phase separation between
PVP polymer and MgSQO,-7H,O salt. This was due to the completely dissolved salt
in PVP 4+ MgS0O,4-7H,O (85:15) electrolyte system. The smooth surface back
ground corresponds to the amorphous nature of the host polymer. The compatibility
of the PVP matrix with salt is uniform and homogenous when the salt content is less
than 15 wt%. When the salt content is more than 15 wt%, the composites showed a
dispersion problem with little agglomeration of particles. This analysis satisfies with
the XRD and conductivity studies. The element which is incorporated with the
polymer films was analyzed with Energy dispersive spectroscopy (EDS) which is
shown in Fig. 3f. The analysis shows the presence of carbon (C), nitrogen (N),
sulfur (S), magnesium (Mg) and oxygen (O) elements in the solid polymer
electrolyte of PVP 4+ MgS0O,-7H,0 (85:15).

Optical properties

Optical analysis is used to identify the vibrational bands and the transitions of
electrons in energy levels. Solid polymer electrolyte thin film has been prepared
with the complexation of inorganic salt (MgSO,4-7H,O) and the polymer PVP.
Absorption coefficient (o) was calculated by the following equation

I =1I,exp (—ox). (1)

Hence
In (I/1,) = ax, o = 2.303(A/x), 2)

where ‘I’ is the transmitted intensity, ‘I,” is the incident intensity, ‘A’ is the
absorbance and ‘x’ is the thickness of thin film.

To calculate band gap energy values, graphs were plotted between (o), (ahv)?,
(ahv)'"? as a function of (hv). Position of the absorption edge was determined by
extrapolating the linear portion of («) versus (hv) curves to zero absorption value.
Absorption values for pure PVP, 5, 10, 15 and 20 wt% of MgSO,-7H,0 doped PVP
films lie at 4.93, 4.76, 4.49, 4.54 and 4.36 eV, which is observed from Fig. 4a. In
case of direct band transitions, the absorption coefficient and energy of incident
photon are given by

ahv = C (hv — E,)'?, 3)

where E, is the energy band gap, C = 47 ¢,/ncAE is a constant which is dependent
on the structure of the sample, o is the absorption coefficient, v is the frequency of
incident light and 4 is a Planck’s constant. From the graph (chv)? versus hv direct
band gap values are obtained. Optical band gap values for pure PVP, doped polymer
films were 5.2, 5.02, 4.72, 4.81 and 4.65 eV, respectively, as shown in Fig. 4b. In
case of indirect transitions, phonon assistance is required for transitions where the
absorption coefficient has the following dependence on photon energy [31, 32]
which is given by
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Fig. 4 a o vs hv plots of polymer electrolyte films for different wt% ratios of (a) Pure PVP, (b) (95:5),
(¢) (90:10), (d) (85:15), (e) (80:20). b o vs (athv)? plots of polymer electrolyte films for different wt%
ratios of (a) pure PVP, (b) (95:5), (¢) (90:10), (d) (85:15), (e) (80:20). ¢ o vs (othu)”2 plots of polymer
electrolyte films for different wt% ratios of (a) pure PVP, (b) (95:5), (c) (90:10), (d) (85:15), (e) (80:20)

ohy = A (h — Eg — E,)*+ B (hv — E, — E,)’ 4)

where E, is the energy of the photon associated with the transitions, A and B are
constants depending on the band structure. Indirect band gap values were obtained
by plotting (ahv)'? versus kv as shown in Fig. 4c. Indirect band gap values of pure
PVP, doped polymer films obtained from the graph are 5.1, 4.75, 4.43, 4.50 and
4.39, respectively [33]. From the obtained values, it is clear that the dissolution of
salt is completely attained in polymer chains in a host lattice; thus, the activation
energy is decreased such that the ionic conductivity is increased. The direct and
indirect band gap values shifted to lower energies on doping with MgSO,-7H,0 salt
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Table 1 Optical band gap values of MgSO,4-7H,O solid polymer electrolytes

Polymer electrolyte Optical band gap Absorption edge
Direct (eV) Indirect (eV)

Pure PVP 5.2 5.1 4.93

PVP + MgS0,-7H,0 (95:5) 5.02 4.75 4.76

PVP + MgS0,-7H,0 (90:10) 4.72 4.43 4.49

PVP + MgS0,-7H,0 (85:15) 4.81 4.50 4.54

PVP 4+ MgSO0,-7H,0 (80:20) 4.65 4.39 4.36

to the polymer. The direct, indirect band gap and absorption edge values are pre-
sented in Table 1.

A.C. conductivity studies

The Cole-Cole plots of the PVP: MgSO,-7H,O polymer electrolyte films for
different wt% ratios at room temperature (303 K) are shown in Fig. 5. The
analysis of Cole—Cole plots has been carried out for the polymer electrolytes
using impedance spectroscopy. A small amount of A.C. current is applied across
the sample; the variation of imaginary (Z") and real part (Z") can be measured
using LCR: HIOKI 3532-50 LCR Heister range from 4 kHz to 5 MHz. The
Nyquist plot (Cole-Cole) generally consists of semicircular arc at higher
frequency and a spike is formed at lower frequency for the bulk resistance. In
the obtained plots, the spike formation can be seen and it is mainly due to ionic
conduction [34]. The obtained conductivity values are shown in Table 2. The
A.C. conductivity can be calculated from the bulk resistance (R}) which is inter-
related by the equation

O':[/RbA, (5)

where “t” is the thickness of the film, “A” is the area of the film and “Ry” is the
bulk resistance.

The activation energy can be calculated from the conductivity plot which is
obtained by the migration of ions. The activation energy plot is shown in Fig. 6.
While increasing the temperature, the semi-crystalline nature in the polymer
converts the amorphous nature where the transfer of Mg”™ ions takes place in the
polymer matrix. This amorphous phase produces free volume [35]. The calculated
activation energies (E,) of pure PVP and for different compositions of
[PVP + MgSO,4-7H,0] are summarized in Table 3. When compared to other
samples, the polymer film PVP + MgSO,-7H,0O (85:15) has the highest conduc-
tivity and lowest activation energy.
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Fig. 5 Cole—Cole plots of polymer electrolyte films for different wt% ratios of a pure PVP, b (95:5),
¢ (90:10), d (85:15), e (80:20)

Table 2 AC conductivity
values of PVP + MgSO,-7H,0
solid polymer electrolytes

Films Conductivity at room temperature

Pure PVP 232 x 107° (S/cm)
PVP + MgSO,-7H,0 (95:5) 3.15 x 1077 (S/cm)
PVP + MgSO0,-7H,0 (90:10)  5.12 x 1077 (S/cm)
PVP + MgS0,-7H,0 (85:15)  1.05 x 107 (S/cm)
PVP 4+ MgSO47H,0 (80:20)  3.42 x 107° (S/cm)

Dielectric properties

The dielectric spectroscopy and impedance analysis studies were carried out using
HIOKI 3532-50 LCR Heister in the frequency range from 4 kHz to 5 MHz at room
temperature. The conductivity of the sample and the obtained data was analyzed.
Figure 7a shows the variation of relative permittivity (&) along with the frequency
and also concludes by increasing the frequency the relative permittivity (&)
decreases sharply. Decrease in the dielectric constant with increase in frequency
takes place due to polarization at the electrode—electrolyte interfaces. The variation
of tangent loss (d) with log frequency (f) for various wt% compositions of the
polymer electrolyte samples is shown in Fig. 7b. The decrease in the tangent loss
along with increasing the log frequency is obtained; this may be due to the reduced
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Fig. 6 Variation of activation energy with MgSO,4-7H,O salt concentration wt% ratios at 303 K

Table 3 Activation energies of

PVP + MgSO,-7H,0 solid Films Region 1 Region 2

polymer electrolytes Pure PVP 0.19 059
PVP 4 MgSO0,4-7H,0 (95:5) 0.54 0.93
PVP + MgS0,4-7H,0 (90:10) 0.45 0.79
PVP + MgSO,-7H,0 (85:15) 0.29 0.57
PVP + MgS0,-7H,0 (80:20) 0.32 0.63

proportion of amorphous material leading to reduction in the magnitude of
dispersion. The appearance of peaks suggests the presence of relaxing dipoles in the
samples and also with electrical relaxation process or inability of dipoles [36].

Figure 7c¢ denotes the fact that when the frequency is increased, the ionic
conductivity and the oriental source of polarizability increase due to the transfer of
mobile ions causing a constant value of dielectric constant. This may due to large-
scale heterogeneity of salt particles which are doped in the complex and
replacement by small-scale heterogeneity of salt particles of Mg>"; the salt
particles are incorporated in the polymer chain complex and it increases the free
volume and segmental motion of the polymer chain [37-39]. When the salt particles
content is enhanced in the different wt% proportions at higher ratio, segregations of
ion take place and it reduces the polarizability of polymer electrolyte system. The
change in imaginary part in dielectric permittivity with frequency and Mg* content
is shown in Fig. 7d. The value of ¢” is seen to decrease with increasing frequency at
room temperature in nanocomposite polymer electrolyte. Higher the value of
imaginary part with respect to frequency, free charge motion takes place at
electrode—electrolyte interface [40].

Figure 8 shows the variation of angular frequency with respect to ionic
conductivity. It explains the conductivity dependence on the relaxation process and
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it is non-exponential in time. The plateau region describes the space charge
polarization at the blocking electrode and is associated with ac conductivity (o,.) of
the complexed polymer electrolyte. As shown in Fig. 8, the high frequency
dispersion region, the ionic conductivity increases with the increase in frequency
which is associated with conductivity o, of the polymer electrolyte. However, at
high frequencies the conductivity variation with temperatures is much less than that
of lower frequencies [41, 42]. Figure 9a, b shows the variation of frequency with
dielectric constant. The dielectric constant decreases gradually with increasing
frequency and found to be high for the sample 15 wt% due to drifting of ions which
results in high conductivity. This reveals that the salt is completely dissolute in the
polymer chains giving raise to mobile ions. Due to the formation of space charge
region at the electrode—electrolyte interface a variation is observed in between
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Fig. 9 a, b Variation of log F with dielectric permittivity for different wt% ratios at 303 K

dielectric constant ¢ and the frequency which is dependent on both electrolytes and

is proportional to wn™

, indicating non-Debye behavior [43-47].

Figure 10 shows the variation of tangent loss with frequency of polymer films for
different wt% ratios of PVP at room temperature. The loss spectra characterized by
peak appearing at a characteristic frequency for polymer samples suggest the
relaxation dipole; the strength and frequency of the relaxation depend on the
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characteristic property of dipole relaxation. The tangent loss peaks shift towards the
higher frequency [48]. It is evident that the peak is shifted towards higher frequency
side, thereby reducing the relaxation time.

The dielectric constant of different wt% ratios of samples as a function of room
temperature is shown in Fig. 1la—c. The dielectric constant of composite
electrolytes increases apparently with the increase of temperature. The increment
of dielectric constant peaks is observed at room temperature. The abrupt change in
dielectric constant has been verified by the conductivity. This is due to the ionic
jump orientation, space charge polarization and electronic contribution of Mg*"
ions. [49]. Figure 12a, b shows the variation of dielectric permittivity with the
frequency of the PVP: MgSO,4-7H,0 polymer electrolyte at room temperature. From
the figures, it is observed that with the increase in frequency the dielectric
permittivity decreases monotonically. At higher frequencies, the dielectric values
remain constant and the similar behavior is observed in reaming samples, which
could be due to the dipole interaction and electrode—electrolyte polarization effects.
At higher frequencies, the ionic diffusion does not take place in the direction of the
field.

Transport properties

To evaluate the nature of species responsible for conductivity in the present
electrolyte system, the transport numbers (which give a quantitative assessment of
the extent of the ionic and electronic contributions to the total conductivity) were
measured by applying a constant d.c. potential of 1.5 V across the cell. Figure 13
shows the polarization current versus time plot. As seen from the plot, the current
(ip) rises at the very beginning of polarization, then decays immediately and
asymptotically approaches steady state after a long time. The transference number
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corresponding to #;,, and z.. transport has been calculated by Wagner’s polarizing
technique. The transference number (t;,, and #..) is calculated from the polarization
current verses time plot using the equation

fion = iy — iele/it and lele = iele/ih (6)

where i is the initial current and i, is the final residual current of solid polymer
electrolyte. The transference number #;,, is found to be 0.98 for 85:15 wt% ratios. It
results that the charge transport taking place in these polymer films is mainly due to
ions, as well as residual of electrons also takes place.
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Fig. 12 a, b Variation of dielectric permittivity with the frequency for different wt% ratios at 303 K
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Fig. 13 Transport properties of polymer electrolyte film for 85:15

Discharge characteristics

Solid-state polymer battery has been fabricated for a constant load of 100 kQ
with the configuration of Mg (anode)/[PVP 4+ MgSO,-7H,Olelectrolyte/
(I, 4+ C + electrolyte) for different compositions (95:5), (90:10), (85:15) and (80:20)
as shown in Fig. 14. In the polymer battery, magnesium metal was used as anode and
theproper mixture of iodine, graphite and electrolyte traces in the ratio (5:5:1) is used as
cathode which enhances its electronic conductivity. Current density was calculated
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Fig. 14 Discharge characteristics of polymer electrolyte films for different wt% ratios of a pure, PVP,
b (95:5), ¢ (90:10), d (85:15), e (80:20)

using short circuit value and the area of the cell. Power density values were obtained by
taking weight of the cell into consideration. Energy density values were calculated by
evaluating the time taken for plateau region. Initially, a rapid decrease in the voltage is
occurred; it may be due to the polarization and the formation of thin layer of
magnesium salt at the electrode—electrolyte interfaces [50]. From the data, it is clear that
the open-circuit voltage was found to be greater in PVP + MgSO,4-7H,0 (85:15) cell
compared to other complexed films. This may be due to the high ionic conductivity the
system when compared to other systems. While increasing wt% of the salt
concentration, the open-circuit voltage and discharge time of the cell for the polymer
electrolyte increase predominantly. From the conductivity studies, it is clear that the salt
concentration of 15 wt% has the large discharge time. For all the electrochemical cells
based on [PVP 4+ MgSO,-7H,0] electrolyte, open-circuit voltage (OCV), short circuit
current (SCC) and the other cell parameters have been evaluated form the discharge
characteristic curves and the data are tabulated in Table 4.
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Table 4 Cell parameter values

of PVP + MgS0,-7H,0 of Parameters 95:05 90:10 85:15 80:20

solid polymer electrolyte system Cell weight (g) 131 131 131 131
Area of the cell (cm?) 1.42 1.42 1.42 1.42
Open-circuit voltage (OCV) 1.80 1.87 2.00 1.90
Discharge time (h) 87 98 108 95
Current density (mA/cm?) 0.84 0.83 0.82 0.81
Discharge cell (mA/h) 13.7 12.2 11.1 12.6
Power density (W/kg) 1.64 1.58 1.69 1.60
Energy density (W h/kg) 142.68 154.84 182.52 152.24

Conclusions

Solid-state polymer electrolyte of Mg®" was prepared by PVP complexed with
MgSO,4-7H,0 salt by solution cast technique. The structural analysis of pure PVP
complexed with MgSO,-7H,0O salt showed crystalline orthorhombic lattice
indicating its semi-crystalline nature. SEM images reveal the heterogeneous phase
of nanocomposite polymer electrolyte systems. From the optical analysis, it is
revealed that the films with the lower activation energy have the highest ionic
conductivity. From the conductivity studies, the highest conductivity for
PVP + MgSO,4-7TH,0 (85:15) was found to be 1.05 x 1073 (S/cm) at room
temperature. Using these polymer electrolyte films, a solid-state battery has been
fabricated and the discharge characteristics were studied.
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