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ABSTRACT

Biodegradable solid polymer electrolyte films based on methyl cellulose and
magnesium acetate tetrahydrate [Mg(CH3COO),.4H,0] are prepared using the
conventional solution casting technique. Structural analysis of the electrolyte
films confirmed the complexation of salt with the polymer matrix. The incor-
poration of salt into the polymer matrix resulted in the enhancement of the
amorphousness of the matrix. The thermal properties of the electrolyte film are
analyzed with the help of DSC and TGA thermograms. Impedance analysis of
the films indicates the enhancement of the electrical conductivity of the system.
The maximum room temperature ionic conductivity (2.61 x 107> S/cm) was
observed for the 25wt% salt-doped sample. The highest conducting electrolyte
system has an Electrochemical Stability Window (ESW) of 3.47 V. In the current
work, a primary battery was assembled using the highest conducting polymer
electrolyte system, and its open-circuit potential and discharge characteristics
were also investigated.
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GRAPHICAL ABSTRACT

Introduction

Energy storage devices have become an integral part
of life in the past few years. They have played a
crucial role in the advancement of technology. Elec-
trolytes, the decisive component of energy storage
devices, have recently been a hot topic for research
[1-3]. The electrolyte is very vital in defining the
properties of these energy storage devices [4]. Among
the different classes of electrolytes, polymer elec-
trolytes have certain advantages compared to other
electrolytes, such as good mechanical stability and
high electrolyte—electrode interfacial stability. [5].
Polymer electrolytes can be efficiently used in mod-
ern applications [5]. These are further classified into
solid polymer electrolytes (SPE), gel polymer elec-
trolytes (GPE), blend polymer electrolytes (BPE), and
composite polymer electrolytes (CPE) [6]. However,
ease of preparation and excellent mechanical, chem-
ical, and thermal stabilities have tremendously
affected the study of SPEs. Several works can be
found on different SPEs in the literature [7-14].
Despite having several advantages, polymer elec-
trolytes have a few disadvantages that might hinder
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the usage of these electrolytes in energy storage devi-
ces. There are two significant points of concern. The
main challenge is the low ionic conductivity, especially
in comparison with Lithium-ion batteries that are
commercially used [15]. This shortcoming can be
overcome by incorporating the nanofiller into the
polymer electrolyte matrix. The second matter of
concern is the high electrode—electrolyte resistance
which results in poor interfaces. This can be overcome
by employing adhesives in the electrolyte matrix [15].

Generally, SPEs are prepared by incorporating a metal
salt into the polymer matrix [4, 16]. To date, different ion-
conducting polymer electrolytes have been studied
extensively: lithium-ion, sodium-ion, and magnesium-
ion conducting polymer electrolytes [4]. Even though an
extensive study has been carried out on Li-ion conducting
electrolytes, Li-ion has certain disadvantages, such as low
abundance, high reactivity, and dendrite growth. [17].
Magnesium can overcome these limitations due to its low
reactivity, high abundance, and enhanced volumetric
capacity compared to lithium [18].

Although initial research was mainly concentrated
on lithium-ion batteries, the recent trend has shifted
to multivalent ions, especially magnesium, due to
their superior characteristics. Magnesium ion can be
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employed in energy storage devices in liquid or solid
electrolyte forms. But the development of passive
layer formation at the electrode—electrolyte interface
poses a severe challenge to the commercial applica-
tion of liquid electrolytes, thereby hindering their
stability [19]. Recent years have witnessed tremen-
dous work on polymer-based magnesium ion bat-
teries. Manjuladevi et al. prepared a primary battery
employing the solid polymer electrolyte films based
on PVA/PAN-magnesium chloride [20] and
observed an open-circuit potential of 2.17 V. Polu
et al. developed a primary battery based on PVA and
magnesium acetate and observed an OCV of 1.84 V
[21]. Priya et al. have analyzed the suitability of
I-carrageenan-based magnesium ion electrolytes in
primary battery applications and observed an OCV of
2.17 V. similar studies also can be found in the liter-
ature [22-25].

Along with the dopant, the nature of the polymer
matrix is also essential in deciding the characteristics
of the electrolyte systems. Various electrolyte systems
have been developed using biodegradable polymers
as a dissolving matrix and were found to have good
electrical, structural, and thermal properties
[8, 26, 27]. Hamsan et al. [28] prepared protonic
conducting plasticized methyl cellulose-potato
starch based electrolyte films and analyzed the
rechargeability of the protonic cell. Aziz et al. pre-
pared a biodegradable solid polymer electrolyte
based on chitosan and methyl cellulose polymer
blend and investigated their suitability for electric
double-layer capacitor (EDLC) applications [29].
Hamsan et al. prepared proton-conducting green
polymer electrolyte films based on Dextran extracted
from Leuconostoc mesenteroides. They observed a
maximum room temperature conductivity of
(1.15 + 0.08) x 107> S/ecm [30]. Considering the
present global situation, it is necessary to shift toward
biodegradable polymers as a dissolving matrix for
electrolyte systems [31]. Taking this into account, in
the present work, we have prepared a biodegradable
solid polymer electrolyte based on methyl cellulose
incorporated with magnesium acetate salt.

Methyl cellulose is a cellulose derivative with
27.5-31.5% of methoxy groups [32]. It has good
thermal and mechanical stability, and also it has good
film-forming ability [33]. Due to its versatile property,
methyl cellulose can be used in various applications
[34, 35]. Methyl cellulose can also be an efficient
candidate for preparing polymer electrolytes, as
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evident from the literature [36-40]. Given its popu-
larity, this study chose methyl cellulose as a polymer
matrix. The proposed work accounts for the struc-
tural, electrical, and thermal properties of the
biodegradable solid polymer electrolytes based on
methyl cellulose and magnesium acetate tetrahydrate
[Mg(CH5COO0),.4H,0]. In addition, the open circuit
and discharge characteristics of a primary battery
constructed with the highest conducting electrolyte
have been presented.

Materials and methodology
Materials used

Methyl Cellulose (viscosity: 350-550 cps) and mag-
nesium acetate tetrahydrate, Mg(CH3;COO),.4H,O
(molecular weight: 214.45 g/mol) were procured
from Loba Chemie Pvt. Ltd., Mumbai, and were used
as such.

Sample Preparation

Solid polymer electrolyte films were prepared using
the solution casting method. Different amounts of
methyl cellulose and magnesium acetate tetrahydrate
salt totaling 2g were weighed according to Eq. (1)
and dissolved in water [41].

M(wt%) = M

x 100% (1)
mp + mq

where m4 and m,, represent the dopant salt’s weight
and polymer’s weight, respectively.

The solution was stirred into a homogeneous
mixture for 10 h at 45 °C. This mixture was poured
into Petri dishes and evaporated slowly at a constant
temperature. Obtained solvent-free films were peeled
off and kept in a hot air oven for 24 h to remove the
traces of water. The thickness of the films varied
between 50 and 100 um. The films were designated as
shown in Table 1. Free-standing films were not
obtained above 30% weight percentage of salt irre-
spective of several attempts due to the excess salt.

Characterization techniques

FTIR analysis of the electrolyte films was carried out
with the help of the Shimadzu IR SPIRIT ATR-FTIR
spectrometer. The spectra were recorded between 400
and 4000 cm ™" with a resolution of 4 cm ™. Structural
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Table 1 Designation of the

electrolyte films Methyl Cellulose (wt%)

Magnesium acetate tetrahydrate (wt%) Designation

100
95
90
85
80
75
70

0 MACO

5 MACS

10 MACI10
15 MACI15
20 MAC20
25 MAC25
30 MAC30

properties were studied with the help of the Rigaku
miniflex 5th generation XRD spectrometer. The films
were subjected to Cu-K,, X-ray radiation in the range
of 5°-80° with a step size of 2°/min. SEM micro-
graphs were obtained from CARLZEESIS Scanning
Electron Microscope (SEM). DSC studies were carried
out with the help of Shimadzu DSC 60 plus. The films
were placed in the nitrogen atmosphere in the alu-
minum pan and heated at 10 °C/min. TGA thermo-
grams were obtained using Hitachi STA7200 TGA-
DTA. Samples were kept in the nitrogen atmosphere
and heated from room temperature to 500 °C. Impe-
dance measurements were taken with the help of the
Agilent 4294A precision impedance analyzer in the
frequency range between 40 Hz-5MHz. [-V

characteristics were noted using Keithley source
meter 2636B.

Results and discussions
FTIR analysis

The interaction between methyl cellulose and mag-
nesium salt can be analyzed with the help of FTIR
studies. FTIR spectra of prepared electrolyte samples
are shown in Fig. 1. Table 2 lists the characteristic
peaks of the polymer’s various functional groups and
how they shift with salt incorporation. Magnesium
acetate tetrahydrate has six major peaks: A peak
around 3524 cm™' corresponds to O-H stretching
[42]. Peaks accounting for asymmetric and symmetric

Figure 1 FTIR spectra of
pristine and magnesium
acetate-doped polymer
electrolyte systems.
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Table 2 Peak assignments for the peaks observed at different wavenumbers

MACO MACS MACI0 MACI15 MAC20 MAC25 MAC30 Peak Assignment

3440 3416 3421 3420 3382 3250 3369 O-H stretching[45]

2924 2915 2917 2916 2907 2902 2938 C-H asymmetric stretching [46]

1654 1644 1640.4 1641 1640 1640 1643 O-H bending [46]

1457 1452 1442 1442 1440 1435 1415 Vibration of deformation in 6(C—H) [46]
1375 1372 1373 1373 1376 - 1377 C-H bending [47]

1050.4 1051.2 1051.3 1052 1053.1 1052.6 1055.8 C-O-C stretching[48]

948 948 948 948 948 948 948 Glycosidic linkage[47]

stretching modes of C-O exist around 1550 cm ™', and

1417 cm™'[43, 43], a peak around 1058 cm ™" corre-
sponds to the out-of-plane CHj; rocking, and the peak
corresponding to the in-plane CHj; rocking is
observed around 1024 cm™'[43]. Similarly, a sharp
peak around 949 cm™' is due to the C-C stretching
[43].

From Table 2, the shift in the peaks corresponding
to O-H stretching, C-H asymmetric stretching, and
vibration of deformation in 6(C-H) indicate the
interaction between these functional groups of the
polymer and the magnesium acetate salt. This is
further confirmed by analyzing the variation in the
force constant corresponding to these vibrations. The
force constant of a given bond can be calculated by
using the following expression [8]:

1 /K

b=—
2nc

. (2)

where ¥ is the wavenumber, K is the force constant, u
is the reduced mass corresponding to the constituents
of the bond, and c is the speed of light

Values of force constant corresponding to O-H
stretching, C-H asymmetric stretching, and defor-
mation vibration in 8(C-H) are given in Table 3. It is

evident from Table 3 that with the rise in the salt
concentration, the force constant corresponding to
these bonds drops down. As the force constant
decreases, bond length increases, implying that the
bond gets weaker. Generally, the force constant can
be related to the bond length. It can be observed from
the relation given by Badger [49] that the force con-
stant is inversely proportional to the bond length.
Table 3 indicates a decline in the force constant of O-
H and C-H bonds with the increase in the salt con-
tent. As force constant and bond length are inversely
related, bond length increases with the decrease in
the force constant. It is evident that as the bond
length increases, the strength of the bond decreases,
facilitating the complexation of ions of the salt into
the polymer matrix. Hence, there is a possibility that
the ions of the incorporated salt have interacted with
the O-H and C-H bonds of the polymer backbone.
The magnesium salt’s carboxyl anion (COO™) inter-
acts with the C-H bond, and Mg*? interacts with the
more electronegative O-H bond [8]. This is evident
by the decrease in the force constants corresponding
to the O-H and C-H bonds of methyl cellulose. A
schematic diagram of possible interaction between
the polymer matrix and magnesium salt has been
drawn and shown in Fig. 2.

Table 3 Variation of force

constants of different vibration ~ Electrolyte  Force Constant (N/cm)
modes with the salt content O-H stretching ~ C-H asymmetric stretching ~ Vibration of deformation in §(C-H)
MACO 6.53 4.65 1.15
MACS 6.48 4.62 1.15
MCI10 6.49 4.63 1.13
MACIS 6.49 4.62 1.13
MAC20 6.35 4.59 1.12
MAC25 5.86 - 1.12
MAC30 6.30 4.69 1.08
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Figure 3 XRD diffractograms

of polymer electrolytes.
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XRD analysis

The variation of crystallinity of the polymer with the
incorporation of magnesium salt was studied using
XRD analysis. XRD spectra of the prepared polymer
electrolytes are given in Fig. 3. MACO, a pristine
polymer, has a sharp peak around 260 = 9° due to the
cellulose matrix modification [47]. An amorphous
hump is observed around 20 =10°-21°[50]. As
observed from the figure, the intensity of the peak
around 20° decreases with the inclusion of the salt,
indicating a decrease in the crystallinity of the poly-
mer matrix with the increase in salt. To confirm this,
XRD diffractograms were deconvoluted with the help
of Fityk software [51] employing the Gaussian func-
tion. Deconvoluted graphs of the electrolytes are
depicted in Fig. 4. The degree of crystallinity of all
the samples was calculated using the following
expression [52] and is given in Table 4.

A

X =—— 3
Ac+AA ()

where A. and A4 represent the area under crystalline
and amorphous peaks, and from the table, MACO has
a degree of crystallinity of 24.5%. With the incorpo-
ration of the magnesium acetate salt, a slight increase
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in the crystallinity of the polymer matrix can be
observed (from MACO to MAC5). This increase in the
crystallinity of MAC5 in comparison with MACO can
be attributed to the self-cross-linkage formation at the
lower concentration of magnesium salt. Similar
behavior has been reported by Liew et al. [53] and
Mazuki et al. [54].

MAC30

60

50

30 40
20 (degree)

20

Further, this increase in the crystallinity for MAC5
can be correlated to the decline in its ionic conduc-
tivity. Besides, as the salt concentration increases, the
crystallinity of the electrolyte films decreases, which
is consistent with the impedance analysis. The
decline in crystallinity or upsurge in amorphousness
of the film with increasing salt concentration is
caused by the rupturing of hydrogen bonds in the
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Table4 A,, A, and degree of

crystallinity of pristine and salt Electrolyte Amorphous area (Ap) Crystalline area (Ac) Degree of crystallinity (Xc in %)
:1’:;?;(1’;‘:;‘: polymer MACO 19,138.0 6207.3 24.5

MACS 18,206.8 5997.3 24.8

MACI10 18,675.1 5590.0 23.0

MACI5 13,019.5 3346.3 20.4

MAC20 16,235.1 3100.1 16.0

MAC25 18,365.7 2655.0 12.6

MAC30 7534.4 2042.3 213

polymer matrix due to electrostatic interaction
between the salt ions and the polymer segments [52].
The decrease in the crystallinity enhances the move-
ment of polymer segments, thus accounting for the
increase in the ionic conductivity of the electrolyte
systems. MAC25, the highest conducting electrolyte
system, has the least degree of crystallinity of 12.6%.
With further inclusion of salt, for MAC30, a rapid
increase in the crystallinity is observed, which might
be due to the recrystallization of the polymer matrix
[39]. This is also evident from the SEM micrographs.

SEM analysis

SEM micrographs of pristine and salt-doped elec-
trolyte films are given in Fig. 5. The surface of methyl
cellulose (MACO) is smooth and homogeneous [55].
The addition of salt makes the surface rough, and
granules of different sizes and shapes can be
observed [56]. As a result, an initial decrement in the
ionic conductivity can be seen, which can be corre-
lated to a slight increase in the crystallinity of MACS.
With an increase in the salt content, more granules
get accommodated on the surface. This is observed
up to MAC20. For MAC?25, the appearance of large-
sized granules in comparison with low salt systems
can be observed. The presence of these granules owes
to the rapid increase in number density and mobility
of the ions, which is in good agreement with calcu-
lated transport parameters[39]. SEM micrograph of
MAC30 indicates recrystallization of the polymer
matrix, which results in the enhancement of crys-
tallinity of the polymer matrix as observed from the
XRD studies.

DSC analysis
DSC thermograms of pristine and salt-doped poly-

mer electrolyte systems are given in Fig. 6. The glass
transition temperature of the electrolyte films was
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found from the thermogram; the values are tabulated
in Table 5. MACO has a glass transition temperature
(Tg) of 43.6 °C. A slight decrease in the Ty of MAC5
can be attributed to an increase in the crystallinity of
the matrix [57]. Apart from the initial decrease in T,
a gradual increase in glass transition temperature is
observed with the further inclusion of the salt. This
increase in the Ty may be due to the increase in cation
coordination with the polymer matrix [44] or due to
the expansion of the polymer segments, which is
evident from the increase in the amorphousness of
the polymer matrix from XRD studies [57]. MAC25,
the highest conducting polymer electrolyte from
impedance analysis, exhibits a T, of 60.7 °C.
With further inclusion of the salt, the glass transition
temperature may decrease due to the formation of
ion aggregates, as evidenced by SEM and XRD
studies.

TGA analysis

Thermogravimetric (TGA) analysis accounts for
understanding the materials’ thermal stability. The
TGA thermogram of MACO and highest conducting
MAC?25 is shown in Fig. 7. A slight loss in moisture
can be observed for MAC0O and MAC25 up to 100 °C,
which might be due to the loss of moisture that might
be accumulated due to the handling of the samples
[58, 59]. Except for the initial weight loss, MACO is
thermally stable up to 300 °C. Degradation of MACO
starts around 300 °C, which continues up to 385 °C
resulting in a rapid weight loss of up to 80%. This
could be because the polymer matrix contains the
COO™ group [60].

On the other hand, a small amount of weight loss
can be observed in the case of MAC25 up to 130°C
due to the degradation of Mg(CH;COO), [56]. Fur-
ther, no significant weight loss is observed up to
240 °C, after which the electrolyte degrades. This
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Figure 5 SEM micrographs of methyl cellulose-magnesium acetate polymer electrolytes.

accounts for the degradation of methyl cellulose of salt, but the rate at which the degradation occurs
polymer [56]. Compared with MACO, the thermal slows down, which is evident from the TGA ther-
stability of the polymer decreases with the inclusion =~ mogram (Fig. 7).
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Figure 6 DSC thermogram of polymer electrolytes.

Table 5 Glass transition temperatures of prepared polymer
electrolytes

Electrolyte Glass transition temperature, T, (in °C)
MACO 43.6
MACS5 34.0
MACI0 44.7
MACIS5 53.1
MAC20 54.7
MAC25 60.7
MAC30 49.4

Impedance analysis

Impedance spectra of polymer electrolytes enumerate
the electrical properties of the electrolyte systems.
Impedance analysis of the prepared polymer elec-
trolytes was carried out, and a Cole—Cole plot was
drawn with the real part of the impedance along the
x-axis and the negative imaginary part of the impe-
dance along the y-axis, as shown in Fig. 8. Generally,
the Cole-Cole plot consists of a high-frequency
semicircle and a low-frequency spike. In the present
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Figure 7 TGA thermogram of MACO and MAC?25.

system, the Cole—Cole plot of pristine polymer film
MACO and electrolyte films with low salt concentra-
tions, i.e., MAC5 to MAC20, contain a depressed
semicircle at a high-frequency region. In contrast, the
Cole-Cole plot of MAC25 and MAC30 contains an
inclined spike along with the depressed semicircle. A
low-frequency inclined spike is due to the formation
of a double layer due to the accumulation of charges
at the electrode—electrolyte interface. The rapid
increase in the dielectric constant and number den-
sity of electrolyte system with 25 wt% salt concen-
tration, i.e., MAC25, further strengthens this nature.
The depressed semicircle and inclined spikes in the
Cole-Cole plot may be due to the inhomogeneities on
the surface of the electrolyte films. Bulk resistance
(Rp) of the films can be found by completing the
semicircle to the x-axis [61, 62] DC ionic conductivity
of the films was calculated using expression (3), and
the values are tabulated in Table 6.

t
opc = m (4)

From Table 3, enhancement in the ionic conduc-
tivity of the electrolyte can be observed despite the
initial decrement with the incorporation of magne-
sium salt for MAC5. This decrement may be due to
the electronic structure between Mg(CH;COO), and
methyl cellulose polymer [54]. The reduction in the
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Figure 8 Cole—Cole plots of pristine and salt-doped polymer electrolyte systems.

Table 6 Bulk resistance, DC conductivities from Cole—Cole plot and obtained from the AC conductivity spectra

Electrolyte Bulk resistance Ry, () Bulk conductivity apc (S/cm) DC conductivity from AC conductivity spectra at « = 0 (S/cm)
MACO 6.33 x 10° 8.05 x 107 6.67 x 107°
MACS5 1.23 x 107 2.03 x 107° 1.85 x 107°
MAC10 8.85 x 10° 3.93 x 107° 4.03 x 107°
MACI5 2.77 x 10° 7.56 x 107° 736 x 107°
MAC20 6.69 x 10° 445 x 107 4.15 x 107
MAC25 1.47 x 10° 2.61 x 107 245 x 107
MAC30 5.85 x 10° 425 x 107 321 x 107°°
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bulk conductivity of MACS5 is in good agreement
with XRD and SEM analysis. With the further inclu-
sion of the salt, a linear increase in the ionic con-
ductivity can be observed, which might be due to the
availability of free ions since more and more salt gets
dissociated with the increase in the salt content [39].
MAC?25, an electrolyte system with 25wt% of mag-
nesium acetate salt, is found to have the highest
conductivity of 2.61 x 107> S/cm. With the addition
of more salt, the ionic conductivity decreases. This is
due to the recrystallization of the polymer matrix, as
observed by XRD and SEM analysis.

Dielectric analysis

The complex permittivity of an electrolyte system can
be expressed using the following expression:

& =¢ —id (5)

where ¢ and ¢” represent the dielectric constant and
dielectric loss of the system, respectively. These can
be expressed using the following expressions [63]:
¢ = Cod and ¢" =¢ x tand (6)
ASO

where C,, represents the system’s capacitance, d is the
thickness, A is the electrolyte area, tand represents the
loss factor of the system, and ¢ (8.85 x 10> F/m) is
the permittivity of free space.

The system’s dielectric constant (¢') represents the
amount of dipoles aligned at the electrode—electrolyte

J Mater Sci (2023) 58:5389-5412

interface due to the polarization effects such as
deformational and relaxation polarization [64]. The
variation of the dielectric constant as a function of
logarithmic angular frequency (log w) is shown in
Fig. 9. It can be observed that & decreases with an
increase in the frequency for all the electrolyte sys-
tems and attain constant at a higher frequency. This
variation is due to several reasons. When an electric
field is applied to an electrolyte sandwiched between
blocking electrodes, the system’s induced and per-
manent dipoles migrate along the field and pile up at
the blocking electrodes, causing the system to polar-
ize [65]. At low frequency, the presence of ion pairs
results in the long-range frequency, which is attrib-
uted to the higher value of ¢ at low frequency. As the
frequency increases, the periodic reversal of the field
increases. However, the heavy dipoles fail along the
direction of the periodic reversal of the field, result-
ing in the decrease in &'. At higher frequency, the
field direction reverses faster than the alignment of
dipoles. Thus, the dielectric constant becomes con-
stant at the higher frequency of the field since the
field’s periodic reversal inhibits ion diffusion [64, 65].

Dielectric loss (¢”) of the electrolyte system is the
energy dissipated due to the movement of dipoles
along with the matrix upon the application of electric
field [64]. Figure 10 gives the variation of dielectric
loss as the function of log ®. Variation of ¢“ follows a
similar trend as that of ¢’. With the increase in fre-
quency, dipoles undergo continuous acceleration and

Figure 9 Variation of ¢ @

versus log o. 300 —

250 —

100 —

50 —
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deceleration, resulting in the dissipation of dielectric
loss as heat energy. Thus, dielectric loss decreases
with the increase in frequency.

Variation of dielectric constant and dielectric loss
with salt concentration at a frequency of 100 Hz is
shown in Fig. 11, and values are tabulated in Table 7.
An initial decrease in both € and &” can be observed

with the incorporation of magnesium salt. The liter-
ature shows that the dielectric constant linearly
depends on molecular polarization and free volume
[66, 67]. From DSC analysis, a decrement in the glass
transition temperature of the polymer matrix with the
incorporation of salt can be observed for MACS5,
indicating a slight decrease in the free volume of the
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Table 7 Variation of dielectric constant and dielectric loss with
salt concentration at 100 Hz

Electrolyte Dielectric constant (&) Dielectric loss (¢")
MACO 56.8 103.5
MACS 15.0 25.8
MACI10 38.1 80.2
MACI15 28.1 133.8
MAC20 165.8 776.4
MAC25 93,227.8 204,952.6
MAC30 13,354.4 36,493.5

matrix [67]. Thus, the dielectric constant decreases
slightly with the incorporation of salt and then lin-
early increases with the addition of the salt. This
might be due to the increase in the free volume of the
matrix and chain flexibility, as observed from XRD
and DSC analysis [64]. Similar variation can be
observed for dielectric loss of the electrolyte systems.
The initial decrease might be due to the slight
reduction in the matrix’s free volume. However,
dielectric loss increases linearly with the salt con-
centration despite the initial decrease. Both ¢ and &”
become maximum for MAC25, the highest conduct-
ing system. The following expression can relate the
dielectric constant and number density of the poly-
mer electrolytes:

-u
n = ngpexp m

where ng is a pre-exponential factor, U is the disso-
ciation energy, kg is the Boltzmann constant, & rep-
resents the dielectric constant of the system, and T is
the temperature. The equation represents the direct
correlation between the dielectric constant and
number density, which is further related to ionic
conductivity (¢ = npue). It can be observed that num-
ber density and ionic conductivity attain maximum
for MAC25 and then decreases with further inclusion
of the salt, which can be accounted for the recrystal-
lization of polymer matrix corresponding to the
presence of ion aggregates in the system as observed
from SEM micrographs. Due to these factors, MAC25
shows maximum dielectric constant compared to
other systems. With further inclusion of the salt,
dielectric constant and dielectric loss decrease since
recrystallization occurs, as observed from XRD and
SEM studies.
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AC conductivity analysis

AC conductivity of the electrolyte systems was cal-
culated using equation [65]:

oac = wege” (7)
where o is the angular frequency of the applied field,
g represents the permittivity of the free space
(8.85 x 1072 F/m), and ¢” is the dielectric loss of the
electrolyte system. The AC conductivity spectra of
the prepared polymer electrolytes are found to obey

Universal Jonscher’s power law given by expression
[63]:

O'Ac(a)) = opc + Aw” (8)

where o is the angular frequency, A is a temperature-
dependent parameter, and # is the frequency expo-
nent, which takes values between 0 and 1[68, 691, oac
and opc are AC conductivity, and DC conductivity of
the system, respectively.

AC conductivity spectra of pristine and salt-doped
polymer electrolyte films against log ® are shown in
Fig. 12. Generally, the spectra contain three different
regions: low-frequency dispersion region, mid-fre-
quency plateau region, and high-frequency disper-
sion region. The low-frequency dispersion region
may be due to the accumulation of charges at the
blocking electrodes forming a space-charge layer
resulting in electrode polarization [70]. The interme-
diate frequency-independent plateau region results
from long-range ion diffusion. In contrast, the high-
frequency dispersion region is due to the short-range
diffusion of ions associated with the AC conductivity
[65]. DC conductivity of the electrolyte systems can
be extracted from the mid-frequency plateau region,
and the values are tabulated in Table 6. These values
agree with the ones calculated from the Cole-Cole
plot.

Transport parameter analysis

The conduction mechanism in polymer electrolyte
films is elucidated by transport parameters such as
number density n, mobility p, and diffusion coeffi-
cient D of mobile ions. These parameters can be
found by employing different techniques. According
to the literature, the FTIR analysis technique effi-
ciently finds the transport parameters [71, 72]. The
region between 1350 and 1600 cm™' of the FTIR
spectra has been deconvoluted where anion active
peaks were found [73, 74]. Deconvolution was carried
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out employing the Gaussian function with the help of
Origin software, and the graphs are shown in Fig. 13.
Among the deconvoluted peaks, peaks around
1414 cm™! and between 1550-1580 cm ™' correspond
to the free ions of the magnesium salt, and the peak
corresponding to the contact ions exists around
1454 cm~'[60, 75]. The peak around 1375 cm ™!
accounts for the C-H bending mode of methyl cellu-
lose [39]. The percentage of free ions can be found
using Eq. (8) [13], and the values are tabulated in
Table 8.

Ar
Af + Ac

% of free ions = x 100% 9)
where A¢ and A. correspond to the area under the
peaks corresponding to free ions and contact ions,
and transport parameters were calculated using the
following equations:

_MXNA

n= x % of free ions (10)
VroraL
opC
=— 11
n= (11)
kg T
D=8 (12)

e

where M is the number of moles of salt doped into
the system, N, 1is the Avogadro number
(6.022 x 102 mol™"), Vrorar is the total volume of
the electrolyte, opc is the bulk conductivity, e

log ®

represents the charge of the electron (1.6 x 107" Q),
kg is the Boltzmann constant (1.38 x 1072 J/K), and
T is the absolute temperature of the system. The
values are tabulated in Table 8.

Variation of these transport properties with the salt
concentration is shown in Fig. 14. From the figure, a
linear increase in the transport properties can be
observed. According to free volume theory, free
volume availability facilitates ions” conduction in the
electrolyte system, along with other terms [76]. A
decrease in the matrix’s free volume is evident from
the increase in the glass transition temperature from
the DSC analysis, resulting in the creation of transient
crosslinks that inhibit the movement of polymer
segments. Although free volume decreases as salt
concentration increases, this decrease is offset by an
increase in number density, resulting in a linear
increase in the electrolyte system’s ionic conductivity
[76]. As observed from XRD studies, an increase in
the mobility of mobile ions with the salt concentra-
tion could be attributed to the increase in the amor-
phous phase of the polymer matrix [73]. Thus,
mobility increases with the increase in salt concen-
tration. A similar explanation can be given for the
increase in the diffusion coefficient, D. MAC25 has
the highest number density n, mobility p, and diffu-
sion coefficient D, resulting in the maximum ionic
conductivity. The cumulative effect of n, u, and
D result in the enhancement of the ionic conductivity
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Table 8 % of free ions, number density #, mobility g, and diffusion coefficient D of salt-doped polymer electrolytes

Electrolyte % of free =~ Number density Mobility u (x 1072 Diffusion coefficient D (x 10™'* DC conductivity
ions n (x 102 cm™>) em?V ! g) em? s Opc
MACS5 54.7 1.55 0.83 1.97 2.03 x 107°
MACI10 43.8 2.48 0.99 2.37 3.93 x 107°
MACI15 51.6 4.40 1.07 2.57 7.56 x 107°
MAC20 67.5 7.72 3.60 8.64 445 x 1078
MAC25 85.9 12.34 1323.04 3172.33 2.61 x 107°
MAC30 66.5 11.51 230.82 553.45 425 x 107°
Figure 14 Variation of E
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of the matrix [77]. With the further insertion of the
salt, for MAC30, all three transport parameters n, p,
and D decrease due to the polymer matrix’s recrys-
tallization, which the XRD and SEM analysis indicate.

Electrochemical stability window

The electrochemical/voltage stability window of the
highest conducting polymer electrolyte was found
from the I-V characteristics of the film. I-V charac-
teristics of MAC25 is given in Fig. 15. ESW of the film
was found by extrapolating the linear portion into the
x-axis. The value of ESW of MAC25 was 347V,
which denotes the suitability of the electrolyte in
energy storage devices [8].

Fabrication of primary battery

A magnesium ion-conducting primary battery was
fabricated using the highest conducting polymer
electrolyte film. The cathode was prepared by
grinding the mixture of MnO,, graphite, and MAC25
in a ratio of 3:1:1, and magnesium metal powder was
used to prepare the anode. The cathode and anode
mixtures were made into pellets using the pellet
pressing machine under 5 ton pressure. MAC25 film
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was sandwiched between the anode and cathode and
open-circuit potential and discharge characteristics of
the battery across a 100kQ resistor for 24 h, and the
characteristics are shown in Fig. 16. Also, the cell
parameters are given in Table 9.

The variation of open-circuit potential as a function
of time is given in Fig. 16a. Initially, the battery
showed an open-circuit potential of 2.013 V, which
decreased with time and attained a constant value
after 1500 min. This decrease may be due to the
reaction across the cell components, which can be
shown below [20]:

At the anode:

Mg + 2(OH™) — Mg(OH),+2e

At the cathode:
2MnO, + H,O + 2e — Mn,O3 + 20H™

Thus, the overall reaction would be:
Mg + 2MnO; + H,O — Mg(OH),+Mn,03

Methyl cellulose contains hydroxy groups, which
act as a source of hydroxyl ions [20].

Figure 16b shows the discharge characteristics of
the prepared battery across an external load of
100 kQ. A decrease in the open-circuit potential can
be observed after connecting to the external load.
This might be due to the polarization effect at the
electrode—electrolyte interface [20]. Initially, a poten-
tial of 1.343 V was observed, which decreased grad-
ually with time. The characteristics of the battery was
studied for 26 h, and the battery has drawn a short-
circuit current of 2.5 mA discharging from 1.343 to
0.559 V. Table 10 lists the comparison between the
present work and other works found in the literature.
Table 10 indicates the suitability of the prepared
polymer electrolyte system to be an efficient candi-
date for energy storage applications with good OCV
value and energy density which is comparable with
the data found in the literature. In addition, the
prepared battery’s performance has been studied by
glowing a green LED using two primary batteries
connected in series as shown in Fig. 17. The series
combination of two primary batteries produced a
potential difference of 3.78 V. The combination of the
batteries could glow the LED for about 49 h.
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Table 9 Cell parameters

across 100kQ resistor Cell parameters

Measured values of discharge across 100kQ

Cell area (cm?)

Cell weight (g)

Effective cell diameter (cm)
Cell thickness (cm)

Open-circuit voltage, OCV (in V)

Current drawn (mA)
Discharge capacity (mA/h)
Current density (m/cm?)
Energy density (Wh/kg)
Power density (W/kg)

1.13
1.478
1.2
0.7
2.013
2.5
2.5
2.21
3.405
3.41

Table 10 Comparison of OCV and energy density values of present work with other works found in the literature

Electrolyte system OCV (V) Energy density (Wh/kg)
poly(VdCl-co-AN-co-MMA: MgCl, (70:30) [78] 2.18 NA

PVA: Mg(CH;COO), (80:20) [21] 1.84 1.940

PVA: Mg(NO3), (70:30) [24] 1.85 2.288

PVP: MgCl, (85:15) [79] 2.01 270.200

PEG: Mg(CH5COO), (80:20) [25] 1.84 1.681

Methyl cellulose: Mg(CH5COO), (75:25) [PRESENT WORK] 2.013 3.405

Conclusion

Biodegradable solid polymer electrolyte films based
on methyl cellulose and magnesium acetate tetrahy-
drate were prepared using the solution casting

technique. The films’ structural, thermal, and elec-
trical properties were analyzed, and few observations
can be made. The incorporation of the salt into the
matrix enhanced the amorphousness of the polymer
matrix, thereby facilitating the movements of the
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Figure 17 LED glowing using two primary magnesium ion
conducting batteries.

polymer segments. Complexation of the salt with the
polymer matrix is evident from FTIR and SEM anal-
ysis. With the addition of salt, the electrical conduc-
tivity of the films was enhanced, and MAC25 was
found to exhibit the highest conductivity of
2.61 x 107° S/cm. The unusual variation of dielectric
properties with salt concentration can be attributed to
the initial decrease in the matrix’s free volume with
salt incorporation, as observed in XRD and DSC
studies. A primary battery was fabricated employing
MAC?25, and its open-circuit potential and discharge
characteristics were studied. Despite the low con-
ductivity compared to other polymer electrolyte
systems, the proposed electrolyte system represents
good structural and electrical properties and exhibits
excellent thermal stability.
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