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Abstract

Currently, biopolymer electrolytes are attracting a great deal of interest as substi-
tute for synthetic polymer electrolytes in electrochemical devices, as they are carbon
neutral, sustainable, reduce dependency on non-renewable fossil fuels and easily
biodegradable. Some of the biopolymers under research are chitosan, pectin, agar—
agar, cellulose acetate and carrageenan. The current work deals with the study of ion
conducting polymer electrolyte, pectin with magnesium chloride salt for magnesium
battery application. Biopolymer electrolytes of different compositions of pectin with
different concentrations of magnesium chloride salt are prepared by solution casting
technique and subjected to various studies like by X-ray diffraction (XRD), Fourier
transform infrared (FTIR), differential scanning calorimetry (DSC), AC impedance
spectroscopy and linear sweep voltammetry (LSV). XRD analysis has been used
to identify the amorphous/crystalline nature of the sample. The complex formation
between the polymer pectin and the magnesium chloride salt has been analyzed by
FTIR spectroscopy. DSC analysis is a thermo-analytical technique which is used to
observe the glass transition temperature (7,) of the samples. AC impedance tech-
nique has been used to find the ionic conductivities of the sample. The electrochemi-
cal stability of the polymer electrolyte has been analyzed by linear sweep voltamme-
try. Among the prepared polymer electrolytes, 30 M wt% pectin: 70 M wt% MgCl,
offers the highest ionic conductivity of 1.14x10™* S cm™!. The electrochemical
stability of the highest conducting sample is 2.05 V. The primary magnesium bat-
tery has been constructed using the highest conducting sample, 30 M wt% pectin:
70 M wt% MgCl,, and the battery performance has been studied.
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Introduction

At present, the modern society relays on clean, renewable, inexhaustible and eco-
friendly energy sources for livelihood. Storing of electrical energy gains more
importance in order to meet the growing demand of global energy, and novel
battery systems have become a vital area of research. Synthetic solid polymers
like PEO, PAN, PVA, PVP and PVDF have been used in the preparation of poly-
mer electrolyte [1-5] for electrochemical devices like batteries, fuel cells, super
capacitors, electro-chromic displays, smart window and solar cells owing to its
advantage such as no leakage of electrolyte, offers a good mechanical, chemi-
cal and thermal stability. Blend polymer electrolytes, salt-doped polymer elec-
trolytes, filler and plasticizer added polymer electrolytes are prepared using these
synthetic polymers. The major disadvantage of synthetic solid polymer electro-
lytes is that they are not biodegradable. Owing to the drawback of synthetic solid
polymer electrolytes, the world is seeking for new materials to be used as the
electrolytes. Biopolymer electrolytes are biodegradable, sustainable, renewable
and eco-friendly. Yulianti et al. [6] synthesized a solid-state polymer electrolyte
based on natural polymer, chitosan by incorporating various ion salts (Li, Cu, Ag)
in the polymer matrix. Zulkefli et al. [7] prepared a proton-conducting biopoly-
mer electrolyte based on corn starch and NH,SCN salt. Khiar et al. [8] synthe-
sized a proton-conducting polymer electrolyte based on starch and ammonium
nitrate (NH,NO;). Moniha et al. [9, 10] synthesized two biopolymer electrolytes
based on iota-carrageenan with ammonium thiocyanate and ammonium nitrate
(NH4NO;) by solution casting technique for electrochemical devices application.
Chitra et al. [11] synthesized and studied the characteristics of a biopolymer elec-
trolyte consisting of iota-carrageenan and LiCl. Christopher Selvin et al. [12] syn-
thesized and studied the characteristics of a proton-conducting solid biopolymer
electrolyte (SBE) kappa-carrageenan incorporated with ammonium thiocyanate
(NH,SCN). Isa and Samsudin [13] studied biopolymer carboxymethylcellulose
(CMQO) electrolyte system, prepared by solution casting technique for application
in solid-state battery. Rani et al. [14] prepared the biopolymer electrolyte based
on derivatives of cellulose from kenaf bast fiber. Raphael et al. [15] prepared
a polymer electrolytes based on agar and acetic acid. A biopolymer membrane
using tamarind seed polysaccharide (TSP) with various concentrations of lithium
chloride (LiCl) was prepared by Kumar et al. [16].

Biopolymer pectin is receiving a lot of attention as it is a naturally occurring
substance found in berries, apples, plums, oranges, guavas and other citrus fruit.
Pectin consists of a long chain of polygalacturonic acid linked together by a(1-4)
glycoside bonds with side chains of arabinans, galactans, rhamnose and xylose.
It is commercially available in powder form as white to light brown in color. In
food industry, pectin is used as a gelling agent, mainly in jams and jellies. It is
also used as thickening agent and stabilizer in food. Some food additives contain
about 0.5-1.0% of pectin [17]. In medical field, pectin can ease constipation and
softens the stool. It is used to prevent colon cancer and prostate cancer. Pectin is
also used to prevent poisoning caused by lead, strontium and other heavy metals.
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Non-toxic, renewable, water solubility and biodegradable property of pectin made
the researchers to use pectin as the polymer electrolyte for electrochemical appli-
cation. Pectin structure has more hydroxyl groups, and it has oxygen atom which
aids the formation of coordination bond with cations. The possible interaction of
pectin with MgCl, salt is shown in Scheme 1.

Perumal et al. [18] prepared two different solid biopolymer electrolytes based on
pectin by solution casting technique and reported that 50 (m.m.%) pectin: 50 (m.m.%)
LiCl membrane offered the highest ionic conductivity of 1.96x 107> S cm™" which
is greater than LiClO, incorporated electrolyte which showed the ionic conductiv-
ity of 5.38x 1075 S cm™! for 60 (m.m.%) pectin: 40 (m.m.%) LiClO, membrane.
A conductivity value of 1.5x 107 S ecm™ for 40 mol% pectin: 60 mol% NH,SCN
has been reported by Muthukrishnan et al. [19]. Vijaya et al. [20] reported the high-
est ionic conductivity value of 4.52x10™* S cm™" for 30 mol% NH,Cl-doped pec-
tin and 1.07x 107 S cm™! for 40 mol% NH,Br-doped pectin. Kavitha et al. [21]
reported 6.64x 107> S cm™! as the maximum conductivity value for 70 mol% pec-
tin: 30 mol% NH,NO; at ambient temperature. Mendes et al. [22] reported the
conductivity as 1.43x107% S cm™" at 25 °C for pectin 0.43[N1112(OH)] [NTf2]
composition and 6.03x 107> S cm™! at 90 °C for pectin 0.43[N1112(OH)] [NTf2]
composition.

Today, magnesium-based batteries are considered superior to lithium-based bat-
teries due to the following reasons: high energy density, more abundant in nature,
less expensive, easy to handle and much safer. Mahalakshmi et al. [23] prepared
the magnesium ion conducting biopolymer electrolytes using cellulose acetates
and different wt% of magnesium perchlorate with DMF as a solvent by the solu-
tion casting technique and reported that 40% CA:60% Mg(ClO,), membrane offers
the maximum ionic conductivity of 4.05x 107 S cm™' at room temperature. Mg-
ion conducting solid electrolytes based on tamarind seed polysaccharide (TSP) with
magnesium perchlorate (Mg(ClO,),) salt have been prepared by Perumal et al. [24]
and reported that the TSP with 0.25 (m.m.%) of Mg(ClO,), offers a highest Mg-ion
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Scheme 1 Possible interaction of pectin with MgCl, salt
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conductivity of 5.66x 10~ S cm™! at ambient temperature. Priya et al. [25, 26] syn-
thesized two different biopolymer electrolytes based on the iota-carrageenan incor-
porated with Mg(ClO,), and Mg(NO;), salts and reported the maximum conduc-
tivity of 2.18x 107> S cm™! for 0.6 wt% of Mg(ClO,), salt and 6.1x10™* S cm™"
for 0.4 wt% of Mg(NO3),. Two different polymer electrolytes based on poly(vinyl
alcohol)-poly(acrylonitrile) incorporated with MgCl, and Mg(NO;), salts were
prepared by Manjuladevi et al. [27, 28] and reported that 92.5PVA:7.5PAN with
0.3 m.m.% Mg(NO;), and 92.5PVA:7.5PAN with 0.5 m.m.% of MgCl, offer a maxi-
mum conductivity of 1.71x107> S cm™ and 1.01x 107> S cm™! at room tempera-
ture, respectively.

The above literature survey reveals that no work has been made on the biopoly-
mer pectin with magnesium salt. The present work aims to prepare the biopolymer
electrolytes based on different compositions of pectin with different concentrations
of MgCl, salt by solution casting technique, and the prepared biopolymer electro-
lytes were characterized by X-ray diffraction analysis (XRD), Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetric analysis (DSC), AC
impedance analysis, linear sweep voltammetry (LSV) and cyclic voltammetry (CV).

Experimental methods

Biopolymer electrolytes of pure pectin and different compositions of pectin with dif-
ferent concentrations of MgCl, salt (70 M wt% pectin: 30 M wt% MgCl,, 60 M wt%
pectin: 40 M wt% MgCl,, 40 M wt% pectin: 60 M wt% MgCl,, 30 M wt% pec-
tin: 70 M wt% MgCl,) were prepared by solution casting technique using pectin
of molecular weight 194.1 g/mol from SRL Pvt. Ltd and MgCl, salt of molecular
weight 203.31 g/mol from SRL Chem.Com as the raw materials, and their codes are
given in Table 1. Double-distilled water has been used as a solvent. The appropriate
weight of pectin and MgCl, salt was dissolved separately in double-distilled water
at room temperature, and these solutions were mixed together and stirred for several
hours using magnetic stirrer to obtain homogenous solutions. The obtained homoge-
neous solutions were poured into petri dishes and dried in hot air oven at 40 °C for
24 h. Free standing films with thickness ranging from 0.0104 cm to 0.025 cm have
been obtained. These films are then subjected to various characterization studies like
XRD, FTIR, DSC, AC impedance analysis, LSV and CV.

Table 1 Pure pectin and

- o . Composition Code

different compositions of pectin

with different concentfations. Pure pectin PP

of MgCl, salt along with their .

codes 70 M wt% pectin: 30 M wt% MgCl, PMg 1
60 M wt% pectin: 40 M wt% MgCl, PMg 2
40 M wt% pectin: 60 M wt% MgCl, PMg 3
30 M wt% pectin: 70 M wt% MgCl, PMg 4
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Characterization

The amorphous/crystalline nature of the prepared biopolymer electrolytes has
been investigated from XRD analysis using XPERT-PRO diffractometer system
with Cuke radiation (1=1.541 A) at room temperature in the range of 260=10°
to 90°. The nature of chemical bonding and the complex formation between the
polymer and salt have been investigated by FTIR analysis using SHIMAZDU IR
Affinity-1 spectrometer at room temperature in the region from 400 to 4000 cm™!
with a resolution of 1 cm™! in the transmittance mode. The glass transition tem-
perature of the prepared biopolymer electrolytes was identified from DSC meas-
urements taken by DSCQ20 V4.10 build 122 system at a heating rate of 5 K/
min under nitrogen atmosphere in the temperature range of 273 K to 413 K. The
ionic conductivity of the biopolymer electrolytes has been studied at room tem-
perature using HIOKI 3532 LCR meter by placing the biopolymer electrolytes
between two aluminum blocking electrodes, and a frequency of 42 Hz to 1 MHz
has been applied. The total ionic transport number f;,, of the highest conducting
sample was obtained by the Wagner’s polarization technique by placing the sam-
ple between two stainless steel electrodes and by passing a DC voltage of 1.5 V.
The transport number of Mg?* ions was obtained by Evan’s polarization method
which is a combination of AC impedance spectroscopy and DC polarization stud-
ies, by placing the highest conducting sample between the magnesium electrodes
and passing a DC voltage of 1.5 V. The electrochemical stability of the biopoly-
mer electrolyte PMg 4 was evaluated by linear sweep voltammetry (LSV) using
Biologic Science Instruments VSP-300, France, by placing the sample between
two stainless steel electrodes in the potential range of 0—4 V at the scanning rate
of 100 mV s~!. Cyclic voltammetry study has been made for the highest con-
ducting membrane using potentiostat/galvanostat (EG&G PARC Model VersaS-
tat) by placing the sample between two stainless steel electrodes at a scan rate of
100 mV s~! in the potential range of —2.5 V to +2.5 V.

Results and discussions
XRD analysis

XRD analysis has been carried out to confirm the increase in the amorphous
nature of the biopolymer electrolyte. XRD patterns of the biopolymer electrolyte
PP and different compositions of pectin with different concentrations of MgCl,
salt are shown in Fig. 1. A broad peak observed at 260=21° for the biopolymer
electrolyte PP (Fig. 1a) reveals the amorphous nature of pure pectin. This agrees
well with the previous reports [29-31]. From Fig. 1b—e, it has been noted that
as MgCl, salt concentration increases, the peak intensity decreases and the peak
broadening increases. This shows that the amorphous nature increases as the
salt concentration increases which has good agreement with Hodge et al. [32]
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Fig. 1 XRD spectra for (a) PP, (b) PMg 1, (c) PMg 2, (d) PMg 3 and (e) PMg 4

criterion, which states the relationship between the intensity of the peak and the
degree of crystallinity. From Fig. 1, it has been observed that the biopolymer
electrolyte PMg 4 exhibits high amorphous nature. The absence of peak corre-
sponding to MgCl, salt clearly points out the complete dissociation of the salt in
the polymer pectin. We could not obtain free standing membrane for the concen-
tration 20 M wt% pectin: 80 M wt% MgCl,.

FTIR analysis

In the present study, Fourier transform infrared (FTIR) spectroscopy has been used
as a powerful tool to analyze the complex formation and interactions between the
biopolymer pectin and MgCl, salt by monitoring the changes in the vibrational
modes of the molecule. Figure 2 shows the FTIR spectra for the biopolymer electro-
lyte PP and different compositions of pectin with different concentrations of MgCl,
salt. The FTIR spectral assignments for pectin/MgCl, biopolymer electrolytes are
shown in Table 2. The vibrational peak of pure pectin at 3286 cm™! assigned to O-H
stretching [28] has shifted to 3442 cm™!, 3422 cm™!, 3422 cm™!, 3451 cm™! for the
biopolymer electrolytes PMg 1, PMg 2, PMg 3, PMg 4, respectively. The frequency
shift is due to the interaction of MgCl, with O-H as shown in Fig. 2. The vibrational
band at 1742 cm™' is assigned to the vibrations of the C=0 stretching of the biopol-
ymer electrolyte PP [19]. This peak gets suppressed/submerged for the biopolymer
electrolytes PMg 1, PMg 2 and PMg 4 but appears as a small hump at 1746 cm™! for
the biopolymer electrolyte PMg 3. The change in the frequency of C=O0 stretching is
due to the addition of MgCl, salt.

The vibration peak at 1604 cm™' assigned to carbonyl group of carboxylate ion
(COO7) [33] for the biopolymer electrolyte PP has shifted to 1637 cm™! for all
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Fig.2 FTIR spectra for (a) PP, (b) PMg 1, (c) PMg 2, (d) PMg 3 and (e) PMg 4

Table2 Assignments of vibrational peaks for the biopolymer electrolyte PP and different compositions
of pectin with different concentrations of MgCl, salt

Wave number (cm™) Assignments

PP PMg 1 PMg2 PMg 3 PMg 4

3286 3442 3422 3422 3451 O-H stretching

1742 - - 1746 - C=0 stretching

1604 1637 1637 1637 1637 Carbonyl group of car-
boxylate ion (COO™)

1368 1384 1384 - - —OH bending

1095 - - 1105 1105 C—C asymmetric stretching

1014 - - 1016 1012 —CH-O-CH stretching

compositions of pectin with different compositions of MgCl, salt. The shifting of
the peak is due to the interaction between the carbonyl group of carboxylate ion
and Mg”" ion of MgCl, salt. The —OH bending observed at 1368 cm™! [34] for the
biopolymer electrolyte PP has shifted to 1384 cm™! for the biopolymer electrolytes
PMg 1 and PMg 2. The peaks observed at 1095 cm™! and 1014 cm™! for the biopol-
ymer electrolyte PP assigned to C—C asymmetric stretching [28] and -CH-O-CH
stretching [35], respectively, get submerged for the biopolymer electrolyte PMg
1 and becomes a broad peak for PMg 2. The peaks at 1095 cm™' and 1014 cm™
observed for the biopolymer electrolyte PP get shifted to 1105 cm™" and 1016 cm™!,
respectively, for the biopolymer electrolyte PMg 3 and to 1105 cm™! and 1012 cm™!,
respectively, for the biopolymer electrolyte PMg 4. The shift in the position of the
peak owing to the interaction between the polymer and the salt confirms the com-
plex formation between biopolymer pectin and MgCl, salt.
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DSC analysis

DSC analysis has been done to find the glass transition temperature (7},) of the pre-
pared biopolymer electrolytes. The DSC curve for the biopolymer electrolyte PP
and different compositions of pectin with different concentrations of MgCl, salt are
shown in Fig. 3A and B, respectively.

From Fig. 3B, it has been observed that 7, value of the biopolymer electrolyte
PMg 1 increases from the value of 43 °C (7, value of the biopolymer electrolyte
PP) to 147 °C. This increase in T, value may be due to the reduction in the seg-
mental motion caused by the increase in the intermolecular coordination between
oxygen and magnesium cations in the polymer chain owing to the addition of the
salt [35]. As the concentration of MgCl, salt increases, the T, value decreases to
96 °C for the biopolymer electrolyte PMg 4. This may be due to the plasticization of
the electrolyte with addition of MgCl, salt which weakens the dipole—dipole interac-
tions between the polymer chains leading to the softening of the polymer. Thus, the
decrease in T, indicates an increase in the flexibility of the polymer chains causing
the high segmental motion of the polymer electrolyte which supports the easy flow
of ions through the polymer network in the presence of the applied electric field.

AC impedance analysis

Impedance spectroscopic technique is used to study the electrical characteristics of the
prepared biopolymer electrolytes. Cole—Cole plot of the biopolymer electrolyte PP and
different compositions of pectin with different concentrations of MgCl, salt at room

e) PMg 4 96 °C

Exothermic

(d) PMg 3

108 °C

) PMg 2 145°C

A

Exothermic

Heat flow (mW)

b) PMg 1

Heat flow (mW)

147 °C

Endothermic

Endothermic

: ; .
0 20 4060 80100 1200 140 0 20 40 60 80 100 120 140 160 180
Temperature (°C)

Temperature (°C)

Fig.3 A DSC curve of (a) PP and B DSC curve of (b) PMg 1, (c) PMg 2, (d) PMg 3 and (e) PMg 4
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Fig.4 A Cole—Cole plot for (a) PP and B Cole—Cole plot for (b) PMg 1, (c) PMg 2, (d) PMg 3 and (e)
PMg 4

Table 3 Tonic conductivities

Composition Ionic con-
of the biopolymer electrolyte P ductivity o
PP and different compositions S em™

of pectin with different

concentrations of MgCl, salt at PP 6.27% 1078

room temperature ’ —4
PMg 1 1.21x10
PMg 2 1.94x 107
PMg 3 6.73x107*
PMg 4 1.14x1073

temperature along with the equivalent circuit are shown in Fig. 4A and B, respectively,
and their corresponding ionic conductivities were tabulated in Table 3. A semicir-
cle present in the impedance plot at the high-frequency region (depicted by a paral-
lel combination of the bulk resistance (R,) and the bulk capacitance (Cp)) is due to
the bulk effect of the electrolyte, and an inclined spike present at the low-frequency
region (depicted by a constant phase element (CPE)) is due to the blocking effect at the
electrode/electrode interface [36]. In our study, a high-frequency semicircle and a low-
frequency non-vertical spike have been observed for the biopolymer electrolyte PP and
for all other compositions of pectin with different concentrations of MgCl, salt, only
spikes have been observed which proves that the resistive component of the biopolymer
electrolyte exists and the capacitive nature disappears. EQ software program developed
by Boukamp [37] has been used to find the value of the bulk resistance (R,) of the
biopolymer electrolytes. The ionic conductivities of the biopolymer electrolytes are cal-
culated using Eq. (1):

" (Ry) em @
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where [ represents the thickness of the biopolymer electrolyte (in cm), A repre-
sents the surface area of the biopolymer electrolyte (in cm?), and R, represents the
bulk resistance of the biopolymer electrolyte (in ohms). As the salt concentration
increases, the ionic conductivity also increases. This is due to the production of
large amount of mobile charge carriers and due to the increase in the ionic transpor-
tation in the polymer segments. From Table 3, it has been observed that the biopoly-
mer electrolyte PMg 4 exhibits the highest ionic conductivity of 1.14x 107> S cm™.
This biopolymer electrolyte, having low T, value (from DSC) owing to the softening
of the polymer, supports the segmental motion and increases the ionic transportation
of the system. Further, the biopolymer electrolyte PMg 4 has highest amorphous
nature (from XRD), which confirms the highest ionic conductivity. As the amor-
phous nature increases, the flexibility of the polymer chain also increases and this
enhances the segmental motion in the polymer matrix which in turn increases the
ionic conductivity of the biopolymer electrolyte. [38].

Conductance spectra analysis

Figure 5 shows the conductance spectra of the biopolymer electrolyte PP and differ-
ent compositions of pectin with different concentrations of MgCl, salt. Normally,
the conduction spectra consist of three well-defined regions, namely low-frequency
dispersion region which indicates the space charge polarization at the blocking
electrodes, the middle-frequency independent plateau region which indicates the
DC conductivity of the prepared biopolymer electrolytes due to the migration of
the ions to the neighboring sites and the high-frequency region which indicates the
bulk relaxation process. The conduction spectra of the biopolymer electrolyte PP
exhibit all the three regions, whereas the other biopolymer electrolytes exhibit only
two regions: low-frequency dispersion region and the middle-frequency independent

3.0 ©
(d)
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©
4.0 ®)
"T'\ -4.5 (@)
cEJ 5.0
»n
5 -5.5
o0 —&— (a) PP
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Fig.5 Conductance spectra of (a) PP, (b) PMg 1, (c) PMg 2, (d) PMg 3 and (e) PMg 4
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plateau region. DC conductivity value is obtained from the conduction spectra by
extrapolating the middle-frequency independent plateau to log ¢ axis. There is a
good agreement with the DC conductivity value obtained from the conduction spec-
tra and Cole—Cole plot.

Transference number analysis
Wagner’s polarization method

To calculate the total ion transport number in the biopolymer electrolyte, Wagner’s
polarization technique proposed by Wagner and Wagner [39] has been carried out,
where the cell SS/PMg 4/SS was polarized by applying a DC voltage of 1.5 V. Fig-
ure 6 shows the DC polarization curve of (i) SS/PMg 4/SS cell and (ii) Mg/PMg 4/
Mg cell at room temperature. The initial total current has been found to decrease
with time (Fig. 6(i)) owing to the depletion of ionic species in the biopolymer elec-
trolyte, and it attains a constant value in the fully depleted situation. Under steady-
state condition, the cell is polarized and due to the migration of ions, the current
flows across the electrolyte interface. The total ion transport number (%,,,) for the
samples has been determined using Eq. (2):

I -1
tion= l‘] <

t

(@)

Here, I, represents the total current and /, represents the residual current. The total
ion transport number of the highest conducting biopolymer electrolyte PMg 4 was
found to be 0.98. This clearly shows that the charge transport is mainly due to ions
and the contribution of electrons is very negligible.

180

160 ——(i) SS/PMg 4/SS
—@—(ii) Mg/PMg 4/ Mg

140
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Fig.6 DC polarization curve of (i) SS/PMg 4/SS cell and (ii) Mg/PMg 4/Mg cell at room temperature
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Evan’s polarization method

To calculate the contribution of Mg?* ions to the total conductivity, a combination
of AC and DC technique, proposed by Evans et al. [40], has been used. In this polar-
ization method, Mg/PMg 4/Mg cell was polarized by applying a constant voltage of
AV=1.5 V. The AC impedance plot for the highest conducting biopolymer electro-
lyte PMg 4 is shown in Fig. 7. The intercept at the high-frequency region represents
the bulk resistance, Ry, of the biopolymer electrolyte. R, the cell resistance before
polarization and, Ry, cell resistance after polarization are obtained by the impedance
measurements. EQ software [37] has been used to fit the impedance plot. The total
impedance (R¢=R,+ R;) at low-frequency region corresponds to the diameter of the
semicircle, where R; is the resistance of the passivation layer. The value of #* ion is
obtained from Eq. (3):

. Ig(AV = R,1,)
1, (AV = Ry) ©
Here, I, and I represent the initial current and the final current, respectively, and
are noted from Fig. 6(ii). R, and R are the cell resistance before polarization and
after polarization, respectively. The transport number of Mg>* ion for the cell, Mg/
PMg 4/Mg, is found to be 0.301. Similar result has been obtained by Mahalak-
shmi et al. [23] where the transference number of Mg2+ ions for 40% CA: 60%
Mg(ClO,), biopolymer membrane is 0.313. Manjuladevi et al. [27, 28] reported the
transference number of Mg>* ions as 0.30 and 0.38 for the blend polymer mem-
branes, 92.5PVA:7.5PAN:0.3 m.m.% Mg(NO,), at room temperature and 92.5 PVA:
7.5 PAN: 0.5 m.m.% MgCl, film, respectively. Priya et al. [25] reported 0.313 as
the transference number of Mg?" ions for the electrolyte 1.0 g I-carrageenan with

1200
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—&— after polarization

800
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400
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Fig.7 AC complex impedance plot before and after polarization of Mg/PMg 4/Mg cell
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0.6 wt% of Mg(ClO,),. Kumar et al. [41] developed a PMMA-based GPE using
0.5 g of Mg(CF,S03), salt and reported 0.33 as the transference number of Mg**
ions.

Electrochemical stability analysis

The electrochemical stability is an important factor which decides the biopoly-
mer electrolyte to be used for the electrochemical application. The electrochemi-
cal stability for the biopolymer electrolyte PMg 4 has been measured by linear
sweep voltammeter by placing the sample between two stainless steel block-
ing electrodes, and a potential range of 0—4 V has been applied at a scan rate of
100 mV s~!. Figure 8 shows the linear sweep voltammogram of the biopolymer
electrolyte PMg 4. It has been observed that the biopolymer electrolyte is sta-
ble up to 2.05 V, confirming that this electrolyte can be used for electrochemi-
cal application. Muthukrishnan et al. [19] reported 3.69 V as the electrochemical
stability for the highest conducting sample, 40 mol% pectin: 60 mol% NH,SCN.

Cyclic voltammogram studies

The CV measurement has been carried out using SS/PMg 4/SS between —2.5 V
and 2.5 V. The CV plot of SS/PMg 4/SS cell taken at a scan rate of 100 mV s~!
is shown in Fig. 9. Two distinct cathodic and anodic current peaks observed from
the voltammogram point out the occurrence of the anodic oxidation and cathodic
reduction at the electrode—electrode interface.

100000 ——— SS/PMg 4/SS

80000
60000 -

40000

current (pA)

20000
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T T T T T
0 1 2 3 4
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Fig.8 Linear sweep voltammetry for the biopolymer electrolyte PMg 4
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Fig.9 Cyclic voltammogram of SS/PMg 4/SS biopolymer electrolyte at room temperature at a scan rate
of 100 mV s~

Primary magnesium battery fabrication

The highest conducting biopolymer electrolyte PMg 4 has been used for the fab-
rication of Magnesium primary battery. Mg metal in pellet form has been used as
the anode. The preferred proportion of manganese dioxide and graphite are grinded
together in powder form, pressed with 5-torr pressure to form a pellet and acts as
the cathode. The biopolymer electrolyte is placed between the anode and cathode
material as shown in Fig. 10a. The chemical reaction in the cell is as follows: Anode
reaction

Mg + 2(OH™) = Mg(OH), + 2¢ 4)
Cathode reaction
2MnO, + H,0 + 2¢ = Mn,0; + 20H™ 3)
Overall reaction
Mg + 2MnO, + H,0 = Mg(OH), + Mn, 0, (6)

The hydroxyl group in the biopolymer pectin acts as the source of hydroxide
ion in Mg-MnO, battery. Occluded moisture/water will be present in any polymer
which is nonessential water retained by the physical forces in the microscopic pores
distributed irregularly throughout pectin. This acts as another source of hydroxyl ion
[28].

Figure 10b shows the open-circuit voltage of the fabricated magnesium primary
battery. The stable potential of 2.16 V has been observed for 280 h. A load of 100 k2
has been connected to the fabricated battery, and the discharge characteristics has
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Fig. 10 a Primary magnesium battery configuration, b open-circuit voltage of the fabricated magnesium
primary battery and ¢ discharge characteristics of the fabricated magnesium primary battery

been observed (Fig. 10c). The initial potential decreases from 2.16 to 2.12 V owing
to the polarization at the electrode—electrolyte interface [28]. This voltage is main-
tained constant for 11 days, and this constant region is called plateau region. A cur-
rent of 153 mA has been observed for a load of 100 kQ. The cell parameters of the
magnesium primary battery constructed using the biopolymer electrolyte PMg 4 are
shown in Table 4.

A white LED connected across two magnesium primary batteries which are in
series, glows for 6 days without any interruption (Fig. 11).

Table 4 Cell parameters

Cell parameters Measured values of
discharge through
100 kQ

Cell area (cm?) 1.1304

Cell weight (g) 1.099

Effective cell diameter (cm) 1.2

Cell thickness (cm) 0.319

Open-circuit voltage (V) 2.16

Current drawn (mA) 153
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Fig. 11 Glowing of LED con-
nected across two magnesium
primary batteries which are in
series

Conclusion

The literature survey reveals that no work has been done on the biopolymer pec-
tin with magnesium salt. The biopolymer electrolytes PP and different compositions
of pectin with different concentrations of MgCl, salt have been prepared by solu-
tion casting technique. The XRD analysis revealed that the amorphous nature of the
prepared biopolymer electrolytes increases with the increase in the salt concentra-
tion. The complex formation between the biopolymer pectin and the salt, MgCl,, has
been confirmed by FTIR analysis. DSC analysis revealed that the highest conduct-
ing sample has low glass transition temperature which agrees well with impedance
analysis. AC impedance analysis showed that as the salt concentration increases, the
ionic conductivity increases and the maximum ionic conductivity was obtained as
1.14x 107> S cm™! for the biopolymer electrolyte PMg 4. The total ion transport
number (f,,,) of the highest conducting sample has been found to be 0.98 by Wag-
ner’s polarization method. The contribution of Mg?* ions to the total conductivity
of highest conducting biopolymer electrolyte has been found to be 0.301 by Evan’s
polarization method. The electrochemical stability analysis showed that the biopoly-
mer electrolyte PMg 4 is stable up to 2.05 V. A primary battery has been constructed
using the biopolymer electrolyte PMg 4. The open-circuit voltage and the current
drawn are measured to be 2.16 V and 153 mA, respectively.
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