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polymer electrolyte was prepared using the solution casting method by incorporating
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various amounts of Mg(ClO4), from 0 — 35 wt%. The presence of Mg(ClO4); as the dopant
in agarose-matrix enhanced the ionic conductivity of the system from 1.796 x 108 S-cm™!
t0 6.247 x 10* S.cm™1 in the composition of 30 wt% Mg(ClO4), due to the production of
free ions. This system obeys the Arrhenius rule as it records the conductivity increment
when temperature increases. This increment shows the amorphous nature of

Keywords: electrolytes, which XRD analyses by determining the crystallite size and degree of
Agarose; magnesium perchlorate; crystallinity of agarose—Mg(ClO,), polymer electrolyte. High ionic conductivity at room
polymer electrolyte; electrical; temperature has increased attention to this polymer electrolyte based on agarose—
electrochemical Mg(ClOg),.

1. Introduction

A biopolymer is a polymer produced by living organisms, decomposed naturally in the
environment, and has been studied rapidly for applying energy storage devices as electrolytes [1].
Biopolymers, also called natural polymers, can be used as host materials in creating polymer
electrolytes because they are inexpensive, plentiful in nature, non-toxic, safe, and biodegradable.
Polymer electrolytes are materials that can conduct ions while being solid, and they have been
extensively studied for use in electrochemical devices such as batteries, supercapacitors, and fuel
cells. One of the main challenges in developing polymer electrolytes is achieving a balance between
ion conductivity and mechanical strength. Polysaccharide biopolymers have been investigated as
host polymers that can provide both properties due to their ability to form a promising film [2,3].
Because of their high molecular weight, polysaccharides can form a dense film through strong
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intermolecular interactions, enabling the movement of ions, which is essential for a polymer
electrolyte's functionality. Additionally, polysaccharides have a high hydration level, which can
facilitate ion solvation and movement.

In this study, biopolymer agarose, one of the natural polysaccharides found in seaweed, is chosen
as the host polymer matrix for ionic conduction. According to Yang et al., [4], agarose (d-galactose
and 3,6-anhydro-1-galactopyranose) is one of the polysaccharides rich with a hydroxyl group in their
molecule structure. This results in a cross-linking network with other components in polymer
electrolyte and proves that agarose is an effective polymer matrix as it can promote the
transportation of ions [5,6]. Moreover, polysaccharides also reserve much lower crystallinity and
higher ionic conductivity than non-polysaccharide polymers such as Polyethylene Oxide (PEO), which
recorded about 10%-107 S-cm™ [3,6]. In addition, using polysaccharides as a polymer matrix may
produce an electrolyte with good thermal and chemical stability [4]. Agarose seems to be a perfect
candidate for this research as it can form a stable gel and thick film without affecting ionic
conductivity [5]. This proves that agarose-based polymer electrolytes possess mechanical strength
and conductivity that is liquid-like [7]. These elucidations were confirmed as Ali et al., [8] recorded
an exhibition of 1.48 x 10 S-cm™ value in ionic conductivity in their study, where agarose was used
as a polymer matrix. Another research related to agarose-based biopolymer electrolytes was done
by Singh and the team (2017), which reported the production of a high ionic conductivity value of
about 7.41 x 103 S:cm™ with the addition of 1-ethyl-3-methylimidazolium dicyanamide (EMImDCA)
in the composition.

Salt is an essential component to be implemented in preparing polymer electrolytes as it consists
of ions required for the conduction process in the polymer matrix. The presence of salt can reduce
the degree of crystallinity, enhance the ionic conductivity and enhance the mechanical properties of
the polymer [9]. Most of the researchers recorded the usage of alkaline ion salt to be incorporated
in polymer host matrix, such as lithium-ion (Li*), magnesium-ion (Mg?*), sodium-ion (Na*) and
potassium-ion (K*) salt [10]. In the past 20 years, the Li*-based salt system has dominated the
development of rechargeable batteries due to its capacity to generate high-performance devices [10-
13]. However, because Li* salt is expensive and less common on Earth, the use of alternative salts as
dopants is being studied.

Pandey et al., [14] stated that magnesium ion (Mg?*) offers a performance capability that is close
to that of lithium-ion (Li*) rechargeable batteries. Magnesium provides numerous advantages,
including high atmospheric stability, a high melting point (649 °C), a high energy density (3833
mA-h-cm2), a slow reaction towards air and water, chemical stability, and a high Earth abundance,
which is approximately 104 times higher than Li*, which is convincing for long-term use [14-16].
Moreover, the speciality of Mg?* salt consists of divalent ions that can exhibit a promising ionic
conductivity as it is strongly attracted by the lone pair of oxygen atoms, which promotes salt
dissociation and contributes to the transportation of ions [11,17]. The primary reason for the
incorporation of magnesium salt polymer matrix is due to the ability of magnesium salt to form a
stable ionic bond, which has a small cation size and high lattice energy that results from the strong
ion-dipole interaction between the polymer [8,18]. Therefore, magnesium perchlorate (Mg(ClOa),)
has been chosen as a dopant to be infused in an agarose-based polymer electrolyte.

This research focuses on the incorporation of Mg(ClO4), as a dopant salt in an agarose matrix-
based polymer electrolyte to assess its influence on the electrical, structural and electrochemical
properties through the characterisations of Electrochemical Impedance Spectroscopy (EIS), Fourier
Transform Infrared (FTIR) Spectroscopy, X-ray Diffractometer (XRD) and Linear Sweep Voltammetry
(LSV).
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2. Methodology
2.1 Materials

The materials used, i.e. polymer agarose (molecular weight, Mw: 630.5 g-mol™) from Next Gene
(Puchong, Malaysia) was used as host polymer, and magnesium perchlorate salt (Mg(ClOa4)2; Mw:
223.20 g:mol™?, ACS reagent 99%) purchased from Sigma-Aldrich (Saint Louis, MI, USA) was used as a
dopant salt. The solvent used in this study was Dimethyl sulfoxide (DMSO) with 299.7% purity, and
78.129 g-mol™! molecular weight was purchased from Fisher Scientific (Hampton, NH, USA).

2.2 Preparations of Polymer Electrolyte Film

The sample of thin film agarose—Mg(ClO4); polymer electrolyte was prepared by using the
solution casting method. 0.5 g of agarose powder was dissolved in 20 ml dimethyl sulfoxide (DMSO)
before Mg(ClO4); salt was added to the mixture. The addition of salt varies from 0 to 35 weight
percentage (wt%) with a 5 wt% interval. The agarose-DMSO-Mg(ClO4), solution was stirred
magnetically until a clear homogeneous solution formed. Then, the solution was cast into a petri dish
and dried in an oven until a thin film of agarose—Mg(ClO4), polymer electrolyte sample was observed,
as shown in Figure 1. The samples were assigned, as recorded in Table 1, by incorporating various
weight percentages of Mg(ClO4), into agarose matrices.

Table 1

The composition of thin film agarose—Mg(ClO4), polymer electrolytes with different
amount of salt

Sample Designation Mass of agarose (g) Weight percentage of Mg(ClOa)2 salt (wt%)

0-Mg(ClOa); 0.5 0

5-Mg(Cl0a)> 0.5 5

10-Mg(Cl04); 0.5 10
15-Mg(Cl0a); 0.5 15
20-Mg(ClOa): 0.5 20
25-Mg(ClOa): 0.5 25
30-Mg(ClOa): 0.5 30
35-Mg(ClOa): 0.5 35

Fig. 1. Example thin film of a selected
sample of agarose—Mg(ClO,); polymer
electrolyte (30-Mg(ClO4),)
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2.3 Characterisation Techniques
2.3.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed using a HIOKI 3532-50 LCR Hi-
Tester at various temperatures ranging from 300 to 373 K to investigate the electrical properties of
polymer electrolytes. The samples were sandwiched between two symmetrical stainless-steel
electrodes with a contact area of 0.7854 cm?. The frequency was fixed during the measurements
from 100 Hz to 1 MHz. This measurement measured the parameters related to the ion conduction
mechanism, such as ionic conductivity, dielectric and modulus properties.

2.3.2 Fourier transform infrared spectroscopy

The interaction of complex formation in agarose—Mg(ClOa.),-based polymer electrolyte was
analysed by Perkin Elmer FTIR model spectrum 400. The FTIR spectra were obtained in the
absorbance mode with a spectral resolution of 2 cm™ in the wave area from 450 to 4000 cm™. The
measurement is taken at room temperature and carried out by an attenuated total reflection (ATR)
accessory.

2.3.3 X-ray diffraction spectroscopy

X-ray Diffractometer (XRD) spectroscopy was operated to study the structural characteristics of
a polymer film by determining the presence of crystalline or amorphous nature in polymer electrolyte
composition. The XRD pattern was performed by PANalytical X'pert PRO diffractometer with CuKq
radiation (A = 1.5418 A) and recorded in Bragg angle (20) range of 5° to 90° at ambient temperature.

2.3.4 Linear sweep voltammetry

The electrochemical stability of the highest conducting sample of agarose—Mg(ClOa4), polymer
electrolyte (30-Mg(ClOa4)2) was examined by linear sweep voltammetry (LSV) using an Automatic
Battery Cycler (WBCS 3000, WonA Tech, Seoul, South Korea). The sample acts as a separator
sandwiched between stainless steel (SS) and magnesium (Mg) metal (Figure 2) at a scan rate of 5
mVs. At the same time, the initial and final potential of characterisation is fixed at the range of 0 to
4.0 V. The current curve against voltage was recorded to identify this behaviour by connecting the
voltage to the cell.

Connect to

working  *
terminal
1
“:}— Teflon Jig
'-— Stainless steel
+——1— Electrolyte
3
=————— Magnesium metal

Connect to
>

reference
terminal

Fig. 2. The configuration used in
running LSV's characterisation
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3. Results
3.1 Electrical Studies
3.1.1 lonic conductivity

lonic conductivity is one of the important parameters related to the electrical properties that
need to be determined to ensure the presence of ionic motion in a polymer electrolyte system. This
parameter can be analysed by using the formula

o =— (1)

where o represents the ionic conductivity of the sample (S-cm™), t is the thickness of the thin film
(cm), A is the electrode-electrolyte contact area (cm?), and Rp is the bulk resistance obtained from
the intersection of semicircle in high-frequency region and a spike in low-frequency region of
impedance plot.

The ionic conductivity of agarose—Mg(ClO4), polymer electrolyte at different weight percentages
(wt%) infusion of Mg(ClOa); salt in agarose-based polymer electrolyte is represented in Figure 3. The
undoped polymer electrolyte system exhibits a low ionic conductivity value at 1.796 x 108 S-cm™ as
salt is not added in this system (0 wt%). There is an increment of ionic conductivity to 3.445 x 10°°
S-cm? after incorporation of 5 wt% of Mg(ClOa); salt and further increase up to 1.222 x 10 S-cm™
for sample 15-Mg(ClOa)2. The ionic conductivity continued to increase significantly and reached its
optimum value of ionic conductivity at 6.247 x10* S-cm™ in the composition of 30 wt% Mg(ClOa)..
The enhancement of ionic conductivity occurs due to the increase in the sample's amorphous nature,
which triggers ions' transportation [19]. Moreover, the other factor that affects ionic conductivity is
the number of ion dissociations. As seen from the trend of ionic conductivity 0-Mg(ClO4), to 30-
Mg(ClOa),, the more amount of salt Mg(ClO4), doped in the polymer matrix, the number of ions
dissociates into free cation (Mg?*). Free anion (ClO4’) increases, thus promoting the ionic conductivity
to the optimum ionic conductivity [20]. This result is based on the research conducted by
Mahalakshmi et al., [21], where the highest ionic conductivity value was recorded at 4.04 x 10*
S-cm™! after infusion of 60 wt% Mg(ClO4), in cellulose acetate (CA) polymer.

However, the ionic conductivity decreased to 1.977 x 10 S-cm™ when Mg(ClOa); salt was added
after the system reached the optimised value. This phenomenon occurs due to the aggregation of
ion clusters causing the formation of overcrowded ions, so the free ions are limited to mobile in the
matrix [19,21].
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Fig. 3. Mg(ClO4), concentration dependence on DC ionic conductivity at
room temperature

3.1.2 Temperature dependence on ionic conductivity studies

Apart from the salt concentration in the polymer matrix, the temperature difference can also
influence the ionic conductivity value produced. This correlation is related to the Arrhenius rule,
which is denoted as

-Eq
0 = gpexp*sT (2)

where o, is the pre-exponential factor, E; is the activation energy, and kg is the Boltzmann constant.
The relation is proven when the ionic conductivity of agarose—-Mg(ClOa4), polymer electrolyte is
linearly dependent on the temperature and recorded the regression (R?) value approaching unity as
displayed in the graph of log o against 1000/T (Figure 4). Thus, it has obeyed the Arrhenius rule. The
rise in temperature causes the enhancement of ionic conductivity as the supplied thermal energy has
weakened ion recombination during the solvent desiccation step of film production and results in
more free ions for the conduction process. Therefore, the value of activation energy recorded for the
highest conducting sample (30-Mg(ClOa);) is the lowest, about 0.105 eV, as displayed in Table 2,
which reveals the small energy required for the charge carrier to participate in the conduction
process. The samples that have low ionic conductivity, such as 25-Mg(ClO4), and 35-Mg(ClQa),, exhibit
much higher activation energy (0.123 eV and 0.158 eV, respectively) explained that high energy

needed for the free ion to hopping to another coordinating site in agarose—Mg(ClOa), polymer
electrolyte [8].
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Fig. 4. Temperature-dependent ionic conductivity for the selected samples
of agarose-Mg(ClO,), polymer electrolyte system

Table 2

The ionic conductivity and activation energy values of the selected concentration of
Mg(ClO,), were incorporated into an agarose matrix

Weight percentage of DC ionic conductivity at DC ionic conductivity Activation
Mg(ClOa)2 (Wt%) 303 K (S-cm™) at 373 K (S-cm™) energy, Ea (eV)
25 4.728 x 104 4.015 x 1073 0.123

30 6.247 x 10 3.926 x 103 0.105

35 1.987 x 10 3.114 x 103 0.158

3.1.3 Dielectric studies

Dielectric studies were performed to get further information on the conductivity behaviour of the
studied divalent ion-based electrolyte. Real and imaginary components of dielectric characteristics
define the behaviour of a substance in an electric field. The real component of the dielectric constant,
&, quantifies a substance's ability to store electrical charge energy in an electric field. It regulates the
amount to which an electric field may penetrate a material and polarise its charges, leading to the
build-up of charge on the material's surface, as described by the following equation.

Zi
e = e e

The imaginary component (dielectric loss) measures a material's ability to dissipate electrical
energy as heat when subjected to an alternating electric field. It indicates the energy wasted owing
to free charges in the material and is proportional to the substance's electrical conductivity:

Zy
= aetD @

where, Cy = g, A/t and &,= the permittivity of free space (8.854 x 1072 F-m™). The angular
frequency, w = 2nf, Z,=the real impedance and Z; = the imaginary impedance. Figure 5 shows the
plot of the dielectric constant of the highest conducting sample for agarose—Mg(ClOa4), polymer
electrolytes system at various temperatures. It illustrates that &, decreases gradually as the
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frequency rises until the electrode polarisation causes the value to become almost stable at high
frequencies. At low frequencies, &, increases significantly due to mobile charges migrating along the
field before being blocked by blocking electrodes, causing the build-up of ions at the electrode-
electrolyte interface to create an electrical double layer [22].

1,200,000

1,000,000 A 323K 343K A363K

800,000

& 600,000

>

400,000

200,000

0 . . . . —————
1 2 3 4 5 6 7
Log (f/Hz)
Fig. 5. Variation of the dielectric constant of 30-Mg(ClQO,), as a function of
frequencies at the selected temperatures

The larger value of the dielectric constant in the low-frequency area is also due to the
accumulated charges having enough time to maintain the polarisation. The percentage of free
charges that are able to move about increases as the dielectric constant rises. Likewise, as the
guantity of free ions rises with temperature, so does the dielectric constant. Since the electric field
direction reverses quickly at high frequencies, the dielectric constant value drops and then plateaus
in this frequency range, dampening the polarisation effect since no charge can accumulate at the
electrode-electrolyte interface. Due to the imprecise polarisation brought on by the random motion
of mobile charges, the polarisation effect disappears even at higher temperatures (343 and 363 K)
[23].

Dielectric loss, which is related to the amount of energy lost to move ions due to the diffusion
and migration process in the system, is illustrated in Figure 6. The figure shows that ¢; has risen more
drastic in the low-frequency range as a function of temperature. This finding suggests that more
mobile charges are generated, increasing the interaction between randomly moving ions and
prolonging the relaxation duration. In the high-frequency range, insufficiencies in charge diffusion
and low g; values result from the fast reversal of the electric field [23].
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Fig. 6. Variation of dielectric loss of optimised sample of agarose—
Mg(ClOs); system as a function of frequencies at selected temperatures

The dielectric analysis is further specified by loss tangent (tan 8) and relaxation time (7), which is
determined by using these relations.

&
tan § = . (5)
2T frpasT = 1 (6)

The graph of tan 6 as a function of the logarithm of frequency (f) for an optimised conducting
sample in agarose—-Mg(ClOa4), polymer electrolytes system at various temperatures is represented in
Figure 7. The temperature influences the peak frequency and its intensity in the graphs. Such
excitation verified the thermally induced dielectric relaxation process. Materials' ionic charge carriers
align with the direction of an applied field, and the longest relaxation time () is attained at higher
temperatures. lons are readily transported and hence participate in conduction and achieve
relaxation at a higher frequency, created in high-temperature environments [7]. Table 3 shows the
result for this system's highest conducting sample's relaxation time.
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Fig. 7. Graph of tan 6 with as a function of the logarithm of frequency for
sample 30—Mg(ClO4), system at selected temperatures

Table 3

The value of relaxation time obtained at the
selected temperatures for 30 wt% of agarose—
Mg(ClO4); sample

Temperature, T (K) Relaxation time, T (s)
323 6.9199 x 1077
343 5.3052 x 1077
363 5.1340 x 107

3.1.4 Modulus studies

The electric modulus formalism has been used to learn more about the behaviour of dielectric
materials by lowering the signal intensity associated with electrode polarisation. The dynamical
properties of electrical transport processes in materials may be determined, analysed, and
interpreted with the help of the complex modulus formalism, which uses variables like the carrier or
ion hopping rate and conductivity relaxation time. The electric modulus, M* is expressed in the
complex modulus formula [24]

M*=£l=Mr+iMi (7)

r

where the M,- and M; are the real part of the modulus and the imaginary part of the modulus that
are determined by [25]

- & (8)

N CHEICHE

&i
Mi = [(er)2+(£)?] ()

where ¢; is the dielectric loss and ¢, is the dielectric constant.
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The real part of the modulus (M,.) as functions of frequency for the highest conducting sample at
selected temperature are represented in Figure 8, while Figure 9 displays the variation of imaginary
electric modulus (M;) as a function of frequency at the selected temperature for sample 30-
Mg(ClOa)2. A low electric modulus is observed when the electric modulus approaching zero was
recorded in the low-frequency regime due to the influence of concealed electrode polarisation effect
[23,26]. A long tail at this regime is ascribed to the large capacitance associated with the electrodes,
contributing to the non-Debye behaviour in this polymer electrolyte system [25,27]. On the other
hand, in the high-frequency regime, both real and imaginary electric modulus increase without
clearly identified appearance. The higher values are caused by the bulk effect of the electrolyte
samples [28]. In other ways, the temperature rise causes the M,. values to incline, indicating that the
charge carriers are moving more quickly.
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Fig. 8. Variation of the real modulus component for the highest conducting
sample of agarose—-Mg(ClO,), system as a function of frequencies at the
selected temperatures
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Fig. 9. Variation of the imaginary modulus component for the highest
conducting sample of agarose—-Mg(ClO4), system as a function of
frequencies at the selected temperatures
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3.2 Molecular Interaction of Agarose—Mg(ClO4), Polymer Electrolyte

The complexation of agarose with magnesium perchlorate is depicted in FTIR spectra between
450 to 4000 cm™ (Figure 10) and tabulated (Table 4). The first region (i) shows the broad bandwidth
of the O-H stretching vibration peak at 3301 cm™ and shifted from 3307 to 3350 cm™ after
incorporating salt into the polymer matrix [7,29]. The -CH stretching vibration is observed at 2901
cm™ in 0-Mg(ClO4)2 [30]. However, after doping the salt, the peak decreased in width and intensity
and was recorded the peak at 2920 cm™. The band at range 1750 cm™-1650 cm™ shows the stretching
vibration of N-H, which centred at 1646 cm™[7,29]. A medium intensity peak marked at (iv) reveals
the appearance of C-C stretching vibration at wavenumber 1436 cm™ [7]. A change of absorption
peak at 1366 cm™-1372 cm™ represents the changes of CH3 bond bending of agarose after the
coordination/complexation of salt with polymer, where the peak was recorded as a drop in intensity.
The presence of carbohydrates in this system is testified through the formation of a peak at 1153 cm-
1, which belongs to the C-O-C stretching vibration [31]. The peak of the C-OH stretching vibration and
the peak of the 3,6-anyhydrogalactose bridge vibration are clearly seen and sustained at 1067 cm™!
and 931 cm'?, respectively, regardless of the presence or absence of salt [30,32,33].

@ (i) Gy Gv) () (vid)
: : Lo ‘
HORE

35-Me(C10),

30-Mg(C10),

25-Mg(C10),

20-Mg(C10,),

15-Me(C10),

Absorbance (a.u.)

10-Me(C10),

5Mg(C10),

0-Mg(Cl0),

I T T —
4000 3000 2000 1000

Wavenumber, K (cm’])
Fig. 10. FTIR spectra of complexation between
agarose and Mg(ClQ,), in polymer electrolyte
system
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Table 4

Significant peaks in the FTIR spectrum of agarose—Mg(ClO4), polymer
electrolyte

Label Wavenumber (cm™) Assignment

i 3311 v(O-H)

i 2918 v(-CH)

ii. 1647 v(N-H)

iv. 1437 v(C-C)

v. 1372 5(CHs)

Vi. 1153 v(C-0-C)

vii. 1067 v(C-OH)

viii. 931 3,6-anyhydrogalactose bridge vibration

v: stretching vibration, &: scissoring (bending)

Further studies related to FTIR are carried out using the FTIR deconvolution technique, which is
analysed using the Gaussian function in Origin Lab Software. The region from 600 cm™to 640 cm™ in
the FTIR spectra was selected to create the baseline and then proceeded to be deconvoluted and
fitted by the sum of the Gaussian function. The total intensity of all deconvoluted peaks is calculated
to validate it had fit the original spectrum and obtained a regression value, R? approaching unity
(R*~1) [32]. Figure 11 represents the deconvolution of FTIR spectra for the selected agarose—
Mg(ClOa), polymer electrolyte system sample. In this single peak between 600 cm™to 640 cm™, there
are three peaks observed, which belong to contact/pair ions (green line), free ions (purple line) and
ClO4 asymmetric bending (blue line). The free ions and contact ions percentages were calculated
from the following formulas,

A

_ 4
Free Ion (%) = ypryn X 100% (10)
Ac
Contact Ion (%) = yPvy x 100% (11)

where At is an area under the peak of the free ion region, and Ac is the area under the peak of the
contact ion region.
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electrolyte at wavenumber 600-640 cm™ for selected samples

Due to the electrostatic interaction exerted by the ions' opposing charges in polymer electrolytes,
contact ions or ion pairs (Mg?*------ ClOs) are detected at the exact wavenumber for all
concentrations, which about 630 cm™, and free ions are most abundant at 623 cm™ [34-36]. This
figure demonstrates that the ionic conductivity of a system increases when more salt is doped into
its polymer matrix, as the peak area of the contact/pair ions is less than that of the free ions. Figure
12(a) depicts the results of a calculation demonstrating this assertion to be true. The percentage of
free ions recorded lowest at 10-Mg(ClOa4)2, which shows the low concentration of free ions associated
with small salt addition in the polymer matrix. As the increasing amount of salt was added to the
system, the percentage of free ions increased and reached the highest percentage of free ions, about
82% at 30 wt% Mg(ClOs); in accordance with the concentration that obtained the optimum ionic
conductivity. The percentage of contact ions contradicts the percentage of free ions, as the lowest
percentage of contact ions recorded at 30-Mg(ClO4). proves the mobile ions are favourable at this
concentration. However, at 35 wt% addition of Mg(ClOs), in the agarose-based electrolyte, the
amount of free ions decreases, but the percentage of contact ions increases due to the aggregation
of ions. Therefore, the recorded percentage of free and contact ions was in accordance with the ionic
conductivity value obtained in the EIS study, as represented in Figure 12(b). Another additional peak
in this range is observed at ~617 cm™, denoted as ClO4  asymmetric band [36].
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Fig. 12. (a) The percentage of free and contact ions (b) the ionic
conductivity recorded in the EIS study for selected samples of agarose-
Mg(ClOa4), system

3.3 Structural Studies of Agarose—Mg(ClO4); Polymer Electrolyte

Figure 13 shows the samples' XRD pattern of un-doped and doped agarose—-Mg(ClO4), complexes.
For 0 wt% addition of Mg(ClO4); as the dopant in the agarose polymer matrix, the broad diffraction
peaks observed at 19.4° and 22.5° show the semi-crystalline nature of agarose polymer. The peaks
have shifted from 15° to 30°, which is recorded in pure agarose powder, which was reported in the
study done by Singh et al., [7]. However, the peaks observed in 0-Mg(ClO4), broaden and decrease in
intensity with the increasing amount of salt added to the polymer electrolyte system. For 30 wt%
incorporation of Mg(ClO4), in agarose-based polymer electrolyte, the two previous peaks have
combined and become a single broad peak at 26=20° with a decrease in intensity. The change of
diffraction peak, which becomes broader and reduces in intensity, indicates the amorphous nature
of the electrolyte upon adding salt. Thus, this led to the enhancement of ionic conductivity in the
polymer electrolyte system, as stated in the electrical analysis. However, the further addition of
Mg(ClOa); salt (35-Mg(ClOa4)2) in the agarose-based polymer electrolyte shows some increment in the
intensity of peak due to the failure of the polymer host to accommodate the salt, resulting in ion
recombination and a decrease in ionic conductivity [37]. In this XRD pattern, no peak corresponds to
the presence of Mg(ClO4), due to the complete dissociation of salt in the polymer matrix, thus
enhancing electrical properties.

In order to confirm this result, the structural study has been further by using the deconvolution
technique to determine the degree of crystallinity, X and the crystallite size, L of agarose-Mg(ClOa),
polymer electrolyte film by using formula, respectively

AC

X = 375 % 100% (12)

where A, is an area under the peak of the crystalline region and 4, is the area under the peak of the
amorphous region,

0941

= FWHM cos6 (13)
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where L is the crystallite size, 1 is the X-ray wavelength, fixed at (1.5406A), FWHM is the full width at
half maximum (a measure of the peak broadness), and 0 is Bragg's diffraction angle.
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Fig. 13. The XRD pattern of agarose-Mg(ClO,);
polymer electrolyte system with different
concentration of salt

Intensity (a.u.)

Figure 14 shows that this system has a semi-crystalline structure, with amorphous (26=19-20°;
blue peak) and crystalline (26=21-24°; green peak) peaks visible after undergoing deconvolution.
Crystallite size and degree of crystallinity are determined for each sample by recording the FWHM
and the area for each peak after deconvolution (Table 5). The crystallite size shows the decrement
from 0 wt% addition of Mg(ClOa4), at 6.62 nm to 1.54 nm at 30 wt% addition of salt. The smallest
crystallite size recorded at 30-Mg(ClO4); proves the reduction of crystalline nature after the
participation of salt in the polymer matrix. At this concentration, the crystalline peak becomes
broader and lower in intensity, thus exhibiting the lowest degree of crystallinity, about 27.39%,
resulting in the system's highest amorphous nature, promoting the transportation of ions in the
polymer matrix [20,38]. Beyond this concentration, the degree of crystallinity is observed to become
increase. Mohamed et al., [37] stated that this increment occurred due to salt recrystallisation, which
decreased the number density of ions and ionic conductivity. These results have also been supported
by the sudden rise in the degree of crystallinity and crystallite size of agarose—Mg(ClO4), polymer
electrolyte, which increased to 36.03% and 1.77 nm, respectively. The trend in this structural
behaviour also aligns with the findings obtained in electrical and molecular interaction studies, which
prove the best amount of salt doped in the polymer matrix is 30 wt% Mg(ClOa4)a.
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Table 5
The degree of crystallinity, Xc and size of crystallite, L, of selected agarose—
Mg(ClO,), polymer electrolyte samples

Samples Degree of crystallinity, X, (%) Crystallite size, L (nm)
0-Mg(ClOa)2 44.32% 6.62
30-Mg(ClO4)2 27.39% 1.54
35-Mg(ClO4)2 36.03% 1.77

3.4 Electrochemical Properties of Agarose—Mg(ClO4), Polymer Electrolyte

Figure 14 portrays the I-V curve generated by LSV for the most conductive agarose—Mg(ClOa);
polymer electrolyte system, which is 30—-Mg(ClO4)2. From this curve, the initial current is caused by a
redox reaction at the electrode, indicating that mobile species are participating [39]. The current flow
was almost constant through the sample until the voltage swept towards the anodic (positive) value
and recorded a voltage breakdown at 3.65 V, as denoted in Figure 15, due to the anions' oxidation in
the gel polymer electrolyte [40]. The small current value recorded between the cathodic and anodic
voltage limit indicates the absence of an electrochemical reaction between the electrode and
electrolyte. Thus, the electrochemical potential window stability can be measured from the
derivation of cathodic and anodic voltage limits, where the reduction potential of cation (Ecation) and
oxidation potential of anion (Eanion) take place, respectively.

Potential window = Egi0n — Ecation (14)
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The voltage breakdown, also known as anodic decomposition limit, indicates the voltage at which
current flows through the cells and continues rising rapidly due to electrolyte decomposition at the
inert electrode interface [22,39].

The values of cathodic and anodic voltage limits have been labelled as (a) and (b) in Figure 15.
Incorporating Mg(ClOa4); into the agarose matrix exhibits a wide potential window and higher
electrochemical stability up to 3.48 V and 3.65 V, respectively. These values were marked a
reasonable range (>3V) for electrochemical applications in magnesium batteries [8,22,41].
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Fig. 15. Graph of LSV curve after incorporating 30 wt% Mg(ClO,); salt into
agarose matrix of polymer electrolyte sample

4. Conclusions

Incorporating Mg(ClOa4); in agarose-based polymer electrolyte exhibits an optimised ionic
conductivity at 6.247 x 107 S-cm™ after doping 30 wt% of Mg(ClOa),. At this concentration, the value
of activation energy required is the lowest, proving the high rate of ion dissociation in this
concentration. This system also obeyed the Arrhenius rule, where the ionic conductivity is recorded
as increasing with the temperature. In FTIR studies, the presence of peaks observed is the domain
found to belong to agarose, which shows the band of v(O-H), v(—CH), §(N-H), 6(CHs), v(C-0—C), v(C—
OH), 3,6—anhydrogalactose bridge vibrations and v(C—C) in the agarose—based polymer electrolyte.
Furthermore, adding Mg(ClOa4). reveals the enhancement of its amorphous nature by recording a low
degree of crystallinity in XRD analysis. This research is convincing as the complexation between
agarose and Mg(ClO4), salt can exhibit wide potential stability and high electrochemical stability
polymer electrolyte, which proves that the agarose—Mg(ClO4). polymer electrolyte system has the
potential to be employed for an energy storage devices application.
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