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Abstract

Lithium-ion based Solid Polymer Electrolytes are synthesized by incorporating lithium perchlorate (LiClO,) salt with
Iota-Carrageenan (IC) / Acacia Gum (AG) plasticized with ethylene glycol (EG) by solution casting method. The X-ray
diffraction and Fourier transform infrared analysis are used to analyze the structural and molecular complexation. From
the AC impedance analysis spectra, it is found that the incorporation of 15 wt% of LiClO, salt into a blend polymer elec-
trolyte (IAO15) shows the maximum ionic conductivity of 2.02x 1072 S/cm and minimum activation energy (0.022 eV).
The conduction mechanism for IAO15 sample follows two models (CBH and QMT). The dielectric and modulus spectra
confirm the non-Debye nature of the sample. From the Transference Number Measurement, it is observed that the con-
ductivity is due to Li ions and IAO15 sample is chosen for the fabrication of a Symmetrical supercapacitor. At 3.6 Ag™!
current density, the power and energy densities are noted as 7452 Wkg™! and 165.6 Whkg™! respectively.

Keywords XRD - AC impedance - GCD - LSV - Lithium perchlorate - Supercapacitor

Introduction

Over the past few decades, researchers have focused on
energy conversion and energy storage devices from renew-
able energy sources. Fossil fuels are going to be exhausted
eventually, because of the worldwide energy consumption
[1, 2]. Compared with the other energy storage devices,
supercapacitors are used in a variety of industries, including
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telecommunications, medical equipment, and electric
vehicles because of their low cost, high power density, and
prolonged cycle life [3]. The active components of superca-
pacitors such as electrodes, electrolyte, and separator have
significant effects on their electrochemical performance.
Generally metal oxides and carbon-based materials are
used as electrode materials [4]. Then the polymer-based
electrolytes are preferred for solid state electrochemical
application.

Compared with synthetic polymers, biopolymers are
gained popularity due to its environmental concerns. But it
has low conductivity and numerous techniques are used to
improve their conductivity [5]. Researchers have explored
various biopolymers such as chitosan [3], starch [6], pec-
tin [7], carrageenan [8], agar-agar [9], methylcellulose [10],
and cellulose acetate [11]. In particular, these biopolymers
are economical and it is a good substitute for synthetic
polymers in a variety of electrochemical applications. Car-
rageenan stands out among them as a suitable host polymer
because of its water solubility property and contains specific
functional groups within its structure [12]. Carrageenan can
be categorized into three types: lota, Lambda, and Kappa
based on the positioning and number of ester sulfate groups.
The composition of Iota-carrageenan has monomers of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-024-03322-5&domain=pdf&date_stamp=2024-5-15

Journal of Polymers and the Environment

B-v-galactopyranose and a-v-galactopyranose, connected
by a-(1—3) and B-(1—4) glycosidic linkages [13]. The con-
ductivity of pure IC electrolyte is observed as 3.86x 107°
Sem™!.

A popular method used by researchers to improve the
conductivity is polymer blending [14, 15]. As a part of iden-
tifying a polymer for blend, gum based polymer stands in a
suitable place. The various types of gums are Acacia gum
(also referred to as AG), Guar gum [16], Tragacanth gum
[17], Gellan gum [18], Moringa gum [19] and Xanthan gum
[20]. Among them, AG is a Polysaccharide which is derived
from the gum exudate of the Acacia tree. It possesses a com-
plex, highly branched polysaccharide structure with glyco-
protein constituents. Gum Arabic is widely available and
finds predominant use as an emulsifying agent, stabilizer,
and thickener [21]. AG is composed of 4-O-methyl gluc-
uronic acid units that are joined with B-glycosidic linkage. It
includes D-galactose, D-glucuronic acid, L-arabinose, and
L-rhamnose at an appropriate molar ratio [22]. It is simple
to blend Arabic gum with another polymer.

Plasticizers are incorporated into membranes to increase
flexibility, smooth texture, and improve the chemical and
mechanical strength of the membranes. These additives
have the ability to penetrate or increase the spacing between
molecules, thereby reduce the polar groups found in poly-
mers [23, 24].

Since lithium is the lightest metal, it is frequently cho-
sen as a doping salt due to its huge potential window, small
cationic and large anionic sizes, high redox potential, and
high gravimetric Coulombic density. Ongoing efforts are
directed towards the advancement of novel ion-conduct-
ing polymer electrolytes suitable for lithium-based energy
devices. Incorporating a lithium salt with an ion-conducting
biopolymer matrix has been proposed as a potential replace-
ment for liquid electrolytes in lithium-ion batteries and
supercapacitors [25, 26]. It has less electronegativity com-
pared with other fluoro type salts [27, 28].

In this work, Lithium Perchloride (LiClOy, is selected as
a dopant owing to its low dissociation energy, low lattice
energy (723 kJ/mol). As per the earlier reports of LiClO,
based biopolymer electrolytes, higher ionic conductivity of
1.7%107* S cm™! is reported by Sudiarti, T. et al., for cel-
lulose acetate with 10% LiClO, [29]. Y. M. Yusof and M.
F. Z. Kadir has also reported that the plasticized blend bio-
polymer electrolyte of methylcellulose /potato starch doped
with LiClO, has attained the maximum ionic conductivity
of 42x107*S cm™! [30]. As per the earlier reports, LiClO,
is selected as a suitable dopant salt with the selected blend.

In this work, LiClO, doped plasticized biopolymer blend
electrolytes has prepared and achieved the conductivity in
the order of 1072 S cm™!. By using the higher conductivity
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biopolymer electrolyte, symmetric capacitors are fabricated
and their properties are discussed.

Experimental
Materials

Iota carrageenan (IC) and acacia gum (AG) were obtained
from Qualigens Fine Chemicals Pvt., Ltd. and Himedia
Chemicals (HiMedia Laboratories Pvt., Ltd.), respectively.
The AG monomer has a molecular weight of 92 g/mol with
SQ grade, whereas the IC monomer has a molecular weight
0f 946.8 g/mol with 99% purity. Pure ethylene glycol with a
molecular weight of 62.07 g/mol was purchased from Merck
Specialities Private Limited with 99% purity. TCS Pvt. Ltd.
supplied lithium perchlorate (LiClO,) with a molecular
weight of 106.39 g/mol with AR grade purity. Deionized
water was taken as the solvent throughout the procedure.
The necessary materials for preparing the electrodes such
as N-methyl pyrrolidone (NMP), poly(vinylidene fluoride)
(PVdF), and activated carbon were purchased from SANWA
Components, Inc.

Experimental Details

Plasticized blend biopolymer electrolytes (PBE) were syn-
thesized by a technique called solution casting method. The
solution casting technique is also known as the direct cast-
ing method most commonly used to prepare polymeric films
which are utilized across various fields of material science
and engineering. The method involves the dissolution of
the polymers in suitable solvents. The polymeric solutions,
which may contain various additives, such as plasticizers
and crosslinkers (e.g., genipin and glutaraldehyde), are
evaporated [31]. Hence, many authors regard this method as
the conventional solution casting method. For the prepara-
tion of electrolytes, it is preferred to select this method as it
serves as a simple method [6, 32].

After dissolving the IC in 40 ml of deionized water, the
mixture was heated to 60 °C for three hours. By using 20 ml
of deionized water, AG polymer was dissolved at an ambient
temperature. Using a magnetic stirrer, both solutions were
gently mixed and stirred for 3 h to form a clear solution.
Then 0.75 ml of ethylene glycol (plasticizer) was added to
this blend solution. Concurrently, 10 ml of distilled water
were used to dissolve different concentrations of LiCIO,
(5wt.%, 10wt.%, 15wt.%, and 20wt.%), which were then
agitated for two hours at room temperature. After adding the
salt solution to the plasticized polymer blend solution, the
mixture was left to agitate for 20 h. After that, a Petridis was
filled with the clear solution, which was then placed in an
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60 wt. % Iota 40 wt. %
carrageenan + Acacia gum +
DI water DI water
(333K stirrer (303K; stirrer

for 3hours) for 3hours)

0.75 ml

Various wt. %
Ethylene of LiClO,
glycol
(303K; stirrer
(303K) for 2 hours)

A 4

IC /AG / EG / LiClO4 mixed solution

\ 4

Final transparent solution
(333 K;; stirrer for 12 hours)

Poured into petri dish
(343 K; stirrer for 7 hours)

$

Resultant solid lithium perchloride based
plasticized biopolymer electrolyte

Fig. 1 Schematic diagram of electrolyte preparation

Table 1 Prepared samples ratio in grams and weight%

S.no Sample The ratio of IC: AG: Ratio in grams
code LiClO, weight% with
0.75 ml Ethylene glycol
1 TIAB 60:40:00 0.936:0.063:0.000
2 TAO05 57:38:05 0.932:0.060:0.008
3 IAO10 54:36:10 0.921:0.062:0.017
4 IAO15 51:34:15 0.913:0.062:0.026
5 1A020 50:30:20 0.905:0.061:0.034

oven set at 60° C to evaporate. A schematic representation
of the electrolyte synthesis of a polymer electrolyte sample
is shown in Fig. 1. As shown in Table 1, the sample codes
are IAOO05, TAO10, TAO15, and IAO20. The salt content
rises as a Swt.%, 10wt.%, 15wt.%, and 20wt.% ratio.

Symmetrical Electrode Preparation

To prepare the electrodes, N-methyl pyrrolidone (NMP),
poly(vinylidene fluoride) (PVdF), and activated carbon are
taken in the proportion of 8:1:1. PVdF, NMP and activated
carbon were mixed together using a pestle and mortar to
produce a homogenous mixture. Once the mixture was
ready, it was spread out onto nickel foil and dried for 12 h at

80°C. In order to avoid moisture, the electrodes were kept
in a desiccator.

Analytical Methods and Characterization
Techniques

The amorphous nature of the plasticized biopolymer elec-
trolytes is confirmed by the X-ray diffraction pattern
acquired from a Bruker X-ray diffractometer. Cu-Ka radia-
tion is used for the diffraction scan, which covers the 20
range of 10°-60° at a rate of 5°/min. A computer-controlled
HIOKI 3532-50 LCR Hi tester is used in the determination
of ionic conductivity and dielectric characteristics. The tests
are conducted at frequencies between 42 and 1 MHz in the
temperature range of 303—368 K. Using a CH-Instrument
Model 6008e, clectrochemical performance is examined
using cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) techniques. Moreover, the Wagner polar-
ization technique is used to calculate the transference
number.
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Fig.2 a XRD pattern for the Plasticized blend polymer electrolyte and LiClO,, b X-ray deconvolution for all prepared samples

Results and Discussion
X-Ray Diffractometer

The diffraction pattern of optimized electrolyte (IAB)
and different wt% of LiClO, incorporated electrolytes are
shown in Fig. 2a. The existence of IC and AG in the opti-
mized blend sample IAB is confirmed from the X-ray dif-
fractogram. The humps located at 26=20°, 30°, and 40°
are presented in IAB [13].While increasing the salt con-
centration, the intensity of these humps at 26 =20° and 32°
gets decreased up to IAO15 which confirms the improve-
ment in the amorphous nature of the electrolyte. For IAO20
sample, the intensity of the humps is increased. There is
no distinct crystalline peaks associated with lithium per-
chlorate (according to the JCPDS-30-0751 database) in
all the samples which represents the complete dissolution
of the ionic dopant in the polymer blend system [33]. The
good amorphous nature or disorder occurred in the lithium
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Table 2 The calculated degree of crystallinity from XRD spectra
Sample code Degree of Crystallinity (%)

IAB 38
IAO05 36
T1AO10 35
T1AO15 32
1AO20 34

incorporated polymer membranes improves the polymer
segmental motion [29, 34].

As shown in Fig. 2b, the Origin deconvolution technique
is used for the determination of the crystallinity. The follow-
ing formula is used to find the degree of crystallinity (yc).

A,
Xe(%) = A—‘ x 100
T

(D
where, A, is the area of crystalline peaks and A is the total
area (the addition of crystalline and amorphous peaks area )
of'the XRD data [35],. Table 2 displays the calculated degree
of crystallinity. The variation in the values by increasing
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LiClO, salt concentration denotes the change in amorphous
nature of the polymer electrolytes. The lowest crystallinity
of 32% is noted for the sample IAO1S.

FTIR

The FTIR method examines the interaction among the chem-
ical compounds of the blended polymer with the LiClO, and
the EG. Changes in the vibrational modes of molecules are
attributed to the interactions between atoms or ions within
the polymer electrolyte system as detailed in Table 3. The
FTIR pattern in the wavenumber range of 4000 to 400 cm™"
is shown in Fig. 3. By the addition of LiClO, salt, the vibra-
tional peak at 3354 cm™! is shifted to 3348 cm™!, indicating
the existence of a hydroxyl group in IAB (blend electrolyte)
[8]. The observed vibration peak at 2932 cm™! in all solid
polymer electrolytes(SPEs) is associated with the C—H
stretching vibration [36]. A distinct vibrational peak at
1635 cm™! signifies the H-O—H deformation band in salt-
doped samples. The intensity of this peak diminishes with
the addition of salt [13]. At 1438 cm™!, a vibrational peak is
appeared which corresponds to the symmetrical and asym-
metrical stretching of -COO—. But for the TAO15 sample, it
is shifted to 1460 cm™' [37]. The distinctive shifts in these
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Table 3 FTIR peak assignments for all the prepared SPEs

Assignments Wave-
number
(em™)
O-H Stretching 3348
C—H Stretching 2934
H—-O—-H (Water deformation band) 1645
—COO- symmetrical and asymmetrical Stretching 1460
S—O sulfate stretching 1232
C—0 stretching of 3—6 anhydro galactose stretching 1067
CH, asymmetric stretching 1032
C-0O-C of 3-6 anhydro galactose stretching 926
—0-S0; stretching at D-galactose-4-sulphate 848
Sulfate C —4 galactose 736
ClO, Stretching 693

peaks indicate the complexation between Li* ions and oxy-
gen atoms in the polymer backbone [29].

The peak observed at 1224 cm™' is due to S-O sulfate
stretching in all the prepared samples. The vibrational peaks
at 1064 cm™' and 1032 cm™! are attributed to the C-O
stretching of 3—-6 anhydro galactose and CH, asymmetric
stretching [38]. The transmittance peak at 920 cm™" is asso-
ciated with C-O-C stretching in 3-6 anhydro-galactose
[34]. Additionally, the vibrational peaks at 842 cm™! and
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Fig.3 FTIR spectra of the Plasticized blend polymer electrolyte and LiClO, salt added electrolyte system
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738 cm™! correspond to ~O—-SOj stretching in D-galactose-
4-sulphate and sulfate C—4 galactose. The impact of the
interaction between LiClO, and blend polymer electrolyte
at 738 cm™! is also related to C—Cl vibrations [7]. The sol-
vated-separated ion pair (Li*-solvent- ClO,”) that occurs
in the prepared electrolyte is indicated by the shift in the
peak at 697 cm™! that results from the free ClO,™ anion.
The intensity of this transmittance peak is decreased with
salt concentration. For the sample IAO20, the intensity of
the peak is increased [7, 39, 40].

Cole—Cole

AC impedance spectroscopy is used to analyze the ionic
conductivity as well as dielectric properties of biopoly-
mer electrolytes. Zview software is used to determine the
bulk resistance (R;) of the electrolytes [27]. The prepared
polymer electrolytes are analyzed using Cole—Cole plots
with equivalent circuits, as shown in Fig. 4a—e. Gener-
ally, Cole—Cole plots reveal two distinct zones owing to
the bulky nature of the electrolytes. A semicircular pattern
occurs in the high-frequency region due to the combined
action of bulk resistance along with bulk capacitance and a
spike observed at low-frequency is due to the blocking elec-
trode. These features are attributed to the polarizing process
occurring at the electrolyte-electrode interface [41, 42].
The Cole—Cole plot for the IAB electrolyte is character-
ized by a semicircle with a spike. The corresponding circuit

includes a series resistance and a parallel combination of
resistance and capacitance phase element (QPE), followed
by another series connection of QPE. The impedance analy-
sis of the IAOO0S, TAO15 and IAO20 sample confirms the
existence of two semicircles with a spike. The equivalent
circuit model contains a parallel combinations of resistance
(R) and capacitance with QPE,, QPE, and QPE; as depicted
in Fig. 4c, e and f. For the sample, IAO10 shows two semi-
circles and the circuit is given in Fig. 4d. The presence of
two semicircles is due to the enhanced molecular packing of
the iota carrageenan polymer chain [8].

The sample IAO15 has the lowest bulk resistance value
and high ionic conductivity. Although the addition of salt
more than 15 wt%, LiClO, results in poor mobility which
increase the bulk resistance and decrease the ionic conduc-
tivity. The calculation of ionic conductivity (o) for the salt-
incorporated biopolymer electrolytes is performed by the
given equation,

o= <;Lb> X <;> Sem™! )

Where ‘t” denotes the thickness of the electrolyte, Area of
the electrolyte is ‘A’ is, and ‘Ry’ represents the bulk resis-
tance of the electrolyte [43]. Figure 4a reveals that the bulk
resistance (Ry) experiences a notable reduction up to 15wt.
% of LiClO, incorporated sample (IAO15). Remarkably, the
TIAO15 sample demonstrates a high conductivity value of
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Table 4 Measured conductivity and activation energy values of all
samples

Sample code AC Conductivity ~ DC Conductivity — Acti-
(Sem™h) (Sem™) vation
energy
(V)
IAB 2.96x107* 3.98x 107 0.071
1A005 5.02x 107 5.13x10™ 0.066
TIAO10 1.33%x1073 1.08x1073 0.062
IAO15 2.02x1072 1.99%x 1072 0.022
IA020 1.22x107* 1.16x107* 0.075

2.02x 1072 S cm™!. When the salt concentration is increased
to 20 wt% (IA0O20), the resistance increases and thereby the
conductivity decreases. Ionic conductivity values for these
polymer electrolytes obtained by the Cole—Cole plot are
presented in Table 4.

Conduction Mechanism

Several theoretical models can be used to relate the temper-
ature dependency of frequency exponent (s). For the higher
conducting electrolyte sample IAO15, the plot of s verses
temperature is shown in Fig. 5. The simultaneous forward
and backward motion of ions causes an increase in conduc-
tivity at higher frequencies which increases ion mobility.
The conduction follows the power law which is explained
by the following Eq. [44].

Fig. 5 Conduction mechanism
of the higher conducting sample

Oac = Oge + Aw® (3)
- @

Here, hopping frequency is represented by ‘w?*’, and temper-
ature-dependent parameter is represented by ‘A’. Typically,
the power law exponent (s) tends to be less than one [45].
The various types of conduction mechanism includes Over-
lapping large polaron tunnelling (OLPT), Non-overlapping
small polaron tunnelling (NSPT), Quantum mechanical tun-
nelling (QMT), and Correlated barrier hopping (CBH) [8].

From Fig. 5, there are two exponents s, and s, which
corresponds to Region I and Region II. With an increase
in temperature, s; tends to decrease. This implies that solid
polymer electrolyte system follows the CBH model. In the
CBH model, it is believed that charge carriers are encom-
passed by various potentials, including the repulsive force
between ions (known as the coulombic repulsive potential)
as well as a potential well. As explained by Buraidah et al.,
while the ions acquire sufficient energy, they transit or “hop”
from one location to another. The ions can either return to
their initial state (back-hop) or establish a new potential
with a higher barrier for hopping back which enable them to
continue moving forward [15].

In the second region, s, follows the QMT model. In this
model, there is no change (constant) in s value which means s
value is independent of temperature. According to the QMT
model, the conducting proton and stress fields combine to
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produce the polaron. The polarons move by the tunneling
process through the potential barrier. AC conductivity is
increased by atomic or electron tunneling between equilib-
rium sites [46, 47]. The plot of exponents s, and s, against
T can be fitted by the equations, s;=—1.00152x107*
T+0.04145 and s,=—9.39883 x 107° T+0.04145.

Arrhenius Behavior

Figure 6 illustrates the Arrhenius characteristics of all the
prepared electrolytes. As the temperature increases, the con-
ductivity of the prepared polymer electrolyte also increases.
The relationship between the activation energy (E,) and
conductivity (o) is explained by Arrhenius behavior using
the equation,

o= O-Oe{fEa/(Kbe)} (5)

T is the temperature, and K, denotes Boltz Mann’s constant.
The plot shows that as the temperature rises, the conductiv-
ity also increases. This is due to the increase in the number
density and mobility of ions with the increase in tempera-
ture [15]. The ion hopping mechanism guides the migration
of ions within this electrolyte system. Since the proportion
of salt rises, the activation energy decreases for the sam-
ples Swt. % LiClO4,10wt. % LiClO, and 15wt. % LiClO,.
The higher conducting polymer electrolyte IAO15 has a
minimum activation energy of 0.022 eV compared with the
other electrolytes which suggests the requirement of lower
energy for migration for higher conducting samples [15].
For the sample TAO20, the activation energy is increased to
0.075 eV as given in Table 4.

Dielectric Studies

A fundamental way to investigate the ion storage mechanism
in polymer composites is to estimate the values of dielectric
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Fig. 6 Temperature-dependent conductivity plot for the blend electrolyte and LiClO, salt-added electrolyte system
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constant and loss. Dielectric characteristics of SPEs are
demonstrated by the plot between real (¢/) and imaginary
parts (¢ ) of complex permittivity. The following equations
are used for the determination of dielectric permittivity,

€= —jé' (6)
, ZN 7
= —=
wCy (Z/Z + Z”z) ( )
e ®)
oCo (27 4 27)

Where, ¢* means complex permittivity, ¢ is the real dielec-
tric permittivity, ¢/ denotes imaginary dielectric permit-
tivity, w is the angular frequency, C represents vacuum
capacitance while real and imaginary parts of impedance are
represented by 7/ and 7z [48]. Figures 7 and 8 shows the

dielectric constant and loss of all the prepared samples. ¢ is
used for the determination of dipole orientation or polariza-
tion and ¢” represents the energy required for the alignment
of dipoles [14].

It is noticeable that the dielectric constant and loss are
maximum at the low frequency. At high frequency, ¢ and
¢ are minimum and reached a constant value. In contrast to
other SPEs, the higher conducting sample IAO15 exhibits a
maximum value of ¢ and ¢” at low frequencies due to space
charge polarization and the free Li-ions accumulation at the
electrode-electrolyte interface [49, 50]. The values ¢ and ¢”
are constant at high frequencies, indicating that there is no
chance for charge carriers to align themselves with the field
direction. Furthermore, there is less diffusion of charge car-
riers in the direction of the field [51, 52].

1.6x10° —=— |AB
Y —e—|AO05
8

1 108' —v—1A015

i —¢—1A020
1.0x10° -
W 8.0x107 -
6.0x10" -
4.0x10" -
2.0x10" -
0.0 -
2

log ® (Hz)

Fig. 7 Dielectric constant versus log frequency for the blend electrolyte and LiClO, salt added electrolyte system
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Fig. 8 Dielectric loss versus log frequency for the blend electrolyte and LiClO, salt added electrolyte system

Modulus Spectra

The reciprocal of complex relative permittivity is explained
as the electric modulus, it is particularly helpful for ana-
lyzing electrical relaxation processes. The frequency-
dependent real and imaginary parts of dielectric modulus
spectra )/’ and )" for all the prepared samples are shown
in Figs. 9 and 10. The equations are given as,

|
M= — 9)
€
M= (—C (10)
¢’ + ¢
6”
M" = (6/2+6//2> (11)

@ Springer

Here, ¢/ and ¢” denotes real and imaginary parts of dielec-
tric permittivity [53]. At the low frequencies, )/’ and )"
approaches zero. This confirms the high capacitive behav-
ior and the lack of the restoring force that typically gov-
erns the movement of charge carriers in the presence of an
electric field [54]. There is an improvement in the real j7’
and imaginary )/” part of modulus values as improving the
frequency, suggesting the impact of the bulk effect. These
findings provide an evidence to support the existence of
non-Debye characteristics in the samples [55].

Tangent Spectra (Dissipation Factor §)

The frequency-dependent dielectric loss tangent spectra is
shown in Fig. 11. The dielectric relaxation time of all the
LiClO, added samples is calculated and given in Table 5.
The shift in the loss tangent peak towards higher frequencies
occurs with an increase in salt content. A process of dielec-
tric relaxation is indicated by this change. The value of tand
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Fig. 9 Real dielectric modulus spectra versus log frequency for the blend electrolyte and LiClO, salt added electrolyte system

reaches a maximum value and drops with the increase in
frequency. The translational ion dynamics associated with
the dielectric relaxation in mobile ions is represented by the
peak. The rise of tan 6 with frequency may be explained
by a fluctuation in the quantity of reactive (capacitive) and
active (ohmic) components [32, 56]. The loss tangent is
determined by,

/
tand = 6—” (12)

€

T=——== (13)

In this above equation, ¢/ and ¢ denotes real (constant) and
imaginary (loss) parts of dielectric permittivity respectively.

denotes the relaxation time and w is the angular frequency
obtained from loss tangent spectra by peak and baseline

fitting. The existence of relaxation time is the consequence
of the effort carried out by the ionic charge carriers within
the polymer electrolyte to follow the change in the direction
of the applied field. With an increase in salt concentration,
the height of the peak increases, and the tan 6 peaks shift to
a higher frequency. This suggests quicker relaxation time.
The addition of the lithium perchloride salt upto 15 wt%,
the ionic conductivity increases by the enhancement of the
number of carrier ions and the movement of ions. This leads
to improvement of transport properties in the IAO15 elec-
trolyte, as the combination of instant segmental motion and
mobile ions facilitates to faster ion transport. For this rea-
son, when conductivity increases, the relaxation time value
become reduces [57].

The value of relaxation time (T) is calculated and the
minimum _ value is observed as 5.54x 10~s for the higher
conducting sample IAO1S5. In Table 5, . values are tabu-
lated for all the prepared electrolyte.

@ Springer
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Fig. 10 Imaginary dielectric modulus spectra versus log frequency for the blend electrolyte and LiCIO, salt added electrolyte system

Transference Number Analysis

Wagner’s DC polarization approach is used to calculate the
transference numbers by using blocking electrodes. The
current flow is noted until it reaches a steady-state satura-
tion. Figure 12 illustrates the polarization current of the
LiClO, dopant system over time. Using a working voltage
of 2V, the initial high value of the current is attributed to the
coexistence of two charges: electrons and ions. This initial

29

current undergoes a sudden decrease over time. The “t;,,

and “t,.” values are calculated using the formula,
tete = (1 - tz’on) (15)
Where t;, is the transference number of ions, t,,, represents

the transference number of electrons, I; represents the final

@ Springer

current, [; represents the initial current. Table 6 shows the
obtained transference number values. The t;, value for
all salt-added electrolyte systems are within the range of
0.97-0.99. In this analysis, the t;, is found to be high (0.99)
for the IAO15 sample. The polymer-ion and ion-ion inter-
actions may be the reason for the high transference num-
ber [58, 59]. From the transference numbers (. and t; )
and conductivity (o) values, the subsequent parameters are
determined by the following Eq.

KTs

D=D.+D =" (16)
ne
D,
tion = m (17)
, D
ele — D+ +D_ (18)
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Fig. 11 Loss tangent spectra versus log frequency for the blend electrolyte and LiClO, salt added electrolyte system

Table 5 Observed tangent spectra parameters
Sample code

Relaxation time (7) in's

IAB 6.72x1077
IAO05 7.74% 1077
IAO10 7.05%1077
IAO15 5.54x1077
TAO20 1.04%x 1076
g
o= pus ot pe = — (19)
ne
Mot
tion = —"""— 20
0n M+ + ,LL, ( )
j.
tofe = ————
ele [ + [ (21)

In these equations, D denotes diffusion coefficient (cm?/s),
u means mobility (cm?*Vs), p=Density of the salt
(LiCl0,=2.42 g/cm?), Boltzmann constant is denoted as K

(K=1.38x10"2 m? kg s72 K™}, o represents Conductivity
(S em™), e is the Charge of the electron (1.602x 107!° C),
n is the number of charge carriers and N represents Avoga-
dro’s number (6.023 x 1072 particles per mole) [8].

A comparison of D, and p, values for cations and D™
and p~ values for anions reveals that the former are larger.
Anions’ and cations’ mobility as well as the diffusion coef-
ficient exhibit the comparable behaviour with the SPEs’
conductivity, which rises upto IAO15. Furthermore, the
transference number of the cation is never approached to
unity, revealing that there is some anionic presence in the
total ionic conductivity [60].

Fabrication
The fabrication of a symmetrical capacitor involves

the assembly of two identical electrodes (activated car-
bon) and an electrolyte (IAO15). Using galvanostatic

@ Springer
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Table 6 Mobility and diffusion coefficient of prepared solid polymer electrolyte

Wt.% of No. of charge carri- Transference Diffusion co-efficient in Mobility ()
LiClO , ers (n) in cm ~° Number cm? /s incm 2 /Vs
(1019) T ion T ele D D+ D_ u My B
(10 %) (1074 (10~° (1079 (10~) (1077

5 5.16 0.9758 0.0241 0.159 0.15 3.85 0.61 0.59 1.47
10 10.3 0.9535 0.0465 0.211 0.20 9.79 0.81 0.77 3.75
15 15.5 0.9995 0.0005 2.13 2.13 1.07 8.16 8.15 0.41
20 20.6 0.9613 0.0387 0.009 0.009 0.37 0.04 0.04 0.14

Table 7 The calculated device’s, specific capacitance, power density,
energy density, and area

Cyclic Galvanostatic Charge-Discharge (GCD)

Voltametric

C, (F/g) Current den-  C; Power Energy
sity (A/g) (F/g)  density (W/ density

kg) (Wh/kg)

367 24 292 1380 54

464 2.8 275 5796 182

577 32 261 6624 173

761 3.6 250 7452 166

901 16 (Istcycle) 75 8000 12

charge-discharge (GCD) and cyclic voltammetry (CV) tests,
the electrochemical characteristics of this supercapacitor are
measured.

Cyclic Voltammetry

Using an IAO15 sample, a symmetric capacitor is con-
structed, and cyclic voltammetry (CV) analysis is used
to examine its electrochemical performance. Figure 13a
depicts the symmetric capacitor’s CV curve in the poten-
tial range —0.2 to 1.2 V for different scan rates between 15
and 100 mV/s. An electric double-layer capacitor’s (EDLC)
behaviour is indicated by the CV plot’s leaf-like form.

0.04
0.03 4
0.02 ~
< 001 L
p— -
c
2 0004
= J
o
-0.01
=—100mV/s
-0.02 75mV/s
1 =—50m\V/s
-0.03 —25mV/s
1 —15mV/s
-0.04 —— T T —
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential (V)

CV curve area

The following equation is used to get the EDLC specific
capacitance.

Vi
1dv
J (22)

i

o = oV, =)

The system’s initial and final voltages are represented by
the variables V; and Vy, respectively. The letters m, v, and
f IdVstands for the mass of the active material, scan rates,
dnd the actual area under the CV curve [61].

The absence of a redox peak in the cyclic voltammetry
(CV) profile is attributed to the migration of anions (ClO™)
and cations (Li*) from the LiClO, salt at the activated car-
bon electrodes interface, rather than following an interca-
lation/deintercalation mode [62]. Table 7 presents specific
capacitance values at various scan rates. With increasing
scan rates, the curve surface area also increases, signify-
ing effective ion migration. This recommends that sample
IAO15 is suitable for EDLC. Figure 13b shows the relation-
ship between specific capacitance and curve area with scan
rate. The device’s specific capacitance decreases as the scan
rate increases, particularly at a low scan rate of 15 mV/s, the
specific capacitance value of the EDLC is 901 Fg™'.

0.055
—@—CV cureve area
——Specific capacitance (F/g) 7900
0.050 4
1 ]
0.045 4 i li-‘
< [}
0.040 =700 g
3]
=
0.035 < §
- 600 ©
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] L 500 5
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] (7]
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Scan rate (mV/s)

Fig. 13 a CV curves of devices at different scan rates, b Comparison of specific capacitance and area for the devices
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GCD

Figure 14a and b, demonstrates the GCD curves and the
relationship between current density and specific capaci-
tance for a symmetrical capacitor. The Galvanostatic
Charge-Discharge (GCD) curves represent how the applied
current relates to voltage throughout a symmetrical capaci-
tor’s charge and discharge study. In the initial section of the
discharge curve, a slight potential drop is observed, com-
monly referred to as self-discharge.

When assessing electrochemical supercapacitor perfor-
mance, the calculations of energy and power density are
vital. It is important to note that power density and energy
density are not always directly correlated. Even though a
device may have a lower power density, it can still operate
for a considerable duration if it possesses a higher energy
density.

The calculations for energy and power density can be
determined using the following relationship:

1

F = ECv2 (23)
E

P== (24)

The discharging time is denoted by At (in seconds) and the
potential window by V (in volts). At a current density of
2.4 A/g, the symmetrical capacitor exhibits an energy den-
sity of 54 Wh/kg. As the current density increases, the maxi-
mum energy density is noted as 166 Wh/kg. Table 6 displays
the calculated values for energy density and power density.
From Fig. 15, the initial energy density (E;) at the first
cycle is determined as 12 Whkg~'. Subsequently, the E,

1.2

—2.4 Alg
—2.8 Alg

1.0 4

0.8

0.6 4

0.4+

Potential (V)

0.2

0.0 4

-0.2 4

Time (s)

L B e s ey e e s S R
0 50 100 150 200 250 300 350 400

Values show a Decline, Reaching a Relatively Constant
Value of 6.67 Whkg™! by the 1000th cycle. There is a slight
variation in resistance for anions and cations to traverse from
the first cycle to the thousandth. Despite a minor decline in
the energy dissipation (E; value) over these cycles, there
is an increase in Equivalent Series Resistance (ESR). This
leads to a higher loss of stored energy during charge-dis-
charge cycles [63, 64].

According to the findings of Aziz and colleagues, they
developed an EDLC (Electrochemical Double Layer Capac-
itor) device using a chitosan (CS): poly (ethylene oxide)
(PEO): LiClO, electrolyte system. This device exhibits
a specific capacitance of 6.88 Fg~!. Moreover, when the
device is subjected to 100 complete cycles at a current
density of 0.5 mAcm™2, it exhibits a power density of 305
Wkg™! and an energy density of 0.94 Whkg™' [65]. Yusof
et al. [62], synthesized a solid polymer electrolyte system
using a methyl cellulose-potato starch polymer blend with
LiCIO, as a dopant salt and glycerol as a plasticizer. The
researchers obtained a Csp value of 28.04 F g™! and tested
the EDLC for 1000 cycles.

The Prepared symmetric capacitor attained a specific
capacitance of 292.2 Fg~! at a current density of 2.4 Ag™".
This capacitor’s galvanostatic charge-discharge time (t) is
140s. At 3.6 Ag™! current density, it has energy density and
power density values of 7452 Whkg™!' and 165.6 Wkg™!,
respectively. The findings from this work are comparable
with the earlier literature and demonstrates the high electro-
chemical behavior of the prepared electrolyte.

It is observed that lower current density results in higher
energy density, while higher current densities lead to lower
energy density. Initially, the achieved power density (Pg)
is 8000 Wkg~!. For the subsequent cycles as indicated in
Fig. 16, constant P, is maintained during charge-discharge.
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Fig. 14 a GCD curves of devices at different current density and b current density vs. specific capacitance relation of EDLC
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Fig. 15 Energy density (E,) for the fabricated symmetric capacitor throughout 1000 cycles

Rapid charge-discharge induces an ion aggregation and
impedes the ion flow to the electrode surface. Conse-
quently, ion adsorption at the electrode-electrolyte interface
decreases [8].

The formula for calculating the internal resistance or
equivalent series resistance (ESR) of a symmetric capaci-
tor 1s,

ESR = V,/I (25)

where V is the voltage drop. Figure 17 indicates that the
Rggr value is changed during a period of 1000 cycles. Rygp
value of 284 ohms is recorded at the beginning of the first
cycle. As the cycle count increases, the Rygg value shows
a slight change. These fluctuations in the Rygr value are
associated with the change in the voltage drop. The volt-
age drop caused by internal resistance within the EDLC
is divided into three resistances: the current collector, the

bulk resistance of the electrolyte, and the interfacial region
between the electrode and the electrolyte [63, 66].

Conclusions

Using solution casting technique, a transparent plasticized
biopolymer electrolyte containing iota carrageenan, Acacia
gum, ethylene glycol and LiClO, was synthesized. The XRD
data shows that the prepared electrolytes are amorphous in
nature by the addition of salt. From the FTIR spectra, the
complexion of blend polymer electrolyte with Li* ions and
oxygen molecules is denoted by the presence of the band
at 1460 cm™! for the sample IAO15. Presence of LiClO,
in all the samples is confirmed by ClO,~ stretching vibra-
tions at 697 cm™! region. From the AC impedance study,
the higher ionic conductivity is achieved for [AO15 sample
as 2.02x 1072 Scm™!. This sample follows the QMT and
CBH models as mentioned in conduction mechanism. The

@ Springer
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Fig. 16 Power density (Pg) for the 8800
fabricated symmetric capacitor
throughout 1000 cycles 4
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higher conducting sample IAO15 sample obeys the Arrhe-
nius behavior and has a low activation energy of 0.022 eV.
Dielectric parameters increase by the addition of salt upto
15 wt% (IAOI1S5). From tangent spectra (8), the minimum
relaxation time is observed as 5.54x 107s for the IAO15
sample. Transport of Li ions (t;,,=0.99) are the main reason
for the maximum conductivity value, which is confirmed
by the Wagner’s polarization method. A Symmetrical super
capacitor is fabricated by using the higher conducting elec-
trolyte. The Electrochemical properties of the symmetric
capacitor is analyzed by the cyclic voltammetry (CV). The
curves demonstrate non-faradaic reactions which makes
the supercapacitor ideal for energy storage purposes. At 2.4
Ag™! current density, this supercapacitor exhibits a specific
capacitance of 292 Fg~!. At a current density of 3.6 Ag™',
power and energy densities are calculated and reported as
7452 Wkg~! and 165.6 Whkg™! respectively. The calculated
values are compared with the earlier literature and prove
that the prepared electrolyte has good electrochemical prop-
erty and makes the sample as a promising choice for sym-
metrical capacitor applications.
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Fig. 17 The ESR value against cycle numbers up to 1000 cycles
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