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ABSTRACT: The world needs sustainable energy resources with prepared NP film
affordable, economic, and accountable sources. Consequently, energy H
innovation technologies are evolving toward electrochemical applica-
tions like batteries, supercapacitors, etc. The current study involves the

Silver

solid blend biopolymer electrolyte (SBBE) with different compositions O 3:\’ NN elem:fe
of sodium alginate blended with pectin via the casting technique. The A N
characterization of the sample was tested by X-ray diffraction (XRD), ~ Y S
Fourier transform infrared (FTIR) spectroscopy, AC impedance, linear / eIeSIcIt‘:'ird‘;’
sweep voltammetry (LSV), and cyclic voltammetry (CV) analyses.

Evidently, the sample NP4 (NaAlg/pectin = 60:40 wt %) has a higher 666

conductivity of 1.26 X 1077 and 3.25 X 107 S cm™ at 303 and 353 K, 8 T = NaAlg(N)

respectively. The performances of the samples were analyzed with AVAVAVAVAN ey ~ Pectin(P)
variations in temperature, frequency, and time responses to signify the
blended nature of the electrolyte. Hence, the studied biopolymers can be constructed for electrochemical device applications.

o
Potential (V)

1. INTRODUCTION Due to environmental concerns, recent research is being
done to develop new polymers using elements that already
exist naturally. The bulk of conducting polymers is made from
synthetic polymers including PAM, PVS, PEG, PEO, and PVP.
Such chemical polymers have been used to create mixed
polymeric electrolytes, salt-doping polymer electrolytes, fillers,
and plasticizer-coupled polymer electrolytes for application in
electrochemical devices.” As an outcome, tremendous progress
in developing ecological materials for use in energy devices has
been made owing to sustainability, biodegradability, non-
toxicity, and recyclability.® Biopolymer electrolytes are one
type of material that can replace synthetic polymers in
electrochemical applications. However, the structural stability
and ionic conductivity of the electrolytes are still considerably
behind expectations. Numerous research organizations have
documented the use of biopolymer-based solid electrolytes for
a range of electrochemical devices, including chitosan, starch,
cellulose acetate, and kappa carrageenan.”®

Sodium alginate and pectin are two biopolymers that can
also be used together in SPEs to take advantage of their

Sustainable energy resources (SERs) are a unique step toward
the development of energy innovation technologies in the
current generation. Most researchers are focused on battery
applications, wherein polymer electrolytes have the potential to
reduce energy consumption in various applications, particularly
in energy storage needs.

A solid polymer electrolyte (SPE) is a type of electrolyte
material that is used in solid-state batteries. It is typically
composed of a polymer matrix blended with an ionic salt and a
plasticizer to enhance its ionic conductivity. The polymer
matrix can be either a homopolymer or a copolymer and is
usually chosen based on its high thermal stability and
mechanical strength. The ionic salt used in an SPE is typically
a lithium salt, such as lithium perchlorate or lithium triflate,
which dissociates in the polymer matrix to provide lithium ions
for the battery. The plasticizer, on the other hand, is added to
the electrolyte to improve its flexibility and enhance the
mobility of the lithium ions. SPEs have several advantages over
liquid electrolytes, including improved safety and stability, a
higher energy density, and a longer cycle life." They also have
the potential to be used in a wider range of battery chemistries, Received: November 15, 2023
including lithium—air, lithium—sulfur, and lithium-ion bat- Revised:  February 12, 2024
teries. However, there are also some challenges associated with Accepted:  February 21, 2024
SPEs, such as their relatively low ionic conductivity and the Published: March 12, 2024
need for careful control of the polymer matrix composition and
processing conditions to optimize their properties.z_4
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complementary properties. Both biopolymers are polysacchar-
ides that are widely used in food, pharmaceutical, and
biomedical applications due to their biodegradability, non-
toxicity, and biocompatibility. Sodium alginate has good
mechanical properties and high ionic conductivity when
blended with various ionic salts, while pectin has a good
film-forming ability and can enhance the mechanical properties
of the electrolyte. Fuzlin et al. analyzed a study of biobased
polymer blend electrolytes based on alginate doped with
different compositions of glycolic acid and the best ionic
conductivity of 5.32 X 107> S cm at ambient temperature with
the lowest activation.” Diana et al.'’ stated that a sodium-ion
battery prepared by sodium alginate doped with sodium
thiocyanate exhibits a proton conductivity at 1.22 X 107> S
cm™', Diana et al.'' reported a state-of-the-art solid-state
sodium-ion battery synthesized by sodium alginate and sodium
perchlorate biopolymers as water-soluble to enhance an ionic
conductivity of 2.291 X 107> S cm™" at room temperature. At
ambient temperature, Muthukrishnan et al.'” fabricated an
energy storage system developed by the polysaccharide host
polymer pectin via ammonium salt with an ionic conductivity
of 45 x 107 S cm™".

Hence, sodium alginate and pectin are promising biopol-
ymers for use in solid blend biopolymer electrolytes (SBBEs).
Optimization of the polymer blends is most essential owing to
characteristics such as (i) property enhancement, (ii) cost
reduction, (iii) improving biodegradability, (iv) compatibility
with the salt, and (v) innovation of new materials. Ultimately,
the decision to blend the polymer is driven by the need to
achieve a balance of properties that cannot be attained with a
single polymer. Therefore, current research investigates the
potential of the blended biopolymer, pectin, and sodium
alginate to enhance the jonic conductivity.

2. MATERIALS AND METHODS

2.1. Materials. Pectin was procured from Otta Chemical
Private Ltd. (M, = 194.14 g/mol), and sodium alginate
(NaAlg) (M, = 198.48 g/mol) was received from Sigma-
Aldrich and is used as a material. The solvent employed in this
formulation was distilled water.

2.2. Synthesis of the Electrolyte. The solution casting
technique was used to prepare a blend of electrolytes of
sodium alginate and pectin. Different wt % sodium alginate and
pectin were in the order 20:80, 40:60, 50:50, 60:40, and 20:80
continuously stirred for 5 h separately. To get uniform
dissolution, both solutions were blended and stirred after 12 h.
The solution was poured into a Petri dish and dried in a
vacuum oven at 65 °C for 7 h for film formation. The film was
then stored in a desiccator. Using a screw gauge, the
electrolyte’s thickness was determined. The thicknesses of
the samples were within the range of 0.007—0.011 mm. A
schematic illustration of the preparation of the NP (NaAlg and
pectin) SBBEs is shown in Figure 1.

2.3. Characterization Techniques. Using an X-ray
diffractometer made by Bruker (Cu—Ka radiation 1.540 A)
with a scanning rate of 5 per min in the range of 10—60°, the
amorphous/crystalline nature of the SBBE was examined. In
order to examine the interactions of polymers and salt, the
prepared samples are analyzed with a Fourier transform
infrared spectrometer (SHIMADZU IR Tracer 100) in the
wavenumber range between 4500 and 500 with 2 cm™
resolution. HIOKI 3532—50 LCR HI-TESTER was used to
measure the ionic conductivities of the prepared SBBE, over

NaAlg

(N) «——l-\ G*’l-
\quendi

Pectin

_ (P)

Poured into
petri dish

Casted NP film

Figure 1. Schematic illustration of the preparation of the NaAlg and
pectin (NP) biopolymer blend electrolytes.

the range of 42—10° Hz. Cyclic voltammetry (CV) studies
from the CH-Instrument Model 6008e were used to examine
the electrochemical characteristics of the prepared sample.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. XRD analysis is a versatile tool to
identify the crystal structure of the polymer and the electrolyte
components and to determine the degree of crystallinity
between them. This information offers to optimize the
composition of the electrolyte blend for use in various
applications, especially in batteries or fuel cells."” Figure 2
shows the X-ray diffractograms of different compositions of NP
biopolymer blend electrolytes. The composition of the samples
varies with different concentrations of sodium alginate and
pectin and are designed as NP systems, respectively. All of the
samples have a small hump at 260 ~ 20.9, 30.1, and 42.1°,
which exhibit the amorphous nature.'*~"'°

The degree of crystallinity (y.) for the electrolytes is
determined using eq 1

AC
X = ——— X 100 (%)
A+ A (1)

Here, A, represents the area of the crystalhne region, and A,
represents the area of the amorphous region."” The percentage

of crystallinity (y.) was calculated based on XRD, as presented
in Table 2. The NP1 sample has 10.9% of crystallinity, while it
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Figure 2. X-ray diffractograms of NP1, NP2, NP3, NP4, and NP5
biopolymer blend electrolytes.

has 89.1% of amorphous nature. Due to the compositional
variation in the order of NP1, NP2, NP3, NP4, and NPS, the
amorphous nature of samples is broadly expanding; therefore,
crystallinity is gradually reduced, thereby being capable of
creating an increase in the ionic conductivity of the samples.'”
Furthermore, humps at 260 ~ 22.1°, 30.1°, and 42.1° of the
NP4 sample have a possibility of higher proton conduction due
to 91.4% of the amorphous phase and 8.6% of the crystallinity
phase. For comparing the composition of the blending nature,
the resultant percentages of amorphous nature and crystallinity
of the samples are listed in Table 1. Thus, XRD analysis infers
that NP4 may possess an electrochemical behavior due to its
amorphous nature.

Table 1. Degree of Crystallinity of NP Biopolymer
Electrolytes

polymer electrolyte sample degree of amorphous
s.no. NaAlg/pectin code crystallinity (%) (%)
1 20:80 NP1 10.9 89.1
2 40:60 NP2 103 89.7
3 50:50 NP3 10.1 89.9
4 60:40 NP4 8.6 914
S 80:20 NPS 18 82.0

3.2. FTIR Analysis. The complexation between NaAlg and
pectin is confirmed by FTIR studies. The FTIR spectra of pure
NaAlg, pure pectin, and NP1, NP2, NP3, NP4, and NPS
biopolymer blend electrolytes are shown in Figure 3. The
composition of the samples varies with different concentrations
of NaAlg blend pectin. When comparing these spectra, the
following unique characteristics were observed and are listed in
Table 2. The OH stretching vibration is found at 3741 and
3302 cm™ in all of the systems. The band located at 1727 and
1596 cm™ is attributed to the presence of C=0 stretching
vibration in pure pectin and NP systems.'® The COO~
asymmetric stretching vibration was observed at 1427
em™"."” The appeared band at 1107 and 1039 cm™ is due
to the O—H stretching vibration of the NP system.”””' No
new chemical bonds were formed. The strong interaction of
NaAlg and pectin was clearly evident from the peak shifting
toward higher wavenumbers. Also, the intensity variation of the
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Figure 3. FTIR spectra of pure NaAlg, pure pectin, and NP1, NP2,
NP3, NP4, and NPS biopolymer blend electrolytes.

Table 2. Vibrational Assignments of Different Compositions
of NP Biopolymer Blend Electrolytes

vibrational peaks of the polymer electrolytes

(em™ assignments
3741 OH stretching
3302
1727 C=O0 stretching
1596
1412 COO™ asymmetric

stretching
1107, 1012 O—H stretching

electrolytes was minimal. Hence, FTIR analysis of different
electrolytes affirms that NaAlg and pectin were well
complexed.

3.3. AC Impedance Spectroscopy. AC impedance
investigation was utilized to examine the electrical character-
istics of the synthesized biopolymer electrolytes. The
conductivity of the solid blend biopolymer electrolyte can be
estimated using the following equation:**

o= L(S cm ™)

AR, )
where Ry is the bulk resistance (), A is the electrode area
(m?), and L is the thickness of a sample (m).

The impedance spectra of blends contain a wide range of
evidence involving ion formation and mobility, surface
morphology behavior of a substance with electrode space
charge polarization, and other relevant fields.”

3.3.1. Nyquist Plots. The Nyquist plot is a graphical
representation used to understand the electrochemical
behavior. By measuring the complex impedance of the material
at different frequencies, it is possible to determine the bulk
resistance, which is related to the ionic conductivity and
diffusion coeflicient of the electrolyte. The shape and size of
the semicircle in the plot provide important information about
the nature of the electrolyte, such as the type and
concentration of ions, the degree of polymerization, and the
presence of any interfacial effects.”*

Figure 4a depicts the Nyquist plot of NP1, NP2, NP3, NP4,
and NPS at room temperature (303 K). A semicircle appeared
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Figure 4. (a) Nyquist plot of NP1, NP2, NP3, NP4, and NPS at room temperature (303 K). (b) Nyquist plot of NP4 at different temperatures.

at the beginning of the plot, at higher frequencies, representing
the resistance to charge transfer occurring at the electrode
interface.”> >’ The inclined peak manifests the presence of a
Warburg impedance. This spike reflects diffusion-controlled
processes, indicating the ion’s movement toward the electrode.
As a result, the ionic mobility is enhanced. The data was
filtered using ZSimpWin software and possessed an equivalent
circuit with a series combination of resistance and a parallel
combination of capacitance. The ionic conductivity, activation
energy, and relaxation time are compared for all of the samples
(NP1, NP2, NP3, NP4, NPS) and are listed in Table 3. The

Table 3. Values of Ionic Conductivity (6), Activation
Energy (E,), Regressive Values, and Relaxation Times of NP
Polymer Electrolytes

ionic activation
polymer conductivity energy E, regression relaxation
electrolytes (S em™) (eV) value (R,)  time (7) (s)
NP1 334 x 1078 0.401 0.996 871 x 107*
NP2 2.19 x 1078 0.424 0.998 3.98 x 107*
NP3 419 x 1078 0.472 0.876 325 x 1074
NP4 1.26 X 1077 0.391 0.807 1.77 X 107*
NP5 322 x 1078 0.508 0.947 211 x 1074

maximum conductivity was optimized as 1.263 X 1077 S cm
(303 K) for NP4. Figure 4b illustrates the Nyquist plot
impedance of the NP4 (60 wt % NaAlg:40 wt % pectin)
biopolymer blend at various temperatures (303, 313, 333, 343,
353 K).”® On analyzing via different compositions and
temperatures, the semicircular region of the NP4 sample has a
non-Debye behavior of ion relaxation in the polymer matrix.
Extrapolation of the peak gives a low bulk resistance and

results in high conductivity from 1.263 X 1077 (303 K) to
3.258 X 107° (353 K) S cm, which is evident in Table 4.

3.3.2. Conduction Spectra. Conduction spectral analysis is
a useful technique to investigate the frequency-dependent
electrical behavior of SBBEs. It provides information about the
charge transport mechanism, including the presence of
different relaxation progressions and the ionic conductivity of
the material.’® To obtain the conduction spectra of a solid
blend biopolymer electrolyte, one can perform impedance
spectroscopy experiments over a range of frequencies. The
studies are plotted as a function of frequency on a logarithmic
scale to obtain the conduction spectra.”**"*

Figure 5a shows the conductance spectra of NP1, NP2, NP3,
NP4, and NPS at room temperature (303 K). The occurrence
of two regions in the conduction spectra enables the
identification of ion transport mechanisms. At low-frequency
regions, electrode polarization affects interfacial ion disper-
sion.””** Conductivity discloses the non-Debye behavior of the
polymer system when the frequency is reduced due to the
accumulation of charges at the electrolyte/electrode interface,
which thereby reduces the number of transportable ions. A
strong ionic interaction among charge carriers in the high-
frequency portion of the spectrum is related to the faster,
short-range ion motions and the bulk relaxation process. The
peak area includes the polyelectrolyte conductivity of DC.*>*°

Conductance spectra of the NP4 (60 wt % NaAlg:40 wt %
pectin) biopolymer blend electrolyte at various temperatures,
as shown in Figure Sb, illustrate that when the ambient
temperature increases, the appearance of a broad plateau area
results due to the rise of conductivity. According to free
volume theories, when the temperature is raised, the
transportation of protons increases due to the enlarged space

Table 4. Ionic Conductivity of Samples (NP) at Different Compositions and Temperatures

ionic conductivity of polymer electrolytes (S cm™)

polymer electrolytes 303 K 313 K
NP1 334 x 1078 1.88 x 1078
NP2 219 x 107% 459 x 1078
NP3 449 x 1078 312 % 1078
NP4 1.36 x 1077 1.25 x 1077
NPS 326 x 1078 462 x 1077

323 K 333 K 343 K 353 K
2.65 % 1078 407 x 1078 648 x 1078 9.28 X 1078
548 x 1078 7.98 X 1078 1.18 x 1078 1.84 x 1078
494 x 107° 9.94 x 1078 1.39 x 1077 2.56 X 107°
1.83 x 1077 3.19 x 1077 4.04 x 1077 3.55 x 107¢
6.79 X 1077 1.14 x 1077 2.09 x 1077 238 X 1077
13909 https://doi.org/10.1021/acsomega.3c09106
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Figure S. (a) Conductance spectra of NP1, NP2, NP3, NP4, and NPS at room temperature (303 K). (b) Conductance spectra of the NP4 (60 wt
% NaAlg:40 wt % pectin) biopolymer blend electrolyte at different temperatures.

of the polymers. Protons are quite energetic at greater
frequency propagation regions. This might be because of the
production of additional porosity, resulting in fast ionic
migration in this propagation zone.

3.3.3. Temperature-Dependent lonic Conductivity Stud-
ies. The ionic conductivity of a polymer electrolyte is typically
temperature-dependent and can be described by using an
Arrhenius-type relationship.

_ (i]
o= %P 3)

where o is the ionic conductivity, o, is a pre-exponential factor,
E, is the activation energy, k is the Boltzmann constant, and T
is the temperature in Kelvin,*""*

Ino =1Ing — —

kT (4)

In an Arrhenius plot, the logarithm of the conductivity (In(s))
is plotted on the y-axis, while the inverse temperature (1/7T) is
plotted on the x-axis. The slope of the resulting line is
proportional to the activation energy (E,). A typical Arrhenius
plot for a polymer electrolyte shows a linear relationship
between In(c) and 1/T over a temperature range. The slope of
the line gives the activation energy, which represents the
energy barrier that jons must overcome to move through the
electrolyte. The pre-exponential factor o, can be determined
from the intercept of the line.”® As the temperature increases,
the exponential term in the equation increases, resulting in an
increase in the ionic conductivity. It happens because higher
temperatures increase the mobility of ions in the electrolyte,
allowing them to move more easily through the material. The
E, represents the energy barrier that ions must overcome to
move through the electrolyte. A lower activation energy
indicates that ions can move easily and overcome this barrier,
resulting in a higher ionic conductivity.””

Figure 6 portrays Arrhenius’s behavior for different
compositions of NP1, NP2, NP3, NP4, and NPS biopolymer
blend electrolytes at different temperatures. The activation
energy is minimal for NP4 (0.3906 V) and maximum for NP$S
(0.5082 eV). Therefore, ion transportation of blended
electrolytes has improved via the temperature parameter,

13910

log {c (S/cm)}

T
2.9 3.0 3.1 3.2 3.3
1000/T (K 1
Figure 6. Arrhenius plot for different compositions of NP1, NP2,

NP3, NP4, and NP5 biopolymer blend electrolytes at different
temperatures.

which has inferred a lower activation energy by increasing the
ionic conductivity.

3.3.4. Dielectric Spectra Analysis. Dielectric spectroscopy is
a technique used to study the dynamics of polar and charged
species in materials by measuring their response to an applied
electric field over a range of frequencies. In the case of the
SBBE, dielectric spectroscopy can be used to study the
behavior of the polymer matrix and the ionic species within the
blend.*

From the impedance data, it is possible to calculate the
complex permittivity of the material, which contains
information about the ionic conductivity and relaxation
dynamics.

The complex permittivity of an SBBE can be expressed as

e =¢ —ie’ (5)
where ¢’ is the real part of the dielectric constant and &” is the
S . : 41,42
imaginary part of the dielectric loss.

The storage modulus of the material, which represents its
capacity to store energy in the material, is linked to the real
component of the permittivity. The imaginary component of
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Figure 7. (a) Variation of dielectric constant spectra ¢’ vs log{w(Hz)} of NP1, NP2, NP3, NP4, and NP5 at room temperature. (b) Variation of
dielectric constant spectra &' vs log{w(Hz)} of the NP4 (60 wt % NaAlg:40 wt % pectin) biopolymer blend electrolyte at different temperatures.
(c) Variation of dielectric loss ¢” vs log{w(Hz)} of NP1, NP2, NP3, NP4, and NP$ at room temperature. (d) Variation of dielectric loss &” vs
log{w(Hz)} of the NP4 (60 wt % NaAlg:40 wt % pectin) biopolymer blend electrolyte at different temperatures.

the permittivity is connected to the dielectric loss, which
represents the material’s capacity to dissipate energy through
frictional losses. At low frequencies, the dielectric response of a
polymer electrolyte is dominated by the material's DC
conductivity, which is related to ionic species mobility. At
higher frequencies, relaxation mechanisms associated with the
polymer chain mobility dominate the dielectric response.

The sample NP4 (60:40) was also tested for the dielectric
constant and dielectric loss over a variety of temperatures. It
clearly revealed that at different temperatures, the bulk
impedance steadily rises as the bulk dielectric constant also
rises. Essentially, the most critically vital domains in the field of
condensed matter physics are dielectric dissipation and ion
conduction principles in solids, especially the ionic mobility in
conducting polymers.

The loss of permittivity, also known as dielectric loss, is a
measure of the energy dissipated in a material when an electric
field is applied to it. In an SBBE, the loss of permittivity can be
investigated by a variety of factors, including the presence of
impurities or defects in the material, the motion of charged

13911

species within the material, and the relaxation of polymer
chains. These methods involve applying an AC voltage to the
material and measuring the resulting current or capacitance as
a function of the frequency. The magnitude of the loss of
permittivity in an SBBE depends on several aspects, such as the
frequency of the applied electric field, temperature of the
material, and concentration of the different polymers in the
blend. In general, materials with high ionic conductivity tend
to exhibit higher levels of loss of permittivity due to the motion
of charged species within the material. However, reducing the
concentration of impurities and defects in the material can aid
in minimizing the loss of permittivity and can improve the
overall performance of the biopolymer electrolyte. The plotted
graph shown in Figure 7 illustrates clearly that both the
dielectric constant and the loss of dielectric values are rising
sharply in the low-frequency area. It demonstrates the non-
Debye nature of electrode polarization and the impact of free
charging. Higher temperatures facilitate the mobility of
polymer portions and substituents, leading to enhanced ion-
pair dispersion that leads to a rise in permittivity. As a result,
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Figure 9. (a) Loss tangent spectra of NP1, NP2, NP3, NP4, and NPS at room temperature. (b) Loss tangent spectra of NP4 at different

temperatures.

polymer electrolytes depend on the bulk resistance and
permittivity imposed by the concentration of biopolymers.
3.3.5. Modulus Spectrum Analysis. Modulus spectroscopy
is a useful technique for characterizing the mechanical
properties of materials, including polymer electrolytes. The

real and imaginary processes of the electrical modulus
produced from the current system have few impacts on the
high-frequency region (Figure 8).

The long tail appearance of the electrical modulus spectra in
the low-frequency region demonstrates that electrode polar-
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ization events contribute insignificantly to the electrical
modulus of real (M’) and imaginary (M”) portions.*
Furthermore, at higher frequencies, M’ displays a maximum
value, and it could be due to the conductivity relaxation
process. SBBE insights about the impedance values, charge
transport, fast jumping, and ionic mobility are consistent with
many other polymer electrolytes that have previously been
addressed.** The amorphous area reduces and segmental
mobility bases a minor relaxation peak to arise in the real (M)
and imaginary (M”) sections of the electrical modulus in
SBBEs. All biopolymer electrolytes progressively increase in
the modulus value as the frequency rises due to the bulk
effect.*

The plotted graph clearly shows a hump during different
temperature regions in both real and imaginary moduli from
the modulus analysis data. A hump in the module portion
signifies an apparent indication of functional materials in
polymer electrolyte films at different temperatures. On
comparison of real and imaginary graphs, the imaginary
modulus shows a broad spectral hump, while the real modulus
signifies the initial stages.

3.3.6. Tangent Spectra Analysis. Tangent delta, also known
as the loss angle or loss tangent, is a measure of energy
dissipation in a substance in the presence of a force or field.*
Figure 9a illustrates the loss tangent spectra of NP1, NP2,
NP3, NP4, and NPS at room temperature. The graphs show
that tan 0 rises with increasing frequency and later diminishes.
The different weight percentages of the sodium alginate and
pectin (NP) system shows the migration of the peak of the
frequency response of tan ¢ toward a higher frequency region.
Therefore, the non-Debye character of the SBBEs was
confirmed by the existence of displacement and level
fluctuations. Figure 9b shows the loss tangent spectra of the
NP4 (60 wt % NaAlg:40 wt % pectin) biopolymer blend
electrolyte at various temperatures. It has to be observed that
as the temperature rises, the highest proportion of tan ¢ shifts
to a high-frequency side, owing to the reason that the dielectric
relaxation system is temperature-dependent, which leads to
decrement at high temperatures. The relaxation time of the
blended electrolyte NP1 is 8.709 X 10™* s, while that of NP4 is
1.778 X 107* s with a higher ionic conductivity.

3.3.7. Argand Plot. An Argand plot is a graphical
representation to investigate the dynamics of ion relaxation.
The real component of a complex number is depicted on the x-
axis, while the imaginary part is illustrated on the y-axis in an
Argand plot.** An Argand plot can be used to indicate the
complex impedance of a polymer electrolyte.”” The impedance
of a material describes how it responds to an applied electric
field and can be represented by a complex number in the form
of Z = R + iX, where R is the resistance and X is the
reactance.”® The impedance is shown as a vector in the
resultant plot, with the angle of the vertex showing the phase
shift between the applied electric field and the generated
current. The vector’s shape and direction can provide critical
information about the polymer electrolyte’s characteristics,
such as conductivity, dielectric constant, and polarization
behavior.* Figure 10 shows Argand plots for NP1, NP2, NP3,
NP4, and NP5 biopolymer blend electrolytes. From the
graphical representation, the conductivity and relaxation are
decreasing, while a semicircular arc increases its pathway
toward the complex modulus.

3.4. Cyclic Voltammetry. Cyclic voltammetry (CV) is a
widely used electrochemical technique to study the redox

Figure 10. Argand plots for NP1, NP2, NP3, NP4, and NPS
biopolymer blend electrolytes.

behavior of materials in solution or at the surface of solid
materials.”” In the framework of an SBBE, CV can provide
useful information on the electrochemical properties of the
material, such as its ion transport characteristics, stability, and
electrochemical stability."1 Figure 11 shows the cyclic
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Figure 11. Cyclic voltammogram of the NP4 (60 wt % NaAlg:40 wt
% pectin) biopolymer blend electrolyte.

voltammogram of the high conductivity sample NP4 (60 wt
% NaAlg:40 wt % pectin) is plotted in between current (A)
and potential (V). The NP4 electrolyte stabilizes within the
current range of —0.003 to +0.003 A and a potential range of
—1 to +1 V to enhance the higher conductivity of the sample.
In the plotted graph, both oxidation and reduction peaks are
comparatively increasing with a scan rate from S to 100 mVs™
and achieving stability. Also, the appearance of electrochemical
reversibility humps might be due to the redox behavior of the
sample. Consequently, an increment in the scan rate led to an
enhancement in the area of the curve, as shown in Table 5.
Therefore, by virtue of the analyzed data, the sample
electrolyte was active in electrochemical application.

3.5. Linear Sweep Voltammetry. Linear sweep voltam-
metry (LSV) is a regularly used electrochemical technique to
study the behavior of polymer electrolytes.”' In LSV, a linearly
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Table 5. CV Analysis of Scan Rate vs Area

scan rate (mV/s) area (mz)
S 295 x 1074
10 5.62 x 107*
25 8.36 x 107*
50 141 x 1073
75 231 %1073
100 348 x 1073

increasing or decreasing potential sweep is applied to the
sample while measuring the resulting current. LSV can provide
information on similar electrochemical properties as CV, such
as ion transport properties, stability window, and electro-
chemical stability, but with a different approach.52 The linear
sweep voltammogram of the highly conducting NP4 (60 wt %
NaAlg:40 wt % pectin) biopolymer blend electrolyte is shown
in Figure 12. The response curve of NP4 is obtained by
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Figure 12. Linear sweep voltammogram of the NP4 (60 wt %
NaAlg:40 wt % pectin) biopolymer blend electrolyte.

applying a consistent energy to the cell. NP4 attains a certain
breakdown voltage at 0.66 V to operate the electrolyte safely.
Meanwhile, exceeding the breakdown voltage enhances the
interface between the electrode potentials. From earlier
reports, Shenbagavalli et al. (2021) achieved an observation
of an electrochemical stability of 1.12 V as the breakdown
voltage for PEO/P(VdF-HFP) with NH,SCN.

4. CONCLUSIONS

A solid blend biopolymer electrolyte is prepared by using
sodium alginate and pectin (NP) via the casting method. The
performance of the sample was tested with XRD and was
identified to have an occurrence of amorphous nature for free
ion species transportation, while FTIR confirmed complex-
ation between the ion—ion interaction within blended
electrolytes. The Nyquist plot of 60 wt % NaAlg:40 wt %
pectin measures the complex impedance of the material at
different frequencies and obtains the ionic conductivity as
1.264 X 1077 S cm™". The non-Debye behavior of the polymer
system is demonstrated by the frequency dependence of ionic
conductivity. The Arrhenius plot has an activation energy of
the blended electrolytes (NPs) of minimal at 0.391 eV for
NP4. The values of ¢ and &” are found to increase with an
increase in temperature. A hump in the module spectra
signifies the apparent evidence of functional materials in

polymer electrolyte films at different temperatures. The
tangent delta loss relaxation peak shifting to the high-frequency
side signifies faster ion migration and enhanced conductivity.
CV study reveals an electrochemical stable redox nature, while
the LSV investigation of NP4 attains a breakdown voltage at
0.66 V. On analyzing these studies, the optimized SBBE sample
NP4 of 60 wt % NaAlg:40 wt % pectin has the potential to be
used in electrochemical device applications.
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