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This study focuses on an in-depth analysis of the relaxation phenomenon of sodium iodide (Nal)-complexed solid
polymer electrolyte membranes based on sodium alginate (NaAlg) and poly (vinyl alcohol) (PVA) using various
formalisms to test the suitability of these membranes for electrochemical device applications. The incorporation
of Nal led to an increase in the ionic conductivity from (6.12 + 0.14) x 1078 Sem™! (PNIO, pure blend) to (4.27
+ 0.09) x 107® (PNI10, 10 wt% of Nal). Deep insights into ion transport parameters at ambient and high
temperatures, obtained from Nyquist plot fitting revealed the dependency of dc conductivity on carrier con-
centration (n) rather than mobility () and diffusion coefficient (D). Scaling studies based on AC conductivity and
tangent loss revealed the collapse of conductivity and tangent loss plots into a single master curve, implying that
the optimum sample obeys time-temperature superposition principle (TTSP). The temperature dependence of the
Jonscher’s exponent indicates that the conduction mechanism can be effectively represented by the Quantum
Mechanical Tunneling model (QMT). The non-Debye behavior exhibited by the samples can be elucidated
through the electric modulus formalism and confirmed dielectric properties of the electrolytes, as demonstrated
by the incomplete semicircular arcs observed in the Argand plots. Moreover, the prepared samples were
completely biodegradable, indicating the eco-friendly nature of the electrolytes.

1. Introduction technologies such as supercapacitors [2], fuel cells [3], dye-sensitized

solar cells [4], rechargeable batteries [5] and electrochemical sensors

Classical electrolytes consist of ionizable components, such as KOH
and LiPFg, dissolved in solvents with high dielectric constants, such as
water and ethylene carbonate. In 1973, Fenton et al. [1] made a sig-
nificant discovery involving the dissolution of alkali salts in poly
(ethylene oxide) (PEO), leading to the emergence of the field of solid
polymer electrolytes. In recent decades, the research community has
devoted significant attention to the development of novel polymer
electrolytes (PEs) owing to their vast potential for various applications,
including electrochemical/electrical power generation, storage, and
conversion systems. These systems encompass a broad range of
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Extensive studies have been conducted on employing polymer elec-
trolytes instead of traditional separators in rechargeable batteries. The
shift towards polymer electrolytes is largely driven by their ability to
enhance safety measures, effectively mitigating the risks associated with
electrolyte leakage, internal shorting, the use of corrosive solvents,
emission of toxic gases, and the formation of inflammable compounds on
the electrode interfaces [7].

Although PEs offer various advantages, they exhibit low ionic con-
ductivity at room temperature [8]. Polymer electrolytes often
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demonstrate limited mechanical strength, leading to brittleness and
susceptibility to cracking and tearing [9]. Additionally, some polymer
electrolytes can react with the electrodes in batteries, causing corrosion
and other issues. To meet the demands of commercial applications, solid
polymer electrolytes (SPEs) must exhibit high ionic conductivity
(>10* S cm™1), favorable mechanical properties, and exceptional sta-
bility at electrode interfaces. These aspects are fundamental re-
quirements for PEs [10].

Extensive research has been conducted on various natural and syn-
thetic polymers for the development of solid polymer electrolytes.
Natural polymers, including starch, chitosan, sodium alginate, and
carboxymethyl cellulose (CMC), have received significant attention
owing to their abundance and suitability for the preparation of polymer-
based electrolytes. Furthermore, synthetic polymers such as polyvinyl
alcohol (PVA), polyethylene oxide (PEO), and polyvinylidene fluoride
(PVdF) have demonstrated significant ionic conductivity properties,
making them suitable for incorporation into SPE systems. To further
improve ionic conductivity and various physicochemical characteristics,
researchers have adopted diverse techniques, including polymer
blending, grafting of copolymers, and integration of ceramic substances
and plasticizers [11]. Among these methods, polymer blending is
extensively used because of its ease of preparation. Furthermore, the
properties can be tailored by changing the composition of the individual
components of the polymer blends.

In this study, sodium alginate (NaAlg) was selected as the primary
component of the polymer blend because of its rigid molecular chain and
excellent ability to form films. It has been extensively utilized and
thoroughly investigated for its potential applications as a drug carrier in
the field of biomedicine [12]. Sodium alginate can serve as a host for
polymer electrolytes because it contains numerous electronegative
atoms, specifically oxygen atoms in the —COO and — OH groups, which
can act as complexing sites for dissolved salts. Although NaAlg is rigid
and brittle, it can be blended with poly (vinyl alcohol) (PVA), a highly
elastic and biocompatible material. This blend can improve the me-
chanical properties of NaAlg, making it a suitable candidate for various
applications [13]. Therefore, PVA was chosen as the secondary
component in this study because it contains—OH groups that can form
hydrogen bonds with the functional groups of NaAlg, resulting in good
compatibility [14]. Furthermore, several studies have explored the
electrochemical device applications of NaAlg, PVA, and their blended
polymer electrolyte membranes, focusing on their compatibility with
lithium [14], sodium [15], potassium [16], and proton-based [17-19]
systems.

Many studies have demonstrated the key advantages of Nal in
improving the overall performance of polymer electrolytes employed in
dye-sensitized solar cells. For instance, they have been found to improve
the energy-conversion efficiency of solar cells [20]. Nal in polymer
electrolytes improves the solar cell performance owing to easier pene-
tration through the TiO3 nanoporous layer and better adhesion with the
electrodes [21]. Sodium iodide in polymer electrolytes leads to
increased conductivity, decreased relaxation time, and faster ion dy-
namics [22]. Nal is relatively stable at room temperature and can
withstand moderate heating without decomposing. This stability can be
advantageous in situations where the electrolyte must operate under
varying conditions. In addition, sodium iodide is highly soluble in water,
which makes it suitable for the preparation of aqueous solutions and
electrolytes. Hence, continuing from our previous study [23], this work
systematically investigated the impact of the Nal dopant on the micro-
structural properties of the NaAlg-PVA blend and the ionic dynamics
through various formalisms such as Nyquist plot, AC conductivity,
dielectric, and modulus formalism. The scaling approach (time-tem-
perature superposition principle) was employed to determine whether
the ion conduction mechanism adheres to a common mechanism at
elevated temperatures.
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2. Experimental methods
2.1. Materials

The following chemicals were used without further purification to
prepare the solid polymer electrolyte membranes: Sodium Alginate
(NaAlg, viscosity>1000 cPs for 1% aq. Soln. at 20 °C), poly (vinyl
alcohol) (PVA, M,, = 85,000 g mol ™!, 86% hydrolyzed), and sodium
iodide (Nal, M, =149.89 g mol™). All the polymer powders were pur-
chased from S.D. Fine Chem Limited, Mumbai, and Nal was procured
from Merck Life Science Limited, Mumbai, India.

2.2. Preparation of solid polymer electrolyte membranes

Solid polymer electrolytes were prepared using a cost-effective
conventional solution casting technique. In this study, a polymer
blend (with a weight ratio of NaAlg/PVA of 60:40) and Nal salt were
added at various concentrations, as listed in Table 1. The composition of
the 60 wt% NaAlg: 40 wt% PVA was chosen based on the optimized ratio
reported by Sheela et al. [14]. Owing to difficulties in forming stable
freestanding films, the doping levels were capped at 20 wt%. All the
materials were accurately weighed and combined in a beaker containing
100 ml of double-distilled water. The mixture was allowed to swell for 6
h to facilitate the stirring process and then stirred using a magnetic bar
at 40 °C overnight. The uniform mixture was subsequently spread onto
polyethylene petri dishes and placed inside a hot-air oven maintained at
a temperature of 40 °C. The drying process took approximately 3 days.
The sample was then peeled off and stored in a vacuum desiccator with a
silica desiccant until further characterization. The flowchart of the
preparation method is shown in Fig. 1.

2.3. Sample characterisations

2.3.1. Fourier-transform infrared (FTIR) spectroscopy

The interaction between the Nal salt and NaAlg/PVA blend was
analyzed by observing alterations in the infrared spectra using a SHI-
MADZU IRPrestige-21 ATR-FTIR instrument. The resolution was set to 4
em™}, and the spectra were recorded at room temperature in trans-
mittance mode.

2.3.2. X-ray diffraction (XRD)

The structural changes resulting from the incorporation of salt into
the blend polymer matrix were investigated using XRD (Rigaku Miniflex
600, 5th Gen). Cu ka radiation with a wavelength A = 1.54 A was
irradiated onto the sample in the range of 5° < 20 < 90°, at a scanning

rate of 2° min~%.

2.3.3. Electrochemical impedance spectroscopy (EIS)

To understand the impact of dopant concentration on ionic con-
ductivity, EIS was conducted. The measurements were performed using
a HIOKI IM3570 Impedance Analyzer. The specimens were positioned
between stainless steel electrodes designed to block ion passage. An
alternating current (AC) voltage of 10 mV with a frequency range of 100
Hz- 4.5 MHz was applied across the sample. These measurements were
conducted over a temperature range from room temperature (25 °C) to
120 °C. From these measurements, real (Z’) and negative imaginary

Table 1
Sample designations with compositions of NaAlg, PVA, and Nal.

Designation NaAlg (g) PVA (g) Nal (8) Nal (wt%)
PNIO 1.20 0.80 0 0

PNI5 1.14 0.76 0.10 5

PNI10 1.08 0.72 0.20 10

PNI15 1.02 0.68 0.30 15

PNI20 0.96 0.64 0.40 20
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Fig. 1. Sample preparation flowchart.

(—Z’) impedances were obtained. Egs. (1) and (2) were used to convert
the impedance data into a dielectric format to understand the ion dy-
namics occurring in SPEs.

The real (¢’) and imaginary (¢’) parts of the complex permittivity
were deduced using egs. (1) and (2).
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In Egs. (1) and (2), C, is the vacuum capacitance. The real (M’) and
imaginary (M") parts of the complex modulus were constructed using
egs. (3) and (4).
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Tangent loss (tan §) of SPEs was determined using eq. (5).
tand = i 5)
£

2.3.4. Thermal studies

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were employed to observe the thermal characteristics
and thermal stability of the NaAlg/PVA-Nal system. Differential scan-
ning calorimetry (DSC) measurements were conducted using a SHI-
MADZU DSC-60 PLUS instrument. Specimens with a masses in the range
of 5-8 mg were positioned in sealed platinum crucibles and subjected to
a consistent heating process from ambient temperature to 250 °C, with a
temperature increase of 10 °C per minute. Thermogravimetric analysis
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(TGA) was performed using a Hitachi STA7200 TGA-DTA instrument. A
sample weighing 5 mg was placed in the sample pan and heated from
room temperature to 500 °C under N, gas atmosphere at a flow rate of

20 ml min~ L.

2.3.5. Scanning electron microscopy (SEM)

The morphological changes of the SPE surface were studied using a
Zeiss EVO 18 SEM. The specimen was covered with a fine gold layer
using a Quorum Gold sputtering device for 5 min to reduce the impact of
charging on the sample. Moreover, elemental mapping was conducted to
assess the distribution of different elements within the polymer matrix.

2.3.6. Atomic force microscopy (AFM)

Atomic force microscopy was carried out to evaluate the surface
morphology of the polymer films using the root mean square roughness.
Innova SPM Atomic Force Microscope was used. Tapping mode was
employed in a scanning area of 5 pm x 5 pm.

2.3.7. Linear sweep voltammetry (LSV)

LSV was conducted to determine the electrochemical stability win-
dow (ESW) of the electrolyte, utilizing a CH600E galvanostat. The
electrolyte film was placed between sodium amalgam (NaHg) and
stainless steel (SS) electrodes, forming a cell configuration of NaHg|SPE|
SS. The voltage was progressively increased from 0 to 5.5 V across the
sample at a scanning speed of 5mV s~ and the current passing through
the sample was measured.

2.3.8. Transference number measurement (TNM)

Ion and electron transference numbers were determined through
Wagner’s polarization method [24] by applying a direct current (DC)
voltage of 100 mV to a symmetric cell. The cell configuration was SS|
SPE|SS. The current was measured over time using a Keithley 2636B
source meter. The presence of SS blocking electrodes leads to a rapid
decline in the initial current amplitude (I;), indicative of ion polariza-
tion. Under steady-state conditions, the diffusion process balances the
movement of ions which results in a stabilized current (If). The total
ionic transference number was calculated using eq. (6).

L—1I

tion = 6
7 (6)

The electron transference number is given by eq. (7)
Telec = 1- tion (7)

Egs. (8) and (9) were used to calculate the ionic and electronic
conductivities by utilizing the ion-electron transference number and
electrolyte bulk conductivity (¢) obtained from the EIS measurements.

Giopic = lion X O ®
Oelectronic = lelec X O €)]

2.3.9. Mechanical properties

According to the ASTM standard D882, the tensile test method was
employed to evaluate the mechanical properties of the SPE using a
universal testing machine (Dak System Inc. 7200 series). A rectangular
sample (5.0 cm x 2.5 cm) was placed between the tensile grips and
pulled at a crosshead speed of 0.1 mm per minute. To assess the rela-
tionship between the variations in the mechanical characteristics and
salt concentration, three identical samples were used in the experiment.

2.3.10. Biodegradability test

A soil burial test was conducted to assess the degradability of the
highest conducting sample, following a previous report, with slight
modifications [25]. The microflora was not altered to maintain a natural
biodegradation environment. The sample of diameter 8 cm was dried
and weighed (W;). The sample was subsequently buried in garden soil to



V. Cyriac et al.

a depth of 10 cm, with 10 ml of water dispensed daily [26]. The sample
was periodically retrieved from the soil, cleaned, dried in oven and the
final weight (Wy) was recorded. Cellulose and other nutrients present in
the samples served as carbon and nitrogen sources for microbes. The
addition of water facilitates the activation of soil microorganisms. The
percentage of biodegradability (W,) was calculated using eq. (10).

_Wi-W
7

i

Wy x 100% (10)

3. Results and discussions
3.1. FTIR spectroscopic studies

FTIR spectroscopy was employed to determine the interactions be-
tween different polymer components in the blend, as well as the in-
teractions between the salts and the polymer blend. This was
accomplished by examining alterations in both the wavenumber and
intensity of the major vibrational bands observed in the spectra.
Wavenumber changes falling within the resolution limit (4 cm ™)) of the
FTIR instrument are not considered. The probable interaction between
NaAlg and PVA is elaborated upon in references [14, 15]. These findings
indicate the presence of intermolecular hydrogen bonding between the
—OH groups of PVA and the —OH/COO™ groups of the NaAlg polymer.
The FTIR spectra in transmittance mode of the PVA-NaAlg blends with
various Nal concentrations are shown in Fig. 2.

Fig. 2 highlights eight distinct bands pertinent to the NaAlg/PVA
blend system. The main vibrational bands of the NaAlg/PVA-Nal solid
polymer electrolytes (SPEs) and their corresponding assignments are
listed in Table 2. For the PNIO sample, the OH stretching vibration is
noted at 3275 cm_l, CHy asymmetric vibration at 2941 cm_l, Cc=0
stretching vibration at 1710 cm ™}, asymmetric COO™ stretching vibra-
tion at 1594 cm ™}, symmetric —COO stretching vibration at 1410 cm ™,
—CH wagging at 1262 cm™!, —COC— stretching associated with the
glycosidic linkage at 1027 em ™! and C — C stretching at 814 cm™*
[13,14,27-30]. The changes in the vibrational bands are seen as a
function of the increase in Nal salt concentration. The main regions of
interest were the oxygen atoms of the —OH and — COO groups in the
NaAlg/PVA polymer matrix. The presence of functional groups con-
taining oxygen atoms in the NaAlg/PVA blend polymer enabled the
formation of a polymer-salt electrolyte. This was facilitated by the ox-
ygen atoms acting as electron donors, thereby forming dative bonds with
Na™ ions from the doping salts [31].

\‘ .

stretch c-0-c B
bond

-C
wagging

stretch

PNI10

PNI5
PNIO

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

% Transmittance (a.u)

Fig. 2. FTIR spectra of NaAlg/PVA-Nal SPE in transmittance mode between
4000 cm™" and 400 cm ™.
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Table 2
FTIR functional groups of NaAlg/PVA-Nal SPEs with corresponding
wavenumbers.

Functional group Wavenumber (cm ™)

PNIO PNI5 PNI10 PNI15 PNI20

O — H stretching 3275 3291 3310 3344 3349
C — H; asymmetric stretching 2941 2941 2942 2942 2943
C=O0 Stretching 1711 1712 1714 1711 1711
Asymmetric COO— stretching 1605 1601 1606 1605 1606
Symmetric COO— stretching 1410 1409 1410 1413 1412
O — H bending - 1376 1376 1379 1376
C — H wagging 1257 1261 1261 1267 1267
COC stretching of glycosidic bond 1027 1028 1027 1027 1026
C — G stretching 814 814 814 815 816

In polymer electrolyte systems, sodium iodide dissociates into Na
cations and I anions, which subsequently coordinate with atoms in the
host structure of the polymer. Na™ is expected to interact with the ox-
ygen atom of the C=0 group in NaAlg due to the electronegative nature
of the oxygen atom. However, there was no shift in the band wave-
number (beyond the resolution of the instrument) corresponding to
C=O0 or — COO stretching (Table 2). Therefore, the coordination of Na™
from the doping salt was not considered to occur at these two functional
groups of NaAlg. Although the C=0 group does not directly coordinate
with the free ions from the dissociated salt, it participates in intermo-
lecular hydrogen bonds between the —OH group of PVA and the COO
group of the NaAlg polymer [14,32]. As indicated in Fig. 2, the wave-
number of the —OH group shifted from 3275 cm ™! to 3349 cm ™!, which
suggests the formation of a coordinate bond between the sodium ions
and the oxygen atoms in the —OH group. Since the shift is >4 cm™?, this
band is considered a prominent interaction of sodium ions with the
polymer matrix.

The wavenumber corresponding to —OH bending (~1376 cm™})
appeared in the salt-doped samples but was absent in the NaAlg/PVA
blend. The absence of these bands in the pure blend polymer implies
their involvement in the formation of intermolecular or intramolecular
hydrogen bonds among the monomer units. Conversely, the emergence
of these bands in the salt-doped system suggests that the dopant par-
ticipates in the formation of hydrogen bonds with polymer units [33].
Moreover, the increase in the wavenumber of —CH wagging from 1257
em ™! to 1267 cm ™! indicates the interaction of the I~ anion with the
—CH; group of the polymer blend through a hydrogen bond [34].
Hydrogen bond formation arises from the interaction between an
electron-deficient hydrogen atom and an atom with high electron den-
sity, typically a highly electronegative atom such as O or Cl. Intermo-
lecular hydrogen bond interactions between molecules can be
represented as X-H—Y, where X and Y are highly electronegative atoms
that contain electron pairs. However, hydrogen bond interactions can be
extended to several other systems via X-H—Y interactions, where X is
not highly electronegative. It is sufficient that the X — H bond to be
slightly polar. This requirement includes groups suchas C — Hand P — H
as well as various metal halide groups [35]. Thus, the interaction of I”
with the —CH group is justified. The changes in the intensities of the
bands, as indicated in Fig. 2, also suggest complexation of the salt with
the polymer matrix. All the possible interactions are shown in Fig. 3.

3.2. X-ray diffraction (XRD)

X-ray diffraction (XRD) was used to assess the structural modifica-
tions resulting from the integration of the Nal salt into the polymer
matrix. XRD patterns of the Nal and NaAlg/PVA-Nal solid polymer
electrolytes (SPEs) are presented in Figure 4. The Nal salt showed
multiple sharp peaks at 26 angles of 23.67°, 29.74°, 32.69°, and 37.84°,
highlighting its crystalline structure. In the XRD profiles of the SPE
samples ranging from PNIO to PNI20, no significant peaks attributable to
the salt were detected, implying the complete dissolution of the salt
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Fig. 3. Possible interactions between the Nal dopant and NaAlg/PVA polymer blend matrix.
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Fig. 4. XRD pattern for NaAlg/PVA-Nal SPEs.

within the polymer framework [36]. The PNIO film (salt-free electrolyte)
displayed a semi-crystalline nature, with two dominant crystalline peaks
centered at 26 values of 13.80°and 20.00° [37]. According to the criteria
set forth by Hodge et al., the reduction in the intensity of the peaks
located at 20 = 13.80°and 20.00°, which are characteristic of PVA,
coupled with an increase in peak width, signifies a shift towards a more
amorphous structure within the polymer matrix due to the incorporation
of the salt [38]. The observed decrease in peak height and the concurrent
broadening of the peak width in the X-ray diffraction patterns suggest
that the Nal salt disrupts the intermolecular and intramolecular
hydrogen bonds within the polymer matrix. This disruption facilitates
the formation of a complex between the polymer blend and the salt,
altering the structural dynamics of the system. This observation aligns
with the FTIR findings, where the absence of the —OH bending band was
observed in the polymer blend and its reappearance in the salt-doped

samples.

To confirm the pronounced amorphous nature of the films com-
plexed with salt, XRD deconvolution was performed over the entire XRD
spectrum to distinguish the crystalline and amorphous peaks within the
broad halo. The deconvolution procedure was detailed in our previous
report [39]. Given that the blend was composed of NaAlg and PVA
components, the XRD spectrum of the blend exhibited a convolution of
peaks originating from both NaAlg and PVA. This overlay of peaks re-
flects the combined structural characteristics of the two components
within the blend. The same event is illustrated in Fig. 5 [23]. The degree
of crystallinity was calculated using Eq. (11).

_ Area under all crystalline peaks

1
Area under all peaks x 100%

1D

The crystallinity obtained from XRD deconvolution of the NaAlg-
PVA-Nal SPE system is shown in Fig. 5. The crystallinity decreased
with increasing salt doping and reached a minimum of 3.89% for the
PNI10 sample, contributing to easier ion migration and leading to a high
ionic conductivity. This increase in the amorphous nature was attributed
to the disruption of the crystalline phase of the polymer matrix by the
salt. This disruption occurs because of the formation of new bonds be-
tween the salt and polymer functional groups, leading to the breakage of
existing intermolecular and intramolecular hydrogen bonds, as dis-
cussed in the FTIR study [40].

For the samples with >10 wt% of salt concentration, the crystallinity
of the polymer matrix increases. However, peaks corresponding to the
salt characteristics were not observed in the XRD patterns of PNI15 and
PNI20. This implies that the salt was completely dissociated into Na™
and I” ions, and these ions might have reassociated, forming contact
pairs. This reassociation could block ion migration, leading to a decrease
in conductivity and an increase in crystallinity.

3.3. Impedance spectra at room and elevated temperatures

Complex impedance spectroscopy is a potent technique for investi-
gating the electrical properties of polymer electrolytes over the use of
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Fig. 5. Deconvoluted XRD spectra of NaAlg/PVA-Nal SPEs.

straightforward direct current (DC) approach. This effectiveness stems
primarily from charge polarization occurring at the electrode-electrolyte
interface, sample phase boundaries, or a combination of both. The po-
larization effect can be mitigated by applying a small alternating current
(AC) voltage across the sample and subsequently measuring the
impedance as a function of frequency. The real (Z’) and negative
imaginary (-Z’’) parts of the impedance are represented by Nyquist plots
in Fig. 6. The Nyquist plot consisted of a depressed semicircle at high

frequencies and a tilted spike at low frequencies. The non-Debye nature
of the material is demonstrated by the semicircle’s center below the real
axis [41]. The depressed semicircle is related to the bulk conduction and
capacitance of the electrolyte. The presence of a tilted spike in the plot is
attributed to electrode polarization, which is characteristic of the
diffusion process [42]. The spike was inclined at an angle of <90° with
respect to the Z’ axis, indicating the roughness of the electrode-
electrolyte interface [43]. Because ion-blocking electrodes are used for
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Fig. 6. (a) Experimental (black circles) Nyquist plot (at 25 °C) for NaAlg/PVA-Nal SPEs with corresponding fitted data (red dots) and (b) electrical equivalent circuit
used to fit the Nyquist plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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measurements, the electrode-electrolyte interface can be regarded as an
electrical double-layer capacitance.

The diameter of the semicircle decreases with increasing salt con-
centration and reaches a minimum for the PNI10 sample, indicating the
lowest bulk resistance. With a further increase in salt concentration, the
diameter of the semicircle increased, indicating an increase in the bulk
resistance. The bulk resistance was determined at the intersection be-
tween the depressed semicircle and the tilted spike. The utilization of
electrical equivalent circuit (EEC) representation is widespread because
of its ability to provide a comprehensive depiction of the system across a
broad range of applied frequencies. Thus, the Nyquist plot in Fig. 6(a)
can be fitted by an EEC consisting of a constant phase element (CPE) in
series with a parallel combination of the bulk resistance and another
CPE (Fig. 6(b)). The constant phase element is used instead of the
capacitance to represent the deviation of the spike from its ideal
behavior (a vertical spike parallel to the imaginary axis). The impedance

of the CPE is given by Zcpg where k7! is the capacitance of the

_ _k
= (o
CPE, and p is the fractional quantity (0 < p < 1) associated with the
deviation of the spike from the —Z” axis in the Nyquist plot [44]. The

impedance of the equivalent circuit in Fig. 6(b) is given by eq. (12).

- Ry i ky
L+ R (jo) T (jo)

7' =7+j(-7) 12)

Simplifying eq. (12) and equating the real and imaginary parts yields
egs. (13) and (14), respectively.

) Ry, + Rk '@’ cos <%) cos (%)
Z= 13)

+—=
1+ 2Ryk; ' cos @) + Rk ko

in (P2
sm(z)

Ry + R2k; " sin (%)
+—
1 + 2Ryki ' 0?1 cos (%) + R 2 Ky o

_7 = 14

Egs. (13) and (14) were used to fit the Nyquist plots [44], and the
bulk resistance values were determined and tabulated in Table 3. Using
this value of Ry, the electrolyte conductivity is calculated using eq. (15)
and tabulated in Table 3.

t

_ 1
°TRA as

In eq. (15), t is the sample thickness and A is the effective area of
contact.

The room temperature bulk conductivity is highest for PNI10 and is
on the order of 107 S em ™. With a further increase in the salt con-
centration, the conductivity decreased owing to salt reassociation. Now,
the ionic conductivity at high temperatures is discussed.

The ionic conductivity against temperature was studied to analyze
the ion transport mechanism in NaAlg-PVA-Nal SPEs. Fig. 7 shows the
Arrhenius plot for NaAlg-PVA-Nal SPEs obtained using Eq. (16).

E(l,
o(T) = Bexp( - k,,T> 1e6)

In eq. (16), the constant B is directly related to the quantity of charge
carriers and E, signifies the activation energy required. The Boltzmann

Table 3
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Fig. 7. Arrhenius plot of NaAlg/PVA-Nal SPEs.

constant is denoted by k;, and T stands for the absolute temperature
measured in Kelvin. As the temperature increased, the number of free
ions within the polymer increased, leading to enhanced ionic conduc-
tivity in the electrolyte. The E, for all electrolyte was calculated using
(16) and listed in Table 3. The relationship between the activation en-
ergy and ionic conductivity is inversely proportional. The PNI10 elec-
trolyte with a higher ionic conductivity exhibits a lower activation
energy, suggesting that less energy is required to initiate ion migration.
A reduced E, leads to a narrower band gap, making it easier for ions to
move, thus enhancing ionic conductivity [8]. Furthermore, a lower E, is
essential for efficient ion migration, contrasting with the higher energy
needed for the conduction process in the sample.

3.4. AC conductivity studies

Fig. 8 depicts the variation in AC conductivity as a function of fre-
quency. There are three distinct regions: (i) a low-frequency dispersion
region (below 10 kHz), (ii) a mid-frequency plateau region (region be-
tween 10 kHz-100 kHz), and (iii) a high-frequency dispersion region
(above 100 kHz). The dispersion in AC conductivity indicates an in-
crease in AC conductivity with frequency. The plateau region suggests
that the AC conductivity is independent of the sweeping frequency. The
low conductivity in the low-frequency dispersion region is primarily
attributed to the majority of ions being situated at the electrode-
electrolyte interface, making fewer ions available in the bulk. The
Jonscher Universal Power Law (UPL) was applied to investigate the
conduction mechanism in the polymer electrolyte. This framework is
pivotal for interpreting the frequency-dependent AC conductivity
observed in solid polymer electrolytes (SPEs) and offers a deeper un-
derstanding of the electrical properties and behaviors of these materials.
This law suggests that the total ac conductivity o(w) is equal to the sum
of the DC conductivity o4 and the frequency dependent conductivity

Values of bulk resistance obtained by EEC modelling (R), DC conductivity from EEC modelling (o4.), conductivity from AC spectra (o4), C, s, conductivity relaxation
time (7), activation energy (Eq) and Regression coefficient (R?) for PNI samples at 25 °C.

Sample Ry (Q) Odc Cac C s T E, R?
(Sem™) (Sem™) (x10712) (x107*s) (eV)

PNIO 31,218.20 + 762.27 (6.12 +0.14) x 1078 (7.54 +0.13) x 1078 0.75 £ 0.34 0.97 £+ 0.02 - 0.609 0.99

PNI5 11,309.80 + 180.43 (3.34 £ 0.08) x 1077 (3.36 £ 0.26) x 1077 3.31 £1.51 0.91 + 0.02 1.55 0.557 0.98

PNI10 447.06 + 9.97 (4.27 +0.09) x 10°° (3.19 £ 0.20) x 10°° 3.35 £ 3.35 1.00 + 0.06 0.14 0.344 0.96

PNI15 5246.40 + 52.18 (9.10 + 0.08) x 1077 (9.37 £ 0.43) x 1077 1.52 + 0.99 1.00 + 0.04 3.16 0.514 0.97

PNI20 26,764.00 + 1382.45 (7.16 + 0.42) x 1078 (7.5 +0.01) x 1078 1.98 +1.09 1.00 + 0.03 2.82 0.560 0.97
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Fig. 8. AC conductivity of NaAlg/PVA-Nal SPEs as a function of frequency.

Cw*® which can be mathematically represented by Eq 17.
Cpe = 64 + Ca0* a7)

In Eq (17), C is a constant and s is the exponent that determines the
frequency dependence of the AC conductivity. The first term in the UPL
is temperature-dependent. The second component of the equation is
dependent on both frequency and temperature and pertains to the
dielectric relaxation of the charge carriers within the material. This term
captures the dynamic processes involved as the carriers interact with the
surrounding lattice, thereby influencing the overall conductivity and
dielectric properties of the material. Parameter s indicates the degree of
interaction between the mobile ions and their surroundings. The value
of s typically falls between 0 and 1, where 0 indicates no interaction, and
1 indicates a strong interaction. The exponent s is defined as in Eq (18).
P Backhop. rate (18)

Site relaxation rate

In Eq 18, the numerator term is related to the backward hop of the
carrier to its initial site. This hop occurs because of Coulomb repulsion
between the mobile ions. When an ion hops to a new site, neighboring
ions rearrange themselves to form a new potential minimum at the
hopping ion site. This process is known as the site relaxation. The
strength of the Coulomb interaction between mobile ions decreased as
their concentration decreased. This decrease in the Coulomb interaction
would reduce the back-hop rate, which is the rate at which an ion hops
back to its original site.

The UPL denoted by eq. (17) was used to fit the ac spectra, dis-
regarding the low-frequency dispersion region, and the parameters are
tabulated in Table 3.

The values of DC conductivity closely match those of conductivity
from Nyquist formalism. The parameter s ranged from 0.91 to 1.00. The
condition s < 1 suggests that hopping motion encompasses translational
motion in conjunction with abrupt hopping events, indicative of charge
carriers moving over longer distances before hopping. Conversely, when
s > 1, this implies that the motion is characterized by localized hopping,
where charge carriers are confined to their immediate vicinity without
extending beyond their local neighborhood [45]. Since the obtained
values of s are <1, the motion of the mobile ions is translation with
sudden hopping. The AC conductivity spectra at various temperatures
were fitted with UPL in the temperature range of 303-363 K to evaluate
the various conduction mechanisms. Four main models have been used
to describe the behavior of the exponent “s” in ion hopping [46]. The
quantum mechanical tunneling (QMT) model predicts that s will remain
constant with temperature, whereas the small polaron tunneling (SPT)
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model predicts that s will increase with temperature. The Correlated
Barrier Hopping (CBH) model proposes that the parameter s diminishes
as the temperature increases, reflecting a transition in the hopping
mechanism of charge carriers over potential barriers within the mate-
rial. However, the overlapping large polaron quantum mechanical
Tunneling (OLP) model anticipates that s will decrease with increasing
temperature up to a certain point, at which it will reach a minimum
value before starting to increase again, suggesting a change in the
dominant conduction mechanism. Due to convergence issues with the
Universal Power Law (UPL) fit at temperatures exceeding 363 K, the
value of s was not determined beyond this temperature threshold,
limiting the analysis to the thermal range where reliable data could be
obtained. In our case, because the s value was 1 (Fig. 9b) within the
given temperature range, the conduction mechanism obeyed the QMT
model.

3.4.1. AC conductivity scaling

Scaling studies of experimentally measured quantities provide in-
sights into the underlying reasons for the physical properties. The
scaling procedure, referred to as the time-temperature superposition
principle (TTSP), is used to investigate whether the conduction mech-
anism is influenced by temperature. With an increase in temperature, if
the onset point of the conductivity dispersion shifts towards higher
frequency values, it becomes feasible to scale the conductivity spectra
across different temperatures. This scaling process can lead to the cre-
ation of a unified master curve that depicts the conductivity behavior
across the entire temperature range. This approach efficiently consoli-
dates the conductivity data, demonstrating the uniform alteration of the
conductive properties of the material with temperature. Various
methods have been suggested for scaling the plots of AC conductivity
[47]. In general, scaling is represented by Eq 19:

uclf) _ F(%) (19)
O4dc

In Eq 19, F is the temperature and composition independent scaling
factor, f is the scaling parameter for each conductivity isotherm. In the
following case, f* is taken as the hopping frequency f, (frequency at
which free hopping changes to correlated hopping), the frequency at
which 64 (f) = 204. Fig. 10 shows the scaling behavior of the conduc-
tivity data at different frequencies and temperatures for the PNI10
sample. The scaling plot collapses into a single “master curve”, implying
that the conductivity dispersion obeys the time-temperature super-
position principle. The master curve illustrates that the shape of the
curve remains consistent regardless of temperature variations. This
demonstrates that the relaxation dynamics of charge carriers in the
NaAlg-PVA-Nal polymer electrolytes adhere to a uniform mechanism at
all temperatures [48].

3.5. Dielectric properties

The prepared biopolymer film contained various functional groups,
including —OH and C=O0, which were connected to the polymer struc-
ture. By analyzing the dielectric permittivity of the film, a deeper un-
derstanding of how polymer chains behave during relaxation and how
functional groups react and adjust their orientation when exposed to an
external electric field can be obtained [42]. Dielectric permittivity
spectra can be used to observe the impact of polarization. Polar-
polymer-based electrolytes exhibit diverse polarization mechanisms,
such as ionic, dipolar, and electronic, when exposed to an external
electric field. These mechanisms are influenced by the movement of ions
within the polymer matrix, the orientation of polar groups, and the
displacement of electrons and electron clouds, which contribute to the
overall dielectric response of the material. [8]. The polymer electrolyte
becomes polarized in the presence of an external electric field. The po-
larization (P) of the system is defined as P = %, where p represents the
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Fig. 10. AC conductivity scaling plots of PNI10 at different temperatures.
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(a) AC conductivity spectra for temperatures 303 K- 363 K and (b) exponent s for the PNI10 film at various temperatures.

induced electric dipole moment, and V represents the volume.

The polarized polymer electrolyte system possesses a permanent
electric dipole moment attributable to polar polymers, such as Polyvinyl
Alcohol (PVA) and Sodium Alginate (NaAlg), along with an induced
dipole moment that arises from the applied external electric field. In the
linear approximation, the polarization (P) is directly proportional to the
strength of the electric field (E) and can be expressed as P = ¢,yE. Here,
&, represents the dielectric permittivity of free space, and y is the
dielectric susceptibility of the material. The dielectric permittivity is a
complex quantity that can be expressed by eq. (20).

’ 1

S )

(20)

In eq. (20), ¢’ is the real part and ¢” is the imaginary part of
permittivity. The parameter j = V-1 Fig. 11(a) and (b) show the real
and imaginary parts of the permittivity of the NaAlg-PVA-Nal SPEs,
respectively. The PNI10 and PNI15 films exhibited the highest dielectric
permittivity, suggesting that the inclusion of 10 wt% and 15 wt% salt in
the biopolymer matrix generates a large number of free charge carriers
at the electrode-electrolyte interface. Additionally, the low crystallinity
of these samples allows for the maximum mobility of charge carriers,
resulting in the highest conductivity values (the system’s elevated
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Fig. 11. Variation of (a) ¢’, (b) ¢” and (c) tan & as a function of frequency at room temperature for NaAlg/PVA-Nal SPEs.
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amorphous nature facilitates the concentration of free charge carriers at
the interface between the electrode and electrolyte) [49]. The values of
e’ and ¢” were high at low frequencies and decreased as the frequency
increased. The high values of ¢’ and ¢” were due to the electrode po-
larization effect. Blocking electrodes prevent ions in the electrolyte from
entering the external circuit, leading them to accumulate at the interface
and resulting in polarization effects. The accumulation of polarizing ions
at the interface increased the dielectric constant. At higher frequencies,
the dielectric constant value decreases owing to rapid changes in the
direction of the electric field, preventing the ions from aligning them-
selves quickly enough in the direction of the field. Consequently, there is
no excess diffusion of ions in the direction of the field, and the accu-
mulation of ions at the interface decreases, resulting in a reduction in the
dielectric constant [50]. Fig. 11(c) shows a plot of the loss tangent as a
function of frequency. Dielectric loss is the heat generated when AC is
applied across the electrolytes. The energy from the AC voltage was
absorbed by the electrolyte and converted to heat during the polariza-
tion process. The plot shows a single relaxation peak, indicating con-
ductivity relaxation in the polymer chain. The relaxation time, 7 is
calculated using eq. (21).

S 1
~ 24f,

In eq. (21), f, is the frequency corresponding to maxima. This peak
shifts to the right, implying that faster ion dynamics occur as the salt
concentration increases to 10 wt%.

The dielectric properties are significantly affected by temperature.
Fig. 12 illustrates the dielectric characteristics of the optimally con-
ducting sample (PNI10) at various temperatures.

Typically, non-polar polymers exhibit temperature-independent &’
values, whereas strongly polar polymers show an increase in ¢’ with
increasing temperature. The observed pattern of ¢’ in the current studies
aligns with that of polar dielectrics, where higher temperatures promote
dipole alignment, consequently leading to augmented dielectric
permittivity [51]. It is clear from Fig. 12(a) and (b) that ¢’ and ¢” in-
crease with temperature owing to the increase in the carrier concen-
tration. This is because thermal energy is sufficient to dissociate the salt
into Na® and I” ions, leading to more free ions in the electrolyte, as
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supported by eq. (22).

_ U
n = n,exp %

In Eq 22, n represents the free carrier density, U denotes the salt
dissociation energy, k; is the Boltzmann constant, and T is the temper-
ature in Kelvin. Notably, no discernible relaxation peak was observed in
the plot of 7, suggesting the absence of primary or secondary structural
relaxation phenomena within the polymer across the provided temper-
ature range. The plot of the tangent loss for the selected temperature
range indicates a single nonsymmetric peak of the conductivity relaxa-
tion. The deviation of the peak from the symmetric behavior indicates
the non-Debye nature of relaxation. A peak shift to the right and an
increase in peak area were observed. The shift in the peak indicated a
reduction in the relaxation time. The increased peak width demonstrates
an increase in carrier concentration with increasing temperature.

(22)

3.5.1. Scaling of tangent loss spectra

Scaling studies of experimentally measured quantities can provide
insights into the underlying reasons for the physical properties. The
scaling procedure, referred to as the time-temperature superposition
principle (TTSP), is used to investigate whether the conduction mech-

anism is influenced by temperature. Fig. 12(d) shows the tangent loss of

tand
anGmax

various temperatures, where f,« is the frequency corresponding to the
maxima in tangent loss tand,,,. The entire dielectric loss data collapses
into a single master curve, except at low frequencies. The deviation in
the collapse of the graph at low frequencies was due to electrode po-
larization (EP). The scaling behavior of the tangent loss indicates that
the conduction mechanism is independent of the temperature. That is, it
follows the same mechanism within a given temperature range [52].

PNI10 plotted in scaled coordinates. i.e.

plotted against fi for

3.6. Modulus spectrum

The complex electric modulus, which is the inverse of the complex
permittivity, could offer a deeper understanding of the conductivity
relaxation in the SPE system. Fig. 13(a) and (b) show the real and
imaginary parts of the complex modulus, respectively. The M’ and M"
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Fig. 12. Variation of (a) ¢’, (b) ¢”, (¢) tan 8 and (d) scaling of tangent loss for PNI10 at selected temperatures.
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selected temperature.

spectra exhibited long tails at low frequencies, suggesting that the
electrode polarization effect (EP) had a minimal contribution. The
presence of electrode polarization (EP) effect results in a low value of M'
in the low-frequency region as M" (w) E(IT) As the frequency increases,

the value of M’ gradually increases. The dispersion observed in the
electric-modulus spectra is attributed to the relaxation of conductivity
over a wide range of frequencies. At higher temperatures, the M" spectra
peak moved towards a higher frequency owing to salt incorporation and
hence an increase in the amorphousness of the PNI10 sample. In addi-
tion, the appearance of relaxation peaks that were asymmetric in nature
in M"spectra for SPE films indicated a relaxation behavior that was not of
the Debye type (single relaxation time) [53].

Fig. 13(c) presents the variation of normalized % spectra at specific
temperatures for the PNI10 electrolyte. The plot shows a long tail at low
frequencies due to the large capacitance of the electrodes. The shape of
the spectrum remained the same as the temperature increased; never-
theless, the peak maximum shifted towards higher frequencies. This
shift indicates that the relaxation process was thermally activated,
signifying the occurrence of charge-carrier hopping within the system

[54]. The asymmetric nature of % curve implies that the conductivity
relaxation is non-exponential and can be described by the Kohl-
rausch-Williams-Watts (KWW) function ¢(t). This function represents
the distribution of the relation times in polymer electrolytes. The
dielectric modulus is given by eq. (23):

* “ —iwt d¢
wom - [ ()]

(23)

(24)

In Eq 24, 7, and f are the conductivity relaxation time and KWW
exponent. The $ value corresponding to the PNI10 samples from 303 K to
343 K was in the range of 0.56 and 0.62. A value of < 1 indicates a non-
Debye nature of relaxation [55]. In this study, the Argand plots (Fig. 13
(d)) reveal incomplete semi-circular arcs, indicating the existence of a
distribution of relaxation times, which signifies non-Debye properties.

11

This suggests that ion transport within this system predominantly occurs
through viscoelastic relaxation.

3.7. Transport properties of charge carriers

The ion transport parameters, such as carrier concentration (n),
diffusion coefficient (D), and mobility (u), were obtained by fitting the
Nyquist plot with eqgs. (13) and (14) derived from EEC [44]. From the
fitting, parameters such as k, &, 72 and ¢ was substituted into Eq 25, 26
and 27 to estimate the values of transport parameters.

e A 2
D= e(kzéyé'(, ) (25)
72
eD
M T 6
n="2 (27)
pe

The variations in n, u, and D for NaAlg/PVA at various Nal concen-
trations are shown in Fig. 14. The room temperature conductivity
(25 °C) of the NaAlg/PVA-Nal electrolytes increased with salt inclusion
and reached an optimum value of 4.42 x 107 S em™! (PNI10 electro-
lyte). The conductivity decreased with increasing salt concentration
above 10 wt%. Clearly, the charge carrier concentration followed a
conductivity trend. The mobility and diffusion coefficient of the charge
carriers followed an inverse conductivity trend. Thus, it can be
concluded that the carrier concentration mainly influences the con-
ductivity rather than the mobility and diffusion coefficient. Because of
the high carrier concentration in the PNI10 and PNI15 samples, the
mobility and diffusion coefficient were reduced owing to the lowering of
the space available for free ion migration. Because of the ion association
in the PNI20 sample, the carrier concentration was significantly
reduced, leading to a large decrease in the ionic conductivity.

The transport properties of the prepared samples were analyzed in
the temperature range 303 K-363 K and are presented in Fig. 15. To
investigate the rise and fall in ionic conductivity, Nyquist plots across a
range of temperatures were used to evaluate and gauge the density of
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Fig. 14. Variation in transport parameters for NaAlg/PVA with different Nal salt concentrations.
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charge carriers, their mobility, and diffusivity. As the temperature in-
creases, there is a corresponding increase in the charge carrier density.
This is because of the additional energy supplied at higher temperatures,
which is sufficient to break the ionic bonds, resulting in the formation of
free ions. This process accounts for the observed increase in charge-
carrier density within the system. The highest conducting sample,
PNI10, had the highest carrier density at the studied temperatures owing
to its highly amorphous nature [23]. Consequently, the increase in
carrier concentration led to reduced mobility and diffusion coefficients,
primarily owing to the heightened ion collisions caused by the limited
space available for carrier movement. Upon applying an electric field
across the sample, the ions begin to move randomly within the confined
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space, leading to an increase in the number of ion collisions.

This scenario results in a slower movement of ions, thereby
decreasing the mobility and diffusivity of the charge carriers. This
decrease in both the number of charge carriers (n) and mobility (x) was
consistently observed across all the samples [56]. The variation in the
Stokes drag coefficient F; is depicted as a function of temperature. The
Stokes drag coefficient increased with increasing temperature. This co-
efficient is closely related to the level of amorphousness and viscosity
within the polymer matrix. An increase in the Stokes drag coefficient
signifies an increase in viscosity, leading to a deceleration in the motion
of charge carriers within the system. The ionic conductivity of the
highest conducting sample at elevated temperatures followed the same
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trend as that of the carrier concentration, implying the direct influence
of non o.

3.8. Thermal studies

The thermal stability of a polymer electrolyte is a critical parameter
governing the operational temperature range of the device. Fig. 16
shows the TGA and DTG curves of the prepared electrolyte samples.
There were three decomposition steps. The first step (RT — 100 °C)
involved the elimination of moisture from the sample. Because the
samples were dried in a hot air oven and stored in desiccators, this mass
loss was due to the moisture occluded while handling the sample. The
second step (200-300 °C) is related to the decomposition of —CO2 due to
the decarboxylation process and the breakage of the glycosidic linkage
of NaAlg and decomposition of —OH groups, leading to a mass loss of
approximately 45%, indicating major mass decomposition [57,58]. The
third step was observed due to the decomposition of the remaining
carbon residues, without any residue remaining at the end of the
experiment. The maximum decomposition temperatures with the cor-
responding mass losses are presented in Table 4. As listed in Table 4, the
prepared samples underwent a drastic mass loss above 200 °C, which is
significantly higher than the operating temperature of any electro-
chemical device. Furthermore, the inclusion of salt led to a minor
reduction in the thermal stability of the optimal sample (PNI10), which
was attributed to weakening of the glycosidic linkage within the poly-
mer matrix. Although there was a slight decrease in the decomposition
temperature of the PNI10 sample, this was not very prominent. The
PNI10 sample is still considered the most suitable for use as a charge-
transport medium in electrochemical device applications.

To observe the shift in the glass transition temperature (Tg) resulting
from the blending of the two polymers with its incorporation salt, dif-
ferential scanning calorimetry (DSC) was conducted. The DSC thermo-
grams for the NaAlg/PVA-Nal SPEs are shown in Fig. 17, and the Tg
values for each electrolyte are listed in Table 4. The DSC thermogram
exhibited two prominent regions. The first endothermic peak in the RT-
150 °C region indicates dehydration of the sample. The step transition in
this region signifies the T,. The second region consists of an endothermic

100
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Table 4
Thermal parameters extracted from TGA and DTG graphs of NaAlg/PVA-Nal
SPEs.

Sample  Glass transition Maximum decomposition Percentage of
temperature, T (°C) temperature, Tq (°C) mass loss (%)
PNIO 52.5 223.96 39.93
PNI5 85.2 222.54 60.79
PNI10 91.6 218.54 46.08
PNI15 79.7 227.25 45.85
PNI20 65.4 219.97 52.23
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Fig. 17. DSC thermograms of NaAlg/PVA-Nal SPEs.

peak (around 200 °C) followed by an exothermic peak (around 240 °C)
attributed to the decomposition of the polymer, resulting in a carbonized
residue, in agreement with the TGA results [58]. A single T; was
observed for the pure blend and the salt-doped blend, indicating the
compatibility of the blends even after doping [59]. Initially, the T,
increased to 10 wt% of salt concentration. A further increase in the salt
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Fig. 16. TGA and DTG curves of NaAlg/PVA-Nal SPEs.
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concentration decreases Ty This can be attributed to the ‘transient
crosslinks’ that occur due to the interaction of the salt cation (Na™) with
the —OH groups of the polymer blend. The probability of crosslinking is
directly related to the carrier concentration. Since the carrier concen-
tration is the highest for PNI10, Ty is the highest for this sample and
decreases with further increase in salt concentration. Similar variations
were reported in our earlier work [39,60].

3.9. Morphological studies
Surface morphology plays a role in determining the overall ion

transport across the electrode-electrolyte interface. The surface texture
was examined using SEM, and the images are shown in Fig. 18. The pure
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blend exhibited a smooth morphology without any pores, indicating
excellent compatibility between PVA and NaAlg polymers. Small mi-
cropores were observed upon the incorporation of the Nal salt. The
porosity of the electrolyte directly affects its ionic conductivity because
the connectivity of the pores is crucial for facilitating the movement of
charge carriers through the electrolyte [61]. A porous structure allows
ions to migrate easily with minimal hindrance. This can be attributed to
the increased surface area provided by the pores, which facilitates ion
diffusion and enhances their transport through the material. For PNI15,
the pores exhibited significant enlargement and amalgamation, sug-
gesting the highest level of amorphousness among all doped samples.
[62-64]. For the PNI15 and PNI20 samples, a porous structure was not
observed. Instead, hexagonal structures with thick barriers or island-like

Date 9 Dec 2022
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Fig. 18. SEM images of NaAlg/PVA-Nal SPEs. EDAX spectra of the highest conducting sample-PNI10 (bottom right corner).
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structures are mostly visible, which hinders ion conduction [65]. In
addition, white patches were observed, which may indicate the onset of
ion aggregation in the sample, leading to an overall decrease in the ionic
conductivity of the sample. Fig. 18 shows the EDAX spectra of the PNI10
electrolyte, which had the highest conductivity. The spectra show the
presence of characteristic atoms, including Na, C, and I, which were
attributed to the NaAlg-PVA-Nal membrane. This suggests that the
sample had a uniform composition.

3.10. Atomic Force microscopy

The surface morphologies of the prepared polymer blend electrolytes
PNIO, PNI10, and PNI15 were examined by AFM (Fig. 19), where the tip
was operated in the tapping mode in a scanning area of 5 pm x 5 pm. It is
observed that the pure blend PNIO has a root mean square (RMS)
roughness of 11.5 nm. Incorporating 10 wt% Nal has led to a reduction
in the surface roughness of PNIO, consequently diminishing the crys-
tallinity of the blended polymer electrolyte and resulting in a smoother
surface. This smoother surface facilitates faster ion conduction within
the electrolyte [66]. The roughness of PNI10 reduced to 9.45 nm indi-
cating a smoother morphology. Enhancing the uniformity of the surface
can potentially improve the contact between the electrode and the
electrolyte, leading to improved device performance [67]. Referring to
transport analysis, the factor p; indicate the deviation of the spike from
the ideal behavior (p2 = 1). The closeness of the value of p, towards
unity is an indication of the smoothness of the sample. The value of ps
for PNI10 sample was 0.749 and for PNI15 was 0.734, indicating that
PNI10 is smoother compared to PNI15. A further increase in the salt
concentration increased the roughness to 13.9 nm, as observed in PNI15.
This agrees with the SEM and XRD results, where further addition of the
salt led to the onset of salt aggregation.
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3.11. LSV and TNM studies

Determining the maximum operational voltage, also known as the
electrochemical stability window (ESW), of a polymer electrolyte is
crucial for evaluating its suitability for use in electrochemical devices
[68]. For linear sweep voltammetry (LSV) measurements, the electro-
lytes were placed between sodium metal and inert planar electrodes
such as Pt or stainless steel (SS). Inert working electrodes were employed
to prevent unwanted reactions and interference with the background
currents. In this case, the inert electrode was SS. The asymmetric cell
was subjected to a voltage range of 0-5.5 V at a scan rate of 5 mV s},
and the LSV plot is shown in Fig. 20. The characteristic curve

—PNI10

oxidation region of electrolyte

Current (mA)

0 1 2 3 4 5 6
Potential vs Na/Na* (V)

Fig. 20. LSV data for the PNI10 electrolyte.

21.4 nm

04nm

S pm

Fig. 19. 3D AFM images of (a) PNIO, (b) PNI10, and (c) PNI15 electrolytes.
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demonstrates that the anodic current remained relatively constant
within the voltage range of 0-3.65 V. However, beyond this range, a
sudden surge in current was observed, which was attributed to ion
decomposition at the electrode-electrolyte interface. This critical
voltage, where ion decomposition is initiated, is termed the decompo-
sition voltage of the electrolyte and is identifiable on the voltage axis
where the current undergoes rapid escalation [69]. As shown in the
figure, the PNI10 sample can maintain stability within the voltage range
of 3.65 V, rendering it suitable for the fabrication of electrochemical
(EC) devices.

In polymer electrolytes, both electrons and ions play important roles
in ion conduction. For potential utility in electrochemical devices, an
electrolyte must fulfil various criteria, including high room-temperature
ionic conductivity, ionic transference number near unity, and minimal
electronic conductivity [70]. The mobility of the ionic species is a crit-
ical factor in the design of new polymer electrolytes for batteries. The
non-unity transference number of sodium ions in polymer electrolytes
can lead to the formation of concentration gradients, causing the current
to decay to lower steady-state values. Therefore, evaluation of polymer
electrolytes must consider both the transference number and ionic
conductivity [71]. The nature of charges, whether ions or electrons, can
be determined by measuring the ionic transference number (TNM) using
Wagner’s polarization method [24]. To create a cell assembly for
measuring the ionic transference number, the samples were placed be-
tween two stainless steel (SS) electrodes that acted as blocking elec-
trodes, preventing the ions near the interface from polarizing while
permitting the movement of electrons through the outer circuit [72].
Fig. 21 shows a plot of current versus time for the samples subjected to
an applied DC polarization voltage of 100 mV. The total ionic and
electronic transference numbers were calculated using Eq 6 and 7. Egs.
(8) and (9) were used to calculate the ionic and electronic conductivities
by utilizing the ion-electron transference number and electrolyte bulk
conductivity (¢) obtained from the EIS measurements. The values are
listed in Table 5.

When the total ionic transference number is close to 1, the ions are
the primary charge carriers. As a result, the ionic current is at its
maximum, whereas the electronic current is at its minimum. This sat-
isfies the requirements of energy storage devices.

3.12. Mechanical properties
During the process of bringing a battery or any energy-storage device

to the market, an important factor to consider is its mechanical stability.
In addition to possessing a high transference number and ionic
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Fig. 21. TNM plot of NaAlg/PVA-Nal SPEs.
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Table 5
Variation of tion, teiec, ion, aNd Gelectronic Of NaAlg/PVA — Nal samples.

Sample tion etec Gion (Scm ™) Getectronic (S cm™)
PNI5 0.993 0.007 3.64 x 1077 2.56 x 1077
PNI10 0.991 0.009 4.38 x 107° 3.98 x 1078
PNI15 0.988 0.012 9.95 x 1077 1.21 x 1078
PNI20 0.969 0.031 7.68 x 1078 2.43 x 1077

conductivity, the polymer electrolyte must have mechanical properties
that are sufficient to ensure long-term cycle stability. The stress-strain
curve was examined to evaluate its mechanical stability. This is partic-
ularly crucial because during cell packaging, the polymer electrolyte is
positioned between two electrodes and must withstand the applied
pressure. If the polymer electrolyte lacks mechanical strength, it could
lead to short-circuiting of the electrodes during the cell operation.
Therefore, it is essential for the material to be inherently flexible and to
avoid brittleness. It should possess inherent characteristics that enable it
to absorb minor internal shocks without affecting electrodes. Mechani-
cal strength is crucial because it directly affects dendrite suppression/
resistance, leading to enhanced safety [73]. This is one of the primary
benefits of polymer electrolytes over conventional polyolefin separators.
Mechanical strength in the range 10°~108 MPa is crucial for suppressing
dendrite formation in typical solid-state lithium batteries [74].
Numerous metrics are available to assess mechanical properties,
although the most prevalent metric discussed here is the tensile test. The
compact polymer network, which enhances mechanical robustness, also
limits polymer mobility, leading to reduced ionic mobility. This makes it
challenging to simultaneously achieve an elevated ionic conductivity
and tensile strength [73].

The mechanical properties of solid polymer electrolytes (SPEs),
including tensile strength, elongation at break, and Young’s modulus,
were determined by analyzing the stress-strain curves. The Young’s
modulus was computed by evaluating the slope of the linear segment of
the stress-strain curve. The tensile strength was derived from the
maximum stress point on the curve, whereas the elongation at break was
obtained from the strain axis limit. Fig. 22 depicts the stress-strain curve
and variations in parameters such as tensile strength, Young’s modulus,
and elongation at break with varying salt concentrations. Table 6 lists
the parameter values obtained for each sample.

Creating a standard for the tensile strength of Na-based SPEs is
difficult because of the wide range of strengths observed, which typi-
cally fall between 1.5 and 40 MPa [75-78]. However, based on the re-
sults obtained in Table 6, the tensile strength of SPEs ranges from 21 to
45 MPa, which is quite high for polymer-based electrolytes. Addition-
ally, Fig. 22(b) indicates that the tensile strength is not significantly
affected by the salt used.

3.13. Biodegradability test

To prevent environmental contamination, the prepared solid elec-
trolyte material must decompose under atmospheric conditions [26].
Two primary degradation mechanisms were observed during the soil
burial tests. Initially, the film surface undergoes swelling owing to the
adsorption of water molecules, thereby creating a favorable environ-
ment for microbial proliferation. Subsequently, enzymatic degradation
occurs as microbes commence the breakdown of the polymeric chain
[79]. Owing to the adhesive properties of the NaCMC-PVA polymer, soil
adheres to the film surface, posing challenges in accurately determining
the final weight of the film [33]. However, the sample exhibited slow
degradation, as shown in Fig. 23(a)-(d). Thus, the degradation of the
polymer was confirmed.

4. Conclusion

Sodium ion-conducting polymer blend electrolytes based on NaAlg
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Fig. 22. (a) Tensile stress-strain curve and plot of (b) tensile strength, (c) Young’s modulus, and (d) elongation at break for the prepared SPEs.

Table 6
Properties obtained from stress-strain curve of NaAlg/PVA-Nal SPEs.

Sample  Tensile strength Elongation at break Young’s modulus
(MPa) (%) (MPa)

PNIO 44.24 + 10.75 1.67 + 0.33 2049.35 + 319.73

PNI5 30.56 + 4.88 2.11 + 0.62 1085.63 + 81.00

PNI10 28.79 + 2.21 271 £1.11 1226.54 + 164.42

PNI15 21.72 + 8.40 3.95 + 2.32 1135.96 + 31.06

PNI20 22.43 + 1.65 5.06 + 1.15 961.27 + 19.88

and PVA were successfully synthesized using a facile solution casting
technique. A maximum ionic conductivity of (4.27 + 0.09) x 10°°s
em™! was achieved at 298 K for the sample containing 10 wt% of Nal
salt. The enhancement in the sample conductivity was substantiated by
XRD, SEM, and EIS characterizations. The conduction mechanism for
highest conducting electrolyte sample was elucidated using a Quantum
Mechanical Tunneling (QMT) model. The increase in ionic conductivity
upon the addition of Nal was linked to an increase in the carrier con-
centration of the ions. The dielectric behavior of the PNI10 sample
exhibited a pronounced dependence on both frequency and
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Fig. 23. Highest conducting electrolyte (PNI10) undergoing degradation at various time intervals.
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temperature, demonstrating a non-Debye-type dielectric relaxation. The
incomplete semicircular arc observed in the Argand plots further con-
firms the non-Debye nature of the relaxation process, suggesting that ion
transport occurs through the viscoelastic relaxation process. Despite
possessing adequate electrochemical stability and mechanical strength,
the optimally conducting sample falls short of achieving high ionic
conductivity (<10~*§ cm ™), rendering it unsuitable for applications in
energy storage devices. Therefore, it is imperative to enhance conduc-
tivity by integrating nanofillers or plasticizers into an optimally con-
ducting sample to meet technological requirements.
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