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A B S T R A C T   

This work examines the impact of NaNO3 salt on a NaAlg: PVA blend polymer, focusing on charge carrier 
properties, such as number density (n), mobility (μ), and diffusion coefficient (D). It is found that the addition of 
NaNO3 increased the room temperature conductivity from (6.12±0.15) × 10− 8 S cm− 1 (PNN0, salt-free) to (6.50 
±0.03) × 10− 6 S cm− 1 (PNN15, 15 wt.% NaNO3), influenced by increasing n compared to µ. Temperature- 
dependent conductivity revealed a significant influence of both n and μ on electrolyte conductivity, and the 
ion dynamics were explored using various formalisms. XRD studies showed reduced crystallinity owing to the 
interaction of Na+ and NO3

− with -OH groups, as confirmed by IR spectroscopy. Scanning electron microscopy 
confirmed salt deposits at higher concentrations. However, sufficient mechanical strength was observed for the 
optimally conducting sample. Obtained results showed the potential applications of the sample in electro
chemical devices.   

1. Introduction 

Since the discovery of polymer electrolytes (PEs) in 1973 [1], 
considerable attention has been paid to the development of new PEs. In 
recent years, the development of solid polymer electrolytes (SPEs) with 
high ionic conductivity (σ > 10− 4 S cm− 1 at room temperature) has 
received a boost for its applications in batteries, fuel cells, super
capacitors, and sensors due to its advantages over their liquid counter
parts, such as leak-free, high thermal stability, low flammability, 
flexibility, and overall cell weight reduction. However, the critical ad
vantages of polymer electrolytes are related to their processing and cost. 
Polymer electrolytes can be synthesized at lower temperatures, making 
them highly suitable for air-stable conditions and compatible with 
roll-to-roll manufacturing techniques [2]. Moreover, the interfacial 
contact between the electrode and polymer electrolyte is better than that 
of the ceramic electrolyte, leading to an improvement in the overall ion 

conduction properties. Therefore, the use of polymer electrolytes (PEs) 
is a practical and promising approach for the development of 
all-solid-state batteries. This is because of their unique combination of 
benefits in terms of both processability and performance. 

However, polymer electrolytes suffer many challenges before they 
can be used in commercial energy storage devices. Particularly at room 
temperature or lower, the conductivity of SPEs is still insufficient for 
real-world applications. In addition, dendrite formation between the 
electrodes through the electrolyte must be suppressed to achieve 
extremely safe commercial applications. Hence, polymer electrolyte 
membranes must be developed conscientiously to minimize the trade- 
offs between all parameters. 

The majority of polymer electrolytes use synthetic polymers such as 
poly (ethylene oxide) (PEO) and poly (vinyl pyrrolidone) (PVdF), which 
are mainly derived from petroleum products and, in the long run, create 
environmental pollution problems [3]. However, natural polymers are 
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advantageous over synthetic polymers because they are low-cost, non 
toxic, biodegradable, and biocompatible [4]. To achieve high ionic 
conductivity, the polymer needs to have many functional groups with 
electronegative atoms, such as -OH, -C = 0, etc., to solvate salts and to 
assist the ion hopping motion through the polymer matrix. Several 
biopolymers such as starch, gelatin, cellulose and its derivatives, chi
tosan, gellan gum, and alginic acid have been extensively studied. 
Among these, alginic acid, commonly known as alginate, is of particular 
interest. Alginates exist naturally in marine brown algae as calcium, 
magnesium, and sodium salts, forming an integral part of their cell 
walls. Sodium alginate (NaAlg), an anionic polysaccharide, is particu
larly noteworthy. It comprises units of (1–4)-linked β-D-mannuronic acid 
(M) and α-L-gluronic acid (G). Sodium alginate is highly regarded 
because of its remarkable biocompatibility, lack of toxicity and immu
nogenicity, biodegradability, and ability to form gels when exposed to 
divalent cations, such as calcium ions. [5]. It has been widely investi
gated for biomedical applications such as drug carriers [6]. The use of 
sodium alginate in the polymer electrolyte is preferred due to the 
presence of − COO and − OH group that may help for ion coordination 
and transportation. Moreover, NaAlg has an excellent ability to 
accommodate extremely high salt concentrations as a dopant. For 
example, at remarkably high salt concentrations (> 50 wt.%), ionic 
conductivity of the order of 10− 3 Scm− 1 at room temperature has been 
reported [7,8]. However, the reported system is a “salt in polymer” 
matrix. 

Blending methods have been employed as an alternative strategy to 
enhance the physicochemical properties of individual polymers by 
incorporating them into other polymers. This approach aims to improve 
the overall characteristics of the polymers through blending. The 
compatibility of polymer molecules, as controlled by intermolecular 
interactions, has been reported to affect the properties of blends [9]. 
Although biopolymers have demonstrated good biocompatibility, their 
mechanical properties are inferior to those of synthetic polymers [10]. 
For example, NaAlg shows some stiffness and brittleness. 

Consequently, the mechanical properties of NaAlg can be enhanced 
by incorporating poly (vinyl alcohol) (PVA) into sodium alginate 
(NaAlg). PVA is well known for its high elasticity and biocompatibility, 
making it an ideal blend material to improve the mechanical charac
teristics of NaAlg [11]. Owing to its affordability and exceptional at
tributes, including chemical stability, hydrophilicity, strong abrasion 
resistance, and favorable mechanical properties such as elongation, 
tensile strength, and flexibility, poly (vinyl alcohol) (PVA) is extensively 
employed as a blending material [12]. 

Due to numerous − OH groups in the PVA polymer backbone, poly
mer blending is facilitated with NaAlg, which leads to good compati
bility between the polymer blend [13]. Hence, NaAlg was the main 
component and PVA was the second component of the blend in this 
study. Furthermore, NaAlg-PVA-based polymer electrolyte membranes 
based on lithium [14], sodium [15], and potassium [16] were examined 
for electrochemical device applications. As part of the effort to reduce 
the dependence on petrochemical-based polymer electrolytes, the cur
rent work systematically focuses on the development of a biopolymer 
based on NaAlg-PVA. The influence of microstructural modifications 
and variations in room-temperature and high-temperature ion transport 
parameters caused by the complexation of the NaNO3 salt were studied. 
NaNO3 salt was used in this study because it has low lattice energy of 
756.25 kJ mol− 1 and can be handled at ambient temperatures [17], and 
a few systems based on NaNO3 salts have been used for energy storage 
applications [18–20]. Therefore, we aim for the use of NaAlg-PVA/
NaNO3 as a potential electrolyte for energy storage devices. 

2. Experimental 

2.1. Chemicals used 

Sodium alginate (NaAlg) and poly (vinyl alcohol) (PVA, Mw: 85,000 

g mol− 1) were procured from S.D. Fine Chem Ltd., without any further 
purification, was used to prepare the polymer blend. Sodium nitrate 
(NaNO3, Mw: 84.99 g mol− 1) was used as an ionic dopant and procured 
from Merck Life Science. 

2.2. Preparation of solid polymer electrolytes (SPEs) 

SPEs consisting of sodium alginate (NaAlg) and poly (vinyl alcohol) 
(PVA) as a blend component and sodium nitrate (NaNO3) as an ionic 
supplier were prepared by solution casting technique with de-ionised 
water as a common solvent. The blend components were taken in 
NaAlg: PVA weight ratio of 60 wt.%:40 wt.%. The amount of NaNO3 salt 
added (ms) into the blend system in weight percent was determined 
using Eq. (1) 

ms(wt. %) =
ws

ws + wp
∗ 100% (1) 

Here, ws is the mass of the salt, and wp is the mass of the blend 
polymer. The salt weight ratio was varied from 5 to 30 wt.%. Beyond this 
composition, the formation of the free-standing film was impossible. 
Table 1 presents the sample designations. 

The blend polymer and dopant salt were magnetically stirred at 60 ◦C 
for 24 h until a homogenous viscous solution was obtained. It was then 
poured into a polyethylene petri dish to undergo slow evaporation at 
room temperature, after which the free standing films were peeled off. 
The films were subsequently dried in an oven and stored in a vacuum 
desiccator until further characterization. 

2.3. Sample characterizations 

2.3.1. Fourier transform infrared (FTIR) spectroscopy 
The complexation between the salt and polymer matrix was studied 

by room temperature FTIR spectroscopy (SHIMADZU IRPrestige-21 
ATR-FTIR) in the wavenumber range of 4000 cm− 1 to 400 cm− 1 in 
transmittance mode with a resolution of 4 cm− 1. 

2.3.2. X-ray diffraction (XRD) 
X-Ray diffraction studies were done using Rigaku Miniflex 600, 5th 

Gen, to understand the variation in crystallinity of the prepared solid 
polymer electrolytes in the angular range of 5◦ and 90◦ at a scan rate of 
2◦min− 1 with Cu-Kα (λ = 1.54 Å) as a resource. 

2.3.3. Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) was carried out at 

room temperature and elevated temperatures using a Hioki IM3570 
Impedance Analyzer to evaluate the ionic conductivity variation with 
the dopant. EIS measurements were performed by clamping the sample 
between ion-blocking stainless-steel electrodes and applying a 10 mV ac 
signal across the sample with a frequency range between 100 Hz and 4.5 
MHz from room temperature (25 ◦C) to 120 ◦C. Measurements were 
taken at each set temperature as soon as the equilibrium was reached. 
The impedance data were then transformed into a dielectric format to 
investigate electrolyte ion dynamics. The real part of the complex 
permittivity ϵ′ and the imaginary part of the complex permittivity ϵ″ were 

Table 1 
Designation, sample composition of prepared SPEs.  

Designation NaAlg/PVA: NaNO3 

(wt.%:wt.%) 
NaAlg/PVA. NaNO3 (g) 

PNN0 100:0 2.0 0 
PNN5 95:5 1.9 0.1 
PNN10 90:10 1.8 0.2 
PNN15 85:15 1.7 0.3 
PNN20 80:20 1.6 0.4 
PNN25 75:25 1.5 0.5 
PNN30 70:30 1.4 0.6  
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deduced using the real part of the complex impedance Zr and the 
imaginary part of the complex impedance Zi data as follows: 

ϵ′ =
Zi

ωC0
(
Z2

r + Z2
i
) (2)  

ϵ″ =
Zr

ωC0
(
Z2

r + Z2
i
) (3) 

Here C0 is the vacuum capacitance. ω is the angular frequency 
deduced from 2πf. Further, the real and imaginary parts of complex 
modulus, M′, and M″respectively, were derived as 

M′ =
ϵ′

ϵ′2 + ϵ″2
(4)  

M″ =
ϵ″

ϵ′2 + ϵ″2
(5) 

Furthermore, the tangent loss was calculated using Eq. (6). 

tanδ =
ϵ″

ϵ′ (6)  

2.3.4. Field emission scanning electron microscope (FESEM) 
Variations in surface morphology were investigated using field- 

emission scanning electron microscopy (FESEM). To reduce the 
charging effects on the sample, it was coated with a thin layer of gold 
using a Quorum Gold sputtering unit for approximately 5 min. 
Elemental mapping was performed to assess the distribution of the 
various elements in the polymer matrix. 

2.3.5. Thermal studies 
The thermal parameters and thermal stability were examined using 

two analytical techniques: Differential Scanning Calorimetry (DSC) with 
a SHIMADZU DSC-60 PLUS instrument and Thermogravimetric Analysis 
(TGA) with a Hitachi STA7200 TGA-DTA instrument. Samples weighing 
approximately 5–8 mg were placed in a platinum crucible and heated at 
a constant rate of 10 ◦C min− 1. DSC measurements were conducted from 
room temperature to 200 ◦C in a nitrogen (N2) gas atmosphere with a 
flow rate of 40 mL min− 1. TGA analysis (TGA) was carried out from 
room temperature to 500 ◦C in a nitrogen (N2) gas atmosphere at a flow 
rate of 20 mL min− 1. 

2.3.6. Linear sweep voltammetry (LSV) 
Linear sweep voltammetry (LSV) was performed to evaluate the 

electrochemical stability window (ESW) of the samples using CH600E 
potentiostat. The electrolyte films were sandwiched between stainless 
steel electrodes in a configuration of SS|SPE|SS, and the voltage was 
scanned from 0 to 4 V at a scan rate of 5 mV s− 1. 

2.3.7. Transference number measurement (TNM) 
Transference number measurements (TNM) were performed using a 

Keithley 2636 B sourcemeter. A direct current (DC) voltage of 100 mV 
was applied to a symmetric cell configuration, which included an elec
trolyte layer positioned between the stainless-steel blocking electrodes. 
The current was continuously monitored to determine the ion trans
ference number. 

2.3.8. Mechanical properties 
A Dak System Inc. 7200 series universal testing machine with a load 

cell of 1 kN was used to conduct tensile tests until breakage. The tests 
were conducted in accordance with the ASTM D882 methodology at 
room temperature, with a crosshead speed of 0.1 mm/min, under 
controlled displacement conditions. The applied force and specimen 
elongation were continuously recorded. The stress-strain curves were 
then obtained using the initial gauge length and cross section of each 
specimen. A rectangular sample measuring 5 cm × 2.5 cm was 

positioned between the tensile grips of the universal testing machine. To 
ensure consistency, this process was repeated for three identical sam
ples. Statistical tests (ANOVA followed by a post hoc test) were con
ducted to assess the variation in mechanical properties based on 
different salt concentrations. 

3. Results and discussion 

3.1. FTIR spectroscopy study 

FTIR spectroscopy is a valuable technique for predicting the in
teractions between polymer components within blends and between salt 
and polymer blends. This is achieved by analyzing the alterations in 
wavenumber and the intensities of the prominent bands. However, it is 
important to note that wavenumber changes within the resolution of the 
FTIR instrument, typically set at 4 cm− 1, were not considered. Observing 
these spectral changes provides valuable insights into the interactions 
occurring within polymer blends and their interactions with salts. The 
interaction between PVA and NaAlg has been previously discussed [14, 
15]. According to these reports, intermolecular hydrogen bonds exist 
between the − OH group of PVA and the − OH group/COO− group of 
NaAlg polymer. The FTIR spectra of the NaNO3 salt and salt-doped 
PVA-NaAlg blend are shown in Fig. 1. 

According to Fig. 1, seven major bands corresponding to NaAlg/PVA 
blend system have been identified. − OH stretching vibration at 3275 
cm− 1 [11,15,21], CH2 asymmetric vibration at 2941 cm− 1[11,15,21], 
C = O stretching vibration at 1710 cm− 1, asymmetric COO− stretching 
vibration at 1594 cm− 1[13,21,22], symmetric COO− stretching vibra
tion at 1410 cm− 1 [13,22,23], − CH wagging at 1262 cm− 1 [22], and −
COC− stretching of the glycosidic bond at 1027 cm− 1 [21]. The varia
tion in these bands with increasing salt concentrations is discussed 
below. Assignments corresponding to the major bands of the salt-doped 
samples are listed in Table 2. It is clear from Table 2 that the wave
number corresponding to the − OH stretching has increased from 3275 
cm− 1 to 3368 cm− 1. This indicates the formation of coordination be
tween the Na+ cation and the O atom of the − OH group of NaAlg and/or 
PVA Wavenumbers corresponding to − OH bending in the pure blend are 
absent. This may indicate the formation of intermolecular hydrogen 
bonds between the − OH group of PVA and the − OH/COO− group of 
NaAlg as previously mentioned [24]. Also, with the addition of salt, the 
band corresponding to − OH bending reappears and shows a decrease in 
wavenumber from 1376 cm− 1 for PNN5 to 1351 cm− 1 to PNN30. The 
reappearance of this band may indicate the ability of the salt to disrupt 
the inter-/intramolecular hydrogen bonds of the polymer blend [24]. 
The variation in wavenumber can be attributed to the formation of 
hydrogen bonds between the oxygen atom of the NO−

3 anion and the −

Fig. 1. FTIR spectra of NaNO3 salt and NaAlg/PVA-NaNO3 SPE system.  
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OH group of NaAlg/PVA [25]. This is particularly true for the following 
reasons: NaNO3 salt shows three prominent IR peaks: (i) − OH band at 
3500 cm− 1 indicating moisture content, (ii) NO−

3 anion symmetric 
stretching at 1340 cm− 1 and (iii) NO−

3 anion out of plane deformation 
mode at 832 cm− 1 [26–28]. Since the NO−

3 anion peak overlaps with the 
peak of − OH bending (i) a wavenumber shift in the − OH bending band 
is seen, and (ii) an intensity change is observed in the region 1200 cm− 1 

to 1500 cm− 1. This further strengthens the interaction of the nitrate 
anion with the − OH group. 

Upon incorporation of NaNO3 into the polymer matrix, the salt un
derwent dissociation, leading to the formation of Na+ and NO3

− ions. The 
Na+ ion then establishes a dative bond (coordinate bond) through 
Lewis’s acid-base interaction with the oxygen atom of the − OH group. 
[25], whereas NO3

− anion forms a hydrogen bond with the hydrogen 
atom of the − OH group. Based on this analysis, the interaction between 
the salt and polymer matrix was substantiated, and the interaction 
scheme, as depicted in Fig. 2, was derived from the analysis of the FTIR 
spectra. 

3.2. X-Ray diffraction (XRD) 

The variation in the crystallinity of the blend polymer with 
increasing dopant concentration was evaluated using XRD. Fig. 3 shows 
the XRD spectra of the NaAlg/PVA-NaNO3 system. The NaNO3 salt 
shows sharp peaks at 2θ=29.5◦, 31.6◦, 35◦, 38.6◦, 42.3◦, 47.8◦, and 

several other high-angle peaks, indicating its crystalline nature. Such 
peaks were not present in the XRD spectra of PNN0 to PNN15, indicating 
the complete dissolution of salt in the polymer blend matrix. For the 
PNN30 sample, a salt peak at 2θ=29.5◦ (NaNO3, JCPDS no. 36–1474) 
was superimposed on the XRD spectrum, indicating salt aggregation. 
The salt-free film (PNN0) displayed an amorphous nature with broad 
peaks centered at 2θ=13.8◦and 20.0◦ [12]. The intensity of these peaks 
decreased, whereas the width of the peak increased, indicating an in
crease in the amorphous nature with salt loading, as per Hodge et al. 
criteria [29]. To quantify the variation in crystallinity, all XRD spectra 
were deconvoluted using a Gaussian function with the aid of the Fityk 
software [30] to reveal the crystalline and amorphous characteristics. 
Two-point baseline correction was performed prior to deconvolution 
[31], and a regression coefficient close to unity indicated the best fit to 
the original spectra. The degree of crystallinity was calculated using Eq. 
(7). 

χc =
Ac

AT
× 100% (7) 

In Eq. (7), Ac is the total area under all crystalline peaks and AT is the 
total area under both amorphous and crystalline peaks. Because the 
blend consisted of NaAlg and PVA, the deconvoluted peaks were 
assigned as crystalline/amorphous by considering the peaks from these 
components [12,32–34]. The deconvoluted spectra and corresponding 
crystallinity values are shown in Table 3. 

Table 2 
FTIR band assignment for NaAlg/PVA-NaNO3 SPE system.  

Sample Wavenumber of the prominent functional groups (cm− 1) 
O-H 

stretching 
C-H2 asymmetric 

stretching 
C=O 

stretching 
asymmetric COO- 

stretching 
symmetric COO- 

stretching 
OH 

bending 
CH 

wagging 
COC. stretching of the 

glycosidic bond 

PNN0 3275 2941 1710 1594 1410 – 1262 1027 
PNN5 3273 2940 1712 1595 1414 1376 1258 1026 
PNN10 3276 2940 1712 1599 1412 1377 1260 1026 
PNN15 3272 2942 1712 1598 1408 1372 1263 1026 
PNN20 3340 2942 1712 1600 1403 1359 1267 1027 
PNN25 3349 2941 1712 1601 1401 1352 – 1027 
PNN30 3368 2943 1712 1602 – 1351 – 1028  

Fig. 2. Potential interaction pattern of NaNO3 salt with NaAlg/PVA polymer blend inferred based on FTIR spectra.  
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As shown in Fig. 4 and Table 3, PNN15 was the most amorphous 
sample among all the samples, and for PNN20 and PNN25, the onset of 
salt crystallization was observed. For PNN30, additional crystalline 
peaks were observed (2θ=29.5◦, 38.6◦, and 42.3◦), which accounted for 
the higher crystallinity of the sample due to the onset of salt recrystal
lization. In polymer electrolytes, ionic conduction is more favorable in 
the amorphous phase than in the crystalline phase. Therefore, PNN15 is 
expected to be the highest conducting sample among the doped samples. 

3.3. Room temperature ionic conductivity 

Fig. 5 shows the Nyquist plots (Zr vs. -Zi) obtained for various PNN 
samples at room temperature (25 ◦C). These plots exhibited a depressed 

semicircle in the high-frequency region and a tail in the low-frequency 
region. The presence of this tail is ascribed to the formation of a dou
ble layer at the electrolyte-electrode interface, which arises from the 
blocking behavior of stainless steel towards ions. The origin of the 
depressed semicircle observed in the high-frequency region can be 
attributed to a combination of factors. First, they arise from the resis
tance ions encountered in the bulk, hindering their flow. Second, polar 
groups within the polymer chains lead to the realignment of dipoles 
under the influence of an alternating field, resulting in capacitance. 
Thus, the depressed semicircle is a consequence of both the resistance to 
ion flow in the bulk and the capacitance arising from the dipole 
realignment within the polymer chains. An ideal Nyquist plot is ex
pected to be a perfect semicircle followed by a spike parallel to the -Zi 
axis (Fig. 5(b)). The depressed semicircle instead of a perfect semicircle 
and the slanted tail instead of tails parallel to the -Zi axis may be due to 
the rough surface of the electrode/electrolyte and/or diffusion of 
charged species at the electrode/electrolyte interface (Fig. 5(c)). The 
bulk resistance Rb refers to the flow of ions that can be obtained by 
intersecting the semicircle with the Zr axis. Electrical equivalent circuit 
(EEC) modeling was performed to further analyze the Nyquist plots. The 
EEC is selected based on the physical aspects that occur in the SS|PNN| 
SS cell during the impedance measurement. Based on the trend of the 
Nyquist plot in Fig. 5, the EEC consists of a constant phase element 
(CPE2, assigned to the tilted spike in the low-frequency region) in series 
with a parallel combination of another constant phase element (CPE1, 
assigned to the dipoles in bulk) and bulk resistance (Rb, assigned to the 
resistance to bulk ion flow). The latter is a parallel combination because 
the resistance to ion flow and bulk dipole realignment occur simulta
neously. The EEC are shown in Fig. 5(b) and (c). A constant phase 
element (CPE) is chosen over the capacitor owing to the deviation of the 
Nyquist plot from ideal behavior. The CPE impedance equation is given 
by Eq. (8). 

ZCPE =
k

(jω)p (8) 

Here, k− 1 is the capacitance of the CPE, and p is the fractional 
quantity (0 < p < 1) associated with the deviation of the spike from the 
vertical axis in the Nyquist plot. The dc conductivity is obtained using 
the relation 

σdc =
l

Rb A
(9)  

where l is the thickness of the PNN samples and A is the effective contact 
area of the electrode/electrolyte surface. 

The real (Zr) and imaginary (-Zi) parts of the impedance derived from 
EEC are as follows: 

Fig. 3. XRD spectra for NaNO3 salt and NaAlg/PVA-NaNO3 SPE films.  

Table 3 
Values of crystallinity, bulk resistance, Rb and dc conductivity, σ and Jonscher power law parameters for PNN samples at 25 ◦C.  

Sample Degree of crystallinity χ 
(%) 

Rb(Ω) σ (S cm− 1) at 
25 ◦C 

Dc conductivity at 25 ◦C from AC spectra 
(S cm− 1) 

Parameter B from 
Jonscher Fit 

Parameter s from 
Jonscher Fit 

PNN0 19.52 31218.20 
±762.27 

(6.12±0.15) ×
10− 8 

(6.66±1.38) × 10− 8 8.88 × 10− 13 0.959 

PNN5 7.56 9188.12 
±1892.91 

(4.65±0.73) ×
10− 7 

(2.48±0.59) × 10− 7 7.82 × 10− 12 0.864 

PNN10 7.06 4755.91±2.27 (8.03±0.03) ×
10− 7 

(8.40±0.46) × 10− 7 1.77 × 10− 12 0.802 

PNN15 4.23 783.80±3.74 (6.50±0.03) ×
10− 6 

(6.42±0.63) × 10− 6 5.51 × 10− 10 0.653 

PNN20 8.44 1801.12±29.99 (2.65±0.04) ×
10− 6 

(2.64±0.84) × 10− 6 3.37 × 10− 12 0.896 

PNN25 8.52 5003.31±28.98 (7.63±0.04) ×
10− 7 

(7.78±0.78) × 10− 7 3.38 × 10− 12 0.950 

PNN30 22.94 6821.80±36.20 (6.07±0.03) ×
10− 7 

(6.85±0.39) × 10− 7 2.18 × 10− 12 0.966  
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Zr =
Rb + R2

bk− 1
1 ωp1 cos

( πp1
2

)

1 + 2Rbk− 1
1 ωp1 cos

( πp1
2

)
+ R2

bk− 2
1 ω2p1

+
cos

( πp2
2

)

k− 1
2 ωp2

(10)  

− Zi =
R2

bk− 1
1 ωp1 sin

(πp1

2

)

1 + 2Rbk− 1
1 ωp1 cos

(πp1

2

)
+ R2

bk− 2
1 ω2p1

+
sin

( πp2

2

)

k− 1
2 ωp2

(11) 

Eqs. (10) and (11) were used to fit the Nyquist plot and deduce the 

bulk resistance value. The DC conductivities of each sample are pre
sented in Table 3. 

Table 3 provide results indicating that the direct current (dc) con
ductivity shows a noticeable increase upon doping and reaches its peak 
value for the PNN15 sample. This enhancement can be attributed to the 
amplified amorphous characteristics, as verified by XRD analysis. The 
increase in the amorphous nature was further supported by the reduc
tion in bulk resistance as the salt concentration increased to 15 wt.%. 

Fig. 4. Deconvoluted XRD pattern for NaAlg/PVA-NaNO3 SPE films.  
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However, the samples with salt concentrations exceeding 15 wt.% 
exhibit an increase in crystallinity, potentially caused by salt aggrega
tion. This is corroborated by the degree of crystallinity data obtained 
from the XRD studies, as shown in Fig. 4. 

The ionic conductivities of all the prepared samples at various tem
peratures (log σ versus 1000/T) from 308 K to 393 K are shown in Fig. 6. 

The plot described here is linear. This suggests that the temperature 
dependence of the ionic conductivity σ(T) obeys Arrhenius behavior 
described by the following equation: 

σ(T) = σ0exp
(

−
Ea

kbT

)

(12) 

In Eq. (12), σ0 is the pre-exponential factor, Ea is the activation en
ergy, kb is the Boltzmann constant (kb=1.38 × 10− 23 JK− 1), and T is the 
temperature in Kelvin scale. Table 4 shows the ionic conductivity at 373 
K, activation energy, and pre-exponential factor of the NaAlg-PVA- 
NaNO3 electrolyte system. The Arrhenius model of conductivity involves 
hopping of ions between the coordinating sites decoupled from the 
polymer segmental motion[35]. The activation energy refers to the en
ergy required for an ion to initiate its movement. In polymer electro
lytes, the ion is typically "loosely bound" to a site where donor electrons 
are present. Once the ion attains sufficient energy, it can detach from the 
donor site and migrate to another donor site. This movement from one 
site to another facilitates charge conduction, and the energy required for 
this conduction is known as the activation energy. According to the 
Anderson-Stuart model[36], the activation energy is the combined en
ergy of the ion’s binding to its site and the kinetic energy required for 
migration. If the ion possesses sufficient energy to overcome the binding 
energy, it will dislocate from its site but remain within the same loca
tion. Only when the ion has an energy exceeding the binding energy, it 
will become a free ion capable of migrating to other locations. 

As shown in Table 4, the activation energy increased substantially for 
lower concentrations of NaNO3 salt (up to 10 wt.%). This suggests a 
decrease in the ionic conductivity if the pre-exponential factor remains 
nearly constant. However, experimentally, the conductivity values of 
the complex blend were at least two orders of magnitude higher than 
those of the uncomplexed blend. This increase in σ is due to a large in
crease in σ0 as given in Table 4 [37,38]. However, the PNN15 sample 
had the lowest activation energy among the NaNO3-doped samples, 

Fig. 5. (a) Nyquist plots for NaAlg/PVA-NaNO3 SPE films, (b) ideal Nyquist plot and its EEC, and (c) non-ideal Nyquist plot along with its EEC.  

Fig. 6. Ionic conductivity-temperature plot showing Arrhenius behavior for the 
NaAlg-PVA-NaNO3 SPE system. 
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showing its highest conducting properties. This was also evident from 
the conductivity values measured at 373 K. The increase in conductivity 
with salt concentration and temperature was investigated using trans
port parameter calculations, as outlined in the next subsection. 

3.4. Dielectric analysis at room and elevated temperature 

The ionic conductivity behavior of the NaAlg-PVA-NaNO3 complex 
permittivity was studied as a function of the frequency and temperature. 
The complex permittivity has a real part ϵ′ which indicates the stored 
energy, and an imaginary part ϵ″ which indicates energy loss due to 
periodic field reversals. As shown in Fig. 7(a) and (d), ϵ′ increases as the 
salt concentration increases. This is because, as the salt concentration 
increases, more free ions are available in the system, and they accu
mulate at the electrode-electrolyte interface at a lower frequency, 
increasing the dielectric constant and hence the conductivity. Since the 
real part at low frequencies indicates the carrier concentration in the 
bulk of the electrolyte film, the same is been illustrated by the plot of the 
ϵ′ at 100 Hz (Fig. 7(d)). Accordingly, PNN15 was the highest conducting 
sample, indicating that it had the highest number of free ions. This is 
consistent with the ε’ trend obtained in Fig. 7(a), where PNN15 shows 
the highest dielectric constant, proving that a large amount of free ions 
accumulated at the electrode/electrolyte interface. Beyond 15 wt.%, the 
decrease of ϵ′ implies a reduction in free ions in the system. This is due to 

“ion association.” This occurs when the formation of an ion pair is more 
favorable than the formation of free ions. When there are more free ions, 
they begin to interact because of the small space in the polymer matrix. 
This leads to the formation of neutral ion pairs due to the Coulomb 
attractive force exerted between free cations and anions, leading to a 
reduction in ϵ′ [39]. Furthermore, the graph of the imaginary part of the 
complex permittivity (Fig. 7(b)) as a function of the salt concentration 
indicates high values at low frequencies owing to the presence of more 
free ions. In this case, charges accumulate at the electrode-electrolyte 
interface because they have sufficient time to build up. However, as 
the frequency increases, owing to the high periodic field reversal rate, 
the ions do not have time to pile up, leading to a linear decrement in ϵ″. 
The sample with 15 wt.% salt shows the highest values of ϵ′ and ϵ″ among 
the doped samples. Beyond 15 wt.%, ϵ″ drops due to ion polarization, as 
discussed earlier. In Fig. 7(c), the plot illustrates the change in tanδ with 
respect to the salt concentration. Notably, a peak was observed in the 
plot, indicating conductivity relaxation within the polymer samples. 
This peak emerges when the frequency of the rotating molecules aligns 
with the applied (AC) field. Correspondingly, the conductivity relaxa
tion time (τ) has been calculated using the expression. 

τ =
1

2πfmax
(13) 

The values are presented in Table 4. The peak shifts towards higher 

Table 4 
Variation of ionic conductivity at 373 K, activation energy (Ea) and pre-exponential factor (σ0) obtained from the Arrhenius plot of the NaAlg-PVA-NaNO3 system.  

Sample Conductivity Relaxation time τ 
(× 10− 5 s) 

Ionic conductivity at 373 K 
(S cm− 1) 

Pre-exponential 
factor σ0 

Activation energy 
(eV) 

Regression 
coefficient R2 

Capacitance from imaginary 
modulus (pF) 

PNN0 – 8.86 × 10− 7 175.14 0.609 0.988 78.245 
PNN5 3.564 3.17 × 10− 5 1.51 × 104 0.645 0.998 89.328 
PNN10 2.249 1.31 × 10− 4 6.64 × 106 0.790 0.996 67.477 
PNN15 0.895 4.64 × 10− 4 1.99 × 105 0.641 0.997 98.473 
PNN20 1.127 2.40 × 10− 4 8.41 × 105 0.707 0.993 65.413 
PNN25 1.419 8.78 × 10− 5 7.22 × 105 0.734 0.992 64.351 
PNN30 1.786 4.35 × 10− 5 6.58 × 104 0.680 0.993 86.927  

Fig. 7. Plot of (a) ε’, (b) ε", (c)tan δ, (d) ϵ′ at 100 Hz for NaAlg-PVA-NaNO3 SPE system.  
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frequencies with salt concentrations up to 15 wt.% shows a reduction in 
the relaxation time, indicating a faster migration of ions from one site to 
another coordinating site [25]. This result explains the trend in the 
room-temperature conductivity obtained in Table 3, where the highest 
conductivity value obtained by PNN15 is due to faster ion migration. 
The increase in the peak height with increasing salt concentration in
dicates an increase in the carrier concentration [40]. 

The dielectric properties can vary depending on the applied fre
quency, temperature, and other properties of the polymer system. In this 
section, the effect of temperature on the dielectric properties of the 
optimum conducting sample PNN15 was studied at selected tempera
tures, as shown in Fig. 8. 

Clearly ϵ′ and ϵ″ increase with temperature due to the increase in the 
number of free ions with temperature. This is because, with sufficient 
energy, the salt breaks up to form free Na+ and NO−

3 leading to more free 
ions in the system. This is related to Eq. (14). 

n = n0exp
(

−
U

ϵrkbT

)

(14) 

Here n is the free carrier density, U is the salt dissociation energy, ϵr is 
the dielectric constant, kbis the Boltzmann constant, and T is the tem
perature in Kelvin. There is no relaxation peak in the ϵ″, indicating no 
primary or secondary structural relaxation occurs in this given tem
perature range. Fig. 8(c) shows a plot of the tangent loss at the selected 
temperature. The presence of a non-symmetric peak around fmax suggests 
that the conductivity relaxation process departs from the typical expo
nential Debye behavior. Moreover, with increasing temperature, the 
graph shifted towards the higher frequency region, indicating a 
decreased conductivity relaxation time. This phenomenon can be 
attributed to the ionic charge carriers within the polymer material 
attempting to adjust to changes in the direction of the applied field, 
leading to variations in relaxation time. In addition to the shift of the 
peak towards higher frequencies, it was observed that the height of the 
peak increased. This increase in peak height suggested a decrease in the 
resistivity of the samples. The augmented peak height implies an in
crease in the carrier concentration within the samples, indicating a 

higher density of charge carriers available for conduction [41]. The 
variation of the relaxation time τ with temperature is shown in Fig. 8(d) 
and is found to be thermally activated as described by Arrhenius law 

τ = τ0exp
(

−
ED

kbT

)

(15) 

Here τ0 is the pre-exponential factor, ED is the activation energy of 
the conductivity relaxation process, kb is Boltzmann constant, and T is 
the temperature in kelvin. The activation energies were found to be 0.51 
eV. This value is close to the activation energy obtained from the 
Arrhenius plot, indicating that the ions participating in the conduction 
are responsible for relaxation. 

3.5. Modulus spectrum analysis at room and elevated temperature 

The dielectric behavior of the NaAlg-PVA-NaNO3 samples was 
investigated using modulus formalism. The real and imaginary parts of 
complex permittivity at room temperature (298 K) are shown in Fig. 9. 
At lower frequencies, M′ and M″ show very low values due to the removal 
of electrode polarization (EP). With increased frequency, M′ shows 
higher values at higher frequencies. The dispersion at higher frequencies 
is due to conductivity relaxation. This should be accompanied by a peak 
in M″ at higher frequencies, but it is not seen due to the limited frequency 
range [42]. 

The capacitance value is calculated based on the maximum values of 
M″ versus the frequency plot as 

C = ϵ0
/

2M″
max (16) 

The values are listed in Table 4. These values were in the pF range, 
indicating bulk conduction. The PNN15 sample exhibited the highest 
capacitance of 98.73 pF. This is mainly due to the increased carrier 
concentration, leading to more ions available for double-layer forma
tion, thereby giving rise to a high capacitance. 

From Fig. 10(a) and (b), the temperature dependence of M′ and M″ 

are shown for the PNN15 sample. Clearly, M′ and M″ have longer tails at 

Fig. 8. Plot of (a) ϵ′, (b) ϵ″, (c) tanδ and (d) log τ at selected temperatures for PNN15 sample.  
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low frequencies, and the peaks shift to the high-frequency side and are 
found to decrease steadily when the temperature is increased. This im
plies a reduction in relaxation time. The broad and asymmetric nature of 
the curve around the peak indicated a non-Debye nature. The observed 
non-Debye behavior can be attributed to multiple polarizations, relax
ation mechanisms, and various interactions between the ions and di
poles within the system. The region to the right of the peak corresponds 
to carriers confined within the potential wells and exhibits mobility over 
short distances. This confinement leads to a dispersion in alternating 
current (AC) conductivity. However, the region to the left of the peak 
determines the range of charge carriers that can move over long dis
tances. These carriers accumulate at the electrode/electrolyte interface 
and contribute to the electrode polarization (E.P) effect. The combina
tion of these factors results in non-Debye behavior observed in the sys
tem. The Argand diagram is shown in Fig. 10(c). The incomplete 
semicircle implies a non-Debye nature [43]. The length of the arc 
observed in the M′ − M″ curves is directly related to the conductivity of 
the polymer electrolyte. With increasing temperature, the arc length 
decreased, indicating an increase in conductivity. The arc behavior also 

provides valuable insights into the type of relaxation phenomenon that 
occurs, whether it is related to conductivity or viscoelastic relaxation. If 
the diameter of the arc in the M′ − M″ curves align with the M′ axis, it 
signifies the presence of a complete semi-circular arc. In such cases, a 
single relaxation time can be estimated, indicating that conductivity 
relaxation is consistent with the Debye model. However, if the M′ − M″ 

curve exhibits partial semi-circular arcs. This implies a distributed 
relaxation time, and suggests that ion transport occurs through visco
elastic relaxation. The Argand plots in this study demonstrate incom
plete semi-circular arcs, indicating the presence of a distribution of 
relaxation times, reflecting non-Debye properties. Consequently, ion 
transport in this system occurred via viscoelastic relaxation. [44]. 
Further, the capacitance at high temperatures is calculated by 

C =
1

k− 1
2

(17)  

where k− 1
2 is the double-layer capacitance formed at the electrode/ 

electrolyte interface. This value was obtained by fitting the Nyquist plot 

Fig. 9. Plots of (a) M′ and (b) M″ at room temperature for the NaAlg-PVA-NaNO3 system.  

Fig. 10. Plot of (a)M′, (b)M″, (c) Argand diagram at selected temperatures for PNN15 sample and (d) capacitance as a function of temperature for doped NaAlg-PVA- 
NaNO3 system. 
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using the EEC at high temperatures [39]. As shown in Fig. 10(d), the 
capacitance increased with temperature. This is because more ions are 
created as the temperature increases. Hence, more ions prevail at the 
electrode/electrolyte interface, leading to greater energy storage. 

3.6. Ion transport properties at room and elevated temperatures 

In this study, the charge carrier density (n), mobility (μ), and diffu
sion coefficient (D) of samples with various salt concentrations at room 
and elevated temperatures were investigated using the Arof-Noor 
method [45]. Accordingly, Nyquist plots were fitted using equations 
derived based on the EEC (Eq. 10 and (Eq. 11)). Using the fitted pa
rameters, the ion transport parameters were estimated using the 
following equations: 

D =
e(k2εrε0A)2

τ2
(18)  

μ =
eD
kBT

(19)  

n =
σ
μe

(20) 

Here εr is the dielectric constant at the high frequency (1 MHz), kB is 
the Boltzmann constant, T is the temperature in the Kelvin scale, and τ2 

is the value taken at the frequency corresponding to a Zi→0. Fig. 11 
shows the variation in the transport parameters as a function of salt 
concentration and ionic conductivity at room temperature for the 
NaAlg-PVA-NaNO3 system. 

As shown in Fig. 11, the room-temperature conductivity gradually 
increased as the salt concentration increased and reached an optimum 
value of 6.50 × 10− 6 S cm− 1 for 15 wt.% of the dopant. The conductivity 
then decreases beyond 15 wt.% and becomes 6.07 × 10− 7 S cm− 1 for 30 
wt.% of dopant. The carrier concentration also followed this trend. This 
shows that more free ions (Na+ and NO3

− ) are obtained when more salt is 
added. Hence, the higher carrier concentration of 15 wt.% of dopants. 

Beyond this dopant composition, the carrier concentration decreases 
because of the reassociation of free ions owing to the limited space be
tween the ions. Therefore, the ionic conductivity decreases beyond 15 
wt.%. This is particularly true since σ = neμ. A plot of n to μ ratio is 
constructed and presented in Fig. 12 to determine the predominant 
parameter that influences the ionic conductivity at room temperature. 

The plot depicted in Fig. 12 exhibits a trend similar to that of the 
ionic conductivity. This observation leads to the conclusion that the 
carrier concentration significantly affects the ionic conductivity, sur
passing the influence of the mobility and diffusion coefficient [46,47]. 

Now, the ion transport properties at elevated temperatures are dis
cussed in detail. 

Fig. 13 (a–c) shows the variation in the transport parameters as a 
function of temperature. The following characteristics were observed 
with temperature changes. As the temperature increased, n also 
increased. This is because the undissociated salt absorbs more energy 

Fig. 11. Plot of ionic conductivity and transport parameters as a function of salt concentration at room temperature for the NaAlg-PVA-NaNO3 SPE system.  

Fig. 12. Ratio of n to μ as a function of salt concentration at room temperature 
for NaAlg-PVA-NaNO3 SPE system. 
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from the heat when the temperature increases. Each atom in the un
dissociated salt vibrates at a high amplitude, leading to a decrease in the 
binding energy between the cation and anion, causing them to break 
into free ions [3]. PNN5 had a very high carrier concentration at very 
high temperatures, followed by PNN15. The abrupt increase in PNN5 
carrier concentration at high temperatures may be due to the low salt 
concentration in the sample. At high temperatures, more free ions were 
formed. Based on the Ideal gas law, an increase in the temperature in
creases the volume of the polymer matrix. Electrolytes with low salt 
concentrations can maximize salt dissociation. Compared to the sample 
with a high salt concentration, the number of free ion dissociations 
should also be higher than in an electrolyte with a low salt concentra
tion; however, in this case, the free ions sit close to each other because of 
the large number of free ions filling the space. This event leads to the 
formation of ion associations, resulting in low n. The increased carrier 
concentration of PNN5 resulted in a lower mobility and diffusion coef
ficient owing to the increased ion collision owing to the limited space 
available for carrier movement. A similar decrease in n and μ is seen in 
the case of the PNN30 sample up to some temperature. 

Moreover, PNN5 and PNN30 had high crystallinity, which was three 
times higher than that of the other samples. The high crystallinity may 
cause a reduction in the free volume, facilitating a lower carrier mobility 
in these samples. This is mainly due to the increase in the Stokes drag 
coefficient, as shown in Fig. 13(d) [48]. The Stokes drag coefficient is 
calculated as 

Fd =
kbT
D

(21) 

Here, kb is the Boltzmann constant, T is the absolute temperature, 
and Dis the diffusion coefficient, whose value is obtained from Nyquist 
plot fitting. 

The Stokes drag coefficient is related to the amorphousness and 
viscosity of a polymer matrix. Increasing the Stokes drag coefficient 
implies a higher viscosity, leading to slower carrier motion [39]. For 
samples (other than PNN5 and PNN30), the increase in mobility can be 

caused by the high energy of the charge carriers obtained owing to the 
increase in thermal energy. As per Table 4, the ionic conductivity value 
of the PNN15 sample at 100 ◦C is the highest among all the samples 
despite having a lower n when compared to PNN5. Thus, the increase in 
conductivity at elevated temperatures for PNN15 is influenced not only 
by the carrier concentration but also by the mobility. 

3.7. Concentration and temperature-dependent ac conductivity studies 

Fig. 14 shows the real part of the complex conductivity, revealing 
three distinct regions. The first region, the low-frequency dispersion 
region, is characterized by faster ion migration and electrode polariza
tion. The second region is a frequency-independent plateau region that 
appears at a slightly higher frequency than that of the low-frequency 
dispersion region. The third region corresponds to long-range ionic 

Fig. 13. Plot of (a-c) transport parameters and (d) Stokes drag coefficient at various temperatures for NaAlg-PVA-NaNO3 SPE system.  

Fig. 14. AC conductivity spectra for NaAlg/PVA-NaNO3 SPE films.  
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motion, representing the direct-current (DC) conductivity, followed by 
the high-frequency dispersion region. The high-frequency dispersion 
region is associated with short-range ionic motion, often called hopping. 
The DC conductivity can be determined by extrapolating the mid- 
frequency region to the y-axis at ω=0. Conductivity curves usually 
follow a power law, starting from the Jonscher power law 

σac = σdc + Bωs (22) 

In Eq. 22, the exponent is restricted to s < 1, to an augmented power 
law with s > 1 also allowed. Exponent s is related to the ion dynamics in 
each frequency range. As the frequency increases, the ion motion passes 
from free hopping (s = 0), to correlated hopping (0 < s < 1), followed 
by confined ion motion (s > 1) [49]. The power law formalism is suit
able for fitting the mid- and high-frequency regions, excluding the 
low-frequency dispersion region. The low-frequency dispersion region is 
attributed to electrode polarization, which arises from the double layer 
formed at the electrode-electrolyte interface. It is important to note that 
the choice of electrode played a crucial role in this phenomenon. 
However, the low-frequency dispersion region is often disregarded or 
not considered in a focused discussion of ion dynamics. Jonscher’s 
power law, as described by Eq. (22), consists of two terms. The first term 
is temperature-dependent and represents the DC conductivity. It domi
nates at both low and high temperatures. The second term is both fre
quency- and temperature-dependent and is associated with the dielectric 
relaxation of the carriers. It dominates at high frequencies and low 
temperatures [50]. Constant B is a temperature-dependent parameter 
with conductivity units, and s is an exponent between 0 and 1. According 
to Funke’s jump relaxation model [51], the exponent s is defined as 

s =
back hop rate

site relaxation time
(23) 

If s is less than unity, the backward hop is slower than the site 
relaxation, leading to translational motion of Na+ ions. The AC con
ductivity spectra were fitted using the equation given by nonlinear least 
square fitting, and the parameters are listed in Table 3. The dc con
ductivity obtained by the fitting method matches the values obtained 
from the Nyquist plot formalism and “s” is in the range of 0.65–0.96 for 
the salt-doped samples. Poorly conducting samples have higher values of 
“s” indicating small fraction of ions are participating in conduction 
process[52]. 

Several theoretical models have been proposed to explain the rela
tionship between the exponent "s" and temperature in polymer electro
lytes. These models help to elucidate the conduction mechanism in such 
systems. The most relevant models include (1) Quantum Mechanical 
Tunnelling (QMT): According to the QMT model, the exponent "s" re
mains independent of temperature. (2) Small polaron quantum me
chanical Tunnelling (SP): In the SP model, conduction is predominant 
when the exponent "s" increases with the temperature. 

(3) Correlated Barrier Hopping (CBH): CBH model predicted a 
decrease in the exponent "s" as the temperature increased. (4) Over
lapping Large Polaron Quantum Mechanical Tunnelling (OLP): In the 
OLP model, the exponent "s" is expected to decrease with increasing 
temperature until it reaches a minimum and then begins to increase 
again. By comparing the variation of "s" with temperature to these 
theoretical models, it becomes possible to gain insights into the specific 
conduction mechanism in the polymer electrolyte system. 

The variation in exponent s as a function of temperature for the 
highest conducting sample (PNN15) from 303 K to 343 K is shown in 
Fig. 15(b). Above 338 K, the Jonscher fit did not converge. Hence, the s 
value was not calculated (Fig. 15(a)). In our case, because the value of s 
is equal to 1 and does not depend on the temperature, the conduction 
mechanism in the PNN15 sample follows the QMT model in the studied 
temperature range. 

3.8. Differential scanning calorimetry (DSC) 

The variation of the glass transition temperature (Tg) with salt con
centration probed by DSC. DSC thermograms for all samples from 25 ◦C 
to 200 ◦C are shown in Fig. 16. The midpoint of the step transition under 
the broad endotherm appears around 30 ◦C to 120 ◦C gives Tg. The glass 
transition temperature for the pure blend is approximately 52.5 ◦C and is 
found to increase when salt is added and reaches a maximum of 74.8 ◦C 
for PNN15. Subsequently, it was found to decrease with increasing salt 
concentration. The elevation in Tg can be explained based on the number 
of free Na+ ions. Based on the study of the transport properties, the 
carrier concentration increases with the salt content and is maximum in 
the PNN15 electrolyte. Due to salt aggregation, the carrier concentration 
decreases with salt content beyond that PNN15 composition. The in
crease in Tg with salt concentration is due to the transient crosslink 
between the Na+ ion and the O atom of the -O.H. group, as indicated by 
FTIR studies [53]. The more free ions, the higher the Tg value. As the 
carrier concentration decreases beyond PNN15, Tg is found to decrease. 
This is because the formation of salt aggregation has reduced the num
ber of free ions and interrupted the formation of transient crosslink 
between the Na+ ion and the O atom of -OH group, leading to a decre
ment in Tg [54]. 

3.9. Thermogravimetric analysis (TGA) 

Thermal stability is an important parameter for electrolytes in energy 
storage devices as it determines the operating temperature range. The 
corresponding TGA and DTG curves of the NaAlg/PVA-NaNO3 samples 
are shown in Fig. 17 in the temperature range of 25 ◦C and 500 ◦C. Three 
decomposition stages were observed in this temperature range. The 
initial mass loss occurs because of moisture loss from the samples that 
may have accumulated during sample handling for testing [55]. The 

Fig. 15. (a) A.C conductivity spectra at selected temperatures and (b) variation in exponent s for NaAlg/PVA-15 wt.% NaNO3 SPE films.  
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maximum degradation of the samples occurred in the temperature range 
200–300 ◦C. This refers to the breakdown of glycosidic bonds in NaAlg 
and the loss of hydroxyl groups, leading to a mass loss of approximately 
45% [56,57]. When there are multiple peaks observed in the major 
decomposition in the Differential Thermogravimetry (DTG) curve, the 
extrapolated onset temperature is commonly selected as the maximum 
decomposition temperature, denoted as Td. This extrapolated onset 
temperature represents the temperature at which the decomposition 
process begins and provides a measure of the maximum decomposition 
temperature of the analyzed sample. By selecting the extrapolated onset 
temperature as Td, it allows for a consistent and standardized approach 
in determining the maximum decomposition temperature in cases where 
multiple peaks are present in the DTG curve. The third stage of mass loss 
was observed at approximately 350 ◦C and 450 ◦C, which represents the 
decomposition of the remaining carbon residue. 

As shown in Table 5, the thermal stability of the sample was lower 
than that of the pure blend. Moreover, the percentage of mass loss was 
higher for PNN15 than that for PNN0. This can be attributed to the 
weakening of the glycosidic bonds due to the interaction of Na+ with the 
O atom, leading to a decrease in Td as discussed in FTIR and DSC studies. 
However, from the perspective of energy storage devices, the thermal 
stability of the highest-conducting sample is sufficient for its operation, 
as it can operate up to 210 ◦C. 

3.10. Field emission scanning electron microscopy (FESEM) 

The SEM images at 20 µm resolution and 1kX magnification for 
selected samples (PNN0-PNN25) are shown in Fig. 18. PNN0 (salt-free 
film) showed a uniform morphology without any porous structure, 
indicating good miscibility of NaAlg and PVA as a blend component. 
With the inclusion of NaNO3 salts, morphological changes were 
observed in samples with different degrees of roughness [58,59]. For the 

PNN5 sample, small and unequal-sized pores were observed owing to 
salt complexation. The pore size appeared to increase further for the 
PNN10 sample. These pores help improve the transport of Na+ ions by 
increasing the surface area, which helps in ion diffusion through the 
polymer and increases its overall conductivity [60,61]. The pores 
became large and merged with one another for PNN15, indicating the 
most amorphous nature of the films among all the doped samples 
[62–64]. This observation supports the degree of crystallinity calculated 
from the XRD diffractogram, which shows that PNN15 is the most 
amorphous sample. For the PNN20 and PNN25 samples, large chunks of 
salts were observed, which indicates that salt aggregation in the films 
inhibits the overall conductivity of these samples [65]. This is supported 
by the trend of room temperature conductivity in Fig. 11, where the 
conductivity of PNN20 drops to (2.65±0.04) × 10− 6 S cm− 1 from (6.50 
±0.03) × 10− 6 S cm− 1 and again drops to (7.63±0.04) × 10− 7 S cm− 1 in 
PNN25. The agglomeration of salt observed in the PNN25 sample was 
confirmed by the non-uniform distribution of sodium and nitrogen, as 
seen in the elemental mapping (Fig. 19). The SEM studies support the 
data obtained from the XRD and impedance studies, where crystallinity 
increased and conductivity decreased beyond the PNN15 samples. Thus, 
the SEM studies show that the PNN15 sample is the most amorphous 
among the doped samples. 

3.11. Linear sweep voltammetry (LSV) 

The electrochemical stability window (ESW) defines the operating 
potential range of a battery cell. In this work, linear sweep voltammetry 
(LSV) was used to determine the ESW of the prepared SPEs. The current 
in the LSV experiment initially remained near zero until the applied 
potential reaches a threshold value. When the voltage exceeds this 
threshold, the current abruptly increases, signifying the start of the 
electrochemical process. To maximize energy density and performance 
of batteries, the ESW of a SPE should be wide, which is beyond the cutoff 
potential of cathode materials in batteries. In many situations, an ESW of 
3 V to 4 V is considered optimal [66]. Referring to Fig. 20, it is observed 
that the ESW for the highest conducting sample is 2.92 V. This value is a 
reasonable ESW for Na battery applications [67,68]. 

3.12. Transference number measurement (TNM) 

Transference number measurement (TNM) allows the identification 
of the dominant charge carriers within the sample. To assess the 
behavior of the NaAlg/PVA-NaNO3 electrolyte system, the I-t charac
teristics were observed over time. A constant direct current (DC) po
tential of 0.5 V was applied to a symmetric cell comprising salt-doped 
samples placed between two stainless steel (S.S.) electrodes (see 
Fig. 21). Notably, the electrodes used in this setup blocked ions. Initially, 
the current comprises contributions from both the electrons and ions. 
However, the final current originates solely from electrons [76]. The 
total ionic transference number (tion) and the electronic transference 
number (telec) is calculated with the following equations: 

tion = 1 −
If

Iin
(24)  

telec = 1 − tion (25) 

Using the transference number and bulk conductivity (σ) obtained 
from E.I.S. measurements, the ionic (σion) and electronic conductivities 
(σelectronic) can be estimated using Eqs. (26) and (27). 

σionic = tion × σ (26)  

σelectronic = telec × σ (27) 

The calculated total ionic transference numbers and ionic-electronic 
conductivities are listed in Table 6. 

A total ionic transference value close to 1 indicates that the primary 

Fig. 16. DSC thermogram for NaAlg/PVA-NaNO3 PBE films.  
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carrier is an ion. Hence, the ionic current is maximal, and the electronic 
current is minimal, meeting the criteria for an energy storage device. 

3.13. Mechanical properties 

The mechanical properties of a solid polymer electrolyte are crucial 
because they directly affect the suppression of dendrite formation, ul
timately enhancing safety [69,70]. Many metrics exist, but the tensile 
test reported here is the most common. Tight polymer networks 
responsible for the higher mechanical strength are responsible for the 
lower polymer mobility and, consequently, lower ion motion. Therefore, 

Fig. 17. TGA and DTG curves for NaAlg/PVA-NaNO3 SPE films.  

Table 5 
Thermal parameters for NaAlg/PVA-NaNO3 SPE films.  

Sample Maximum decomposition temperature Td 
(◦C) 

Percentage of mass loss 
(%) 

PNN0 223.96 45.17 
PNN5 225.32 43.94 
PNN10 214.87 48.85 
PNN15 211.28 50.92 
PNN20 222.84 47.75 
PNN25 222.01 47.15 
PNN30 219.12 41.45  

V. Cyriac et al.                                                                                                                                                                                                                                  



Materials Research Bulletin 169 (2024) 112498

16

it is difficult to achieve a high ionic conductivity and tensile strength 
[2]. The stress-strain curve, along with the changes in parameters such 
as tensile strength, Young’s modulus, and elongation at break in relation 
to salt concentration, are depicted in Fig. 22. Table 7 lists all values 

obtained from Fig. 22. 
The typical tensile strengths of sodium-based solid polymer elec

trolytes (SPEs) vary within the range of 1.5 MPa to 40 MPa[71–74]. 
Establishing a benchmark for tensile strength in solid polymer 

Fig. 18. SEM images for NaAlg/PVA-NaNO3 SPE films.  

Fig. 19. Elemental mapping of PNN25 sample describing the distribution of Na and N in the sample.  
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electrolytes (SPEs) can be challenging because of the wide range of 
values observed. According to Table 7, the tensile strength falls within 
the range of 25 MPa to 45 MPa, which can be considered as a reasonable 
range for SPEs. As shown in Fig. 22(b), the tensile strength did not vary 

significantly (p<0.05) with the salt. The elongation at break values for 
PNN0 to PNN10 varies between 1 and 4% making them unsuitable for 
many practical applications. Table 7 shows that the values of elongation 
at break improved as the salt concentration increased. This suggests 
more favorable molecular interactions within the polymer film [75]. 

4. Conclusions 

SPEs based on NaAlg-PVA blend polymers complexed with various 
concentrations of NaNO3 were successfully prepared. The Nyquist plot 
fitting method was used to evaluate the transport parameters of the 
NaAlg-PVA-NaNO3 SPEs in the temperature range 323–393 K. The room 
temperature conductivity increased from (6.12±0.15) × 10− 8 S cm− 1 

(PNN0) to a maximum of (6.50±0.03) × 10− 6 S cm− 1 (PNN15). Sub
sequently, the conductivity decreases. The increase in conductivity at 
room temperature was primarily influenced by the carrier concentration 
rather than its mobility. As the temperature increased, the conductivity 
of all the samples showed an upward trend. Under these conditions, both 
the mobility and carrier concentration play significant roles in govern
ing the electrolyte conductivity. The changes in conductivity at room 
temperature were influenced by the decrease in crystallinity, as 
observed by X-ray diffraction (XRD). This reduction in crystallinity was 
attributed to the interaction between a substantial number of Na+ ions 
and the oxygen atoms of the -OH group and NO3

− ions and the hydrogen 
atoms of the -OH group, as evidenced by the FTIR spectra. The 

Fig. 20. LSV curves for NaAlg/PVA-NaNO3 SPE films.  

Fig. 21. I-t characteristics of the NaAlg/PVA-NaNO3 SPE system.  

Table 6 
Variation of total ionic transference number, electron transference number, 
ionic conductivity, and electronic conductivity of NaAlg/PVA-NaNO3 samples.  

Sample tion telec σionic(S cm− 1) σelectronic(S cm− 1) 

PNN5 0.985 0.015 5.267 × 10− 7 8.021 × 10− 9 

PNN10 0.985 0.015 5.777 × 10− 7 8.797 × 10− 9 

PNN15 0.982 0.018 2.016 × 10− 6 3.696 × 10− 8 

PNN20 0.997 0.003 1.138 × 10− 6 3.426 × 10− 9 

PNN25 0.995 0.005 1.159 × 10− 7 5.822 × 10− 10 

PNN30 0.996 0.004 6.821 × 10− 8 2.739 × 10− 10  
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fluctuations observed in the glass transition temperature were attributed 
to the temporary crosslinks formed between the salts and functional 
groups of the polymer. The sample with the highest conductivity 
(PNN15) had the highest electrochemical stability window (ESW) of 
2.92 V. The same samples exhibited good mechanical properties. 
Although the optimal conducting sample has sufficient ESW and suffi
cient mechanical strength, it lacks high ionic conductivity (< 10− 4 S 
cm− 1), making it unsuitable for energy storage device applications. 
Therefore, increasing the conductivity by incorporating nanofillers/ 
plasticizers into the optimally conducting sample is necessary to realize 
technological applications. Further analyses should be conducted to 
improve the current electrolyte system. 
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[55] F. Colò, F. Bella, J.R. Nair, M. Destro, C. Gerbaldi, Cellulose-based novel hybrid 
polymer electrolytes for green and efficient Na-ion batteries, Electrochim. Acta 174 
(2015) 185–190, https://doi.org/10.1016/j.electacta.2015.05.178. 

[56] T. Pongjanyakul, A. Priprem, S. Puttipipatkhachorn, Investigation of novel 
alginate− magnesium aluminum silicate microcomposite films for modified-release 
tablets, J. Control. Release 107 (2005) 343–356, https://doi.org/10.1016/J. 
JCONREL.2005.07.003. 

[57] J.P. Soares, J.E. Santos, G.O. Chierice, E.T.G. Cavalheiro, Thermal behavior of 
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