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A B S T R A C T

In recent years, the use of sodium-ion based solid polymer electrolyte (SPE) in energy storage applications has 
been attracting attention in research. However, SPEs are still suffering from lower ionic conductivity in room 
temperature, and sodium-ion based SPEs are not yet on par with lithium-ion based SPEs in terms of the overall 
performance. Therefore, understanding the conduction mechanism of a sodium-ion based SPE is crucial to design 
and optimize the performance of a sodium-ion based device. Herein, partially hydrolyzed PVA-based SPE was 
prepared with NaPF6. From the power law region of the plotted AC conductivity graph, the frequency exponent 
value, s is calculated to be s < 1. The decreasing of s value when temperature increases also suggests that the SPE 
system follows the Correlated Barrier Hopping (CBH) model where ions conduct through correlated hopping 
between sites by overcoming barrier heights or potential wells, with conductivity being dependent on both 
temperature and frequency. The SPE with PVA:NaPF6 ratio of 60:40 (PVA60) exhibits the highest room tem
perature ionic conductivity of 3.65 × 10− 5 S/cm, and has the lowest calculated activation energy of 0.149 eV. 
FTIR spectra confirmed the complexation of PVA and NaPF6 at certain functional groups, and deconvolution at 
the 800–900 cm-1 region was done to find out the free-ions and ion-pairs percentage. The degree of crystallinity is 
also determined from the XRD data where PVA60 exhibits the lowest degree of crystallinity. The TGA and LSV 
results are also analyzed to provide an overall insight into the thermal and electrochemical stability of the 
samples.

1. Introduction

In view of the scarcity of fossil fuels and global climate catastrophe, 
the European Union has been pushing forward an escalating goal for the 
development of a greener prospect of renewable energy, which is said to 
be intermittent but unlimited. However, this conventional fuel shift to 
renewable energy requires a pairing with an efficient energy storage 
systems to collect the best energy output [1]. In the worldwide effort to 
address the issues of sustainability and long-term energy supply, various 
materials together with electrochemical energy storage (EES) technol
ogy have been widely studied and developed. Many advancements are 
now being made to meet the needs of technology, and the use of 

technical advances based on capacitance and electrochemical processes 
has gained recognition on a global scale [2].

Electrolyte is one of the main components for an EES device as it 
provides a channel for ionic conductivity and potential well. Recently, 
solid polymer electrolyte (SPE) has been developed as it is a better 
alternative to solve the safety concerns of the traditional liquid elec
trolyte [3]. SPE is a viable option for EES devices due to its properties in 
terms of compatibility, flexibility, mechanical strength, and safety [4,5]. 
However, SPE is reported to have low ionic conductivity compared to 
liquid electrolytes, which is a recurring problem for the advancement of 
SPE. Thus, understanding the conduction mechanism of an SPE is 
essential in optimizing and improving the efficiency and performance of 
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the electrolyte. The movement of ions (either cations or anions) through 
the electrolyte’s polymer matrix is referred to as the conduction mech
anism. SPEs require ions to pass through a polymer network, in contrast 
to traditional liquid electrolytes where ions travel freely in a solvent. In 
this work, the focus is to determine the conduction mechanism model of 
PVA-based SPE with sodium salt because of the lack of information on 
this topic in the previous literature. Various conduction models will be 
compared to explain the suitable mechanism of the system for this work. 
There are several theoretical hopping models that were proposed pre
viously: (i) correlated barrier hopping model (CBH) model [6], (ii) 
quantum-mechanical tunneling (QMT) model [7], (iii) 
overlapping-large polaron tunneling (OLPT) model [8], and (iv) small 
polaron hopping (SPH) model [9].Poly(vinyl) alcohol or PVA is one of 
the polymers with a good potential because of its unique structural 
composition, which makes it a great candidate for SPE host polymer. 
There are two classifications of PVA based on the synthesis process: 
partially hydrolyzed PVA, and fully hydrolyzed PVA. In this work, note 
that the PVA used is the partially hydrolyzed PVA to ensure a better 
dissolution in the solvent. PVA is an ideal host material for SPEs because 
of its carbon chain backbone and hydroxyl (O–H) groups, which can act 
as a source of hydrogen bonding and aid in the formation of polymer 
complexes as well as the complexation with salt, plasticizer, and nano
filler [10,11]. Other than that, PVA also inherits some fascinating 
properties and advantages such as non-toxicity, high mechanical 
strength, biodegradability, biocompatibility, simplicity of preparation, 
availability, environment-friendly, cost-efficient [12].

Sodium salts are becoming a more viable option than lithium salts for 
energy storage applications due to the shortage and correlated price 
spike of lithium raw materials [13]. In the other hand, raw materials 
reserves for sodium are abundant in nature and generally obtainable 
with ease compared to lithium, leading to a cost-efficient and cheaper 
price of the sodium precursor like sodium carbonate, Na2CO3 [14]. 
Furthermore, as sodium-ion based devices perform better and can work 
in a wider temperature range, they are considered to be safer [15]. 
NaPF6 is widely utilized as a salt in sodium-ion batteries that employ 
liquid organic electrolytes. This is mostly attributed to its exceptional 
overall characteristics, including its notable solubility in organic sol
vents, high anodic electrochemical stability, and resistance to corrosion 
in the high potential region [16]. Herein, in this work, a sodium-ion 
based SPE will be synthesized with materials composed of PVA as host 
polymer and NaPF6 as salt. The combination of this polymer and salt SPE 
system is chosen due to their availability, cost efficiency, easy prepa
ration, and water solubility [12–14]. Other than that, this PVA-based 
SPE system also aligns with the sustainability goal as PVA is biode
gradable and non-toxic, rendering it an environmentally sustainable 
option for SPEs [15]. Additionally, sodium salts are less toxic than 
lithium salts. PVA also provides flexible matrix that supports the 
dissolution and dissociation of sodium salts. Due to the hydroxyl (-OH) 
groups, PVA is considered hydrophilic and making it an excellent host 
for ionic species like sodium ions (Na+). Moreover, this combination of 
PVA and NaPF6 is beneficial in terms of the novelty as no previous study 
has reported the performance especially the conduction mechanism of 
the system.

2. Experimental

2.1. Materials

The polymer host - poly(vinyl) alcohol, (PVA, 80 % hydrolyzed, 
molecular weight = 9000–10,000, density = 1.19–1.31 g/cm3) was 
obtained from Sigma-Aldrich, and the salt - sodium hexa
fluorophosphate, (NaPF6, 98 %, molecular weight = 167.95, density =
2.369 g/mL at 25 ◦C) was obtained from Macklin Chemicals. Distilled 
water was used as the solvent throughout the experiment.

2.2. Preparation of solid polymer electrolyte (SPE)

The technique to prepare the PVA-based SPE in this work is via so
lution casting method. The weight ratio of partially hydrolyzed PVA and 
NaPF6 was varied, which the concentration of salt is increased in order 
to get the best conducting SPE. The composition of the PVA-based SPE 
and their abbreviation are summarized in Table 1. PVA was added into 
20 ml distilled water with constant stirring for 2 h at room temperature. 
After the PVA was dissolved completely, NaPF6 salt was then added into 
the mixture and continuously stirred at room temperature until the salt 
dissolved. Then, the solution was poured into a glass petri dish. Teflon 
foils were placed inside the glass petri dish beforehand to avoid the 
mixture from sticking. The solution was then placed inside an oven at 40 
◦C, and left for days to dry. The free standing SPE thin film was obtained 
after drying and the samples are kept inside a desiccator. Then, the 
samples were proceeded to the characterization processes.

2.3. Characterization of solid polymer electrolyte (SPE)

Electrochemical impedance spectroscopy (EIS) was performed for 
the conductivity studies for this work. EIS was done using the HIOKI 
3532-50 LCR HiTESTER impedance analyzer at room temperature. The 
analyzer was paired with the BUCHI Glass Oven B-585 for conductivity 
analysis at various increasing temperatures. The measurements of SPEs’ 
temperature-dependent ionic conductivity were also conducted at 10◦C 
intervals between 30 and 80 ◦C. The SPE thin film was sandwiched 
between two blocking electrodes made of stainless steel, and the fre
quency range for the EIS analysis was set from 50 Hz to 5 MHz. The ionic 
conductivity from the EIS analysis can be determined using Eq. (1) as 
shown below, 

σ =
l

RbA
(1) 

where l is the sample thickness in cm, Rb is bulk resistance obtained from 
the Nyquist plot, and A is the surface area in cm2 of the block electrodes.

The interaction between the polymer host, PVA and the salt, NaPF6 
was observed using Fourier Transform Infrared Spectroscopy (FTIR). 
The FTIR analysis was performed using the Thermo Scientific NicoletTM 

Summit FTIR spectrometer in the range of 500–4000 cm− 1 with a res
olution of 1 cm− 1. The structure of the SPE samples were further 
analyzed with X-ray Powder Diffraction (XRD) spectroscopy using 
Malvern Panalytical EMPYREAN X–ray diffraction System in a 2θ angle 
from 5◦ to 80◦. Thermogravimetric Analysis (TGA) was also performed 
using Perkin Elmer Pyris Diamond TG/DTA to analyze the thermal sta
bility of the SPE samples, where the sample was heated from 30◦C to 900 
◦C with heating rate of 10◦C/min. The purge gas used for this TGA 
equipment is purified nitrogen. For the Linear Sweep Voltammetry 
(LSV) Analysis, it was performed using the Metrohm Autolab equipment 
by sandwiching the SPE between two stainless steels with the voltage 
range of 0–2.50 V at room temperature. LSV was done to check the 
potential window and the electrochemical stability of the sample.

Table 1 
The designation and composition of the PVA-based SPE.

Sample Weight Ratio (PVA:NaPF6) PVA (g) NaPF6 (g)

PVA90 90:10 0.9 0.1
PVA80 80:20 0.8 0.2
PVA70 70:30 0.7 0.3
PVA60 60:40 0.6 0.4
PVA50 50:50 0.5 0.5
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3. Results and discussion

3.1. Conductivity studies

The bulk resistance (Rb) is calculated by plotting the imaginary 
impedance (Zi) against the real impedance (Zr) in a Nyquist plot. Fig. 1
(a) shows the Nyquist plot of PVA-based SPE samples with various 
concentrations of NaPF6, and Fig. 1(f) shows the experimental and fitted 
data after equivalent circuit fit is applied for PVA60 at room tempera
ture. For PVA90 in Fig. 1(a), the Nyquist plot exhibits a semicircular arc, 
which signifies that the sample acts as a parallel combination of a con
stant phase element (CPE), representing an imperfect capacitor, and a 
bulk resistor. The value of Rb was obtained by identifying the point of 
intersection between the semicircular arc and the real axis in the lower 
frequency range. Meanwhile, the Nyquist plot for PVA80, PVA70, 
PVA60, and PVA50 are characterized by a slanted spike at lower fre
quencies and an incomplete semicircular shape at higher frequencies. 
These Nyquist plots can be effectively depicted by an arrangement in 
series including a constant phase element (CPE) at lower frequencies and 
a parallel combination of a CPE and a bulk resistor at higher frequencies 
as shown in the illustration in Fig. 1(b). The Rb value was acquired by 
determining the point of intersection between the semicircular arc and 
the spike. All measured Rb values were compared against the fitted data, 
revealing consistent agreement.

The ionic conductivity was determined by employing Eq. (1) and 
utilizing the Rb values retrieved from the Nyquist plots. The ionic con
ductivity of the PVA-based SPE samples at room temperature is illus
trated in Fig. 2, and it can be observed that the conductivity of the 
sample increases when the concentration of salt increases up to 40 wt.%. 

Fig. 1. Nyquist plot of (a) PVA90 with inset (a1) PVA60 and PVA50, and inset 
(a2) PVA80 and PVA70; Fig. 1(b) shows the experimental and fitted data with 
the equivalent circuit used for PVA60 at room temperature.

Fig. 2. The ionic conductivity of PVA-based SPE with various contents of 
NaPF6 at room temperature.

Fig. 3. (a) The Nyquist plot for PVA60 at various temperatures; (b) The 
Arrhenius plot of the PVA-based SPE for different NaPF6 salt concentration.
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The ionic conductivity of the SPEs demonstrated an increase at room 
temperature, with values increased from 2.13 × 10-9 S/cm for the 
PVA90 sample to 3.65 × 10− 5 S/cm for the PVA60 sample. This rise was 
achieved by adding the NaPF6 content from 10 to 40 wt.%. The observed 
enhancement in conductivity can be attributed to the increased number 
of charge carriers and the faster mobility of ions [17]. The Nyquist Plots 
in Fig. 1 also shows a proof of faster ion migration as the semicircle dip 
shifts toward the higher frequency and the bulk resistance decreases 
with addition of salt [18,19], which leads to an increasing ionic con
ductivity. However, for PVA50 with salt content of 50 wt.%, the ionic 
conductivity dropped. This is caused by the presence of excess ions, 
which cannot be effectively incorporated into the polymer matrix, 
leading to an increased formation of ion pairs and aggregations in 
comparison to the free ions [20].

3.2. Temperature dependent conductivity analysis

A study was done to analyze the temperature dependency of ionic 
conductivity in order to ascertain the underlying mechanism of ion 
transportation and the activation energy of the SPE samples. It can be 
observed in Fig. 3(a) and (b) that the PVA-based SPE experienced an 
increase in the ionic conductivity when the temperature is raised. The 
increasing ionic conductivity can be observed from the decreasing Rb 
value, where the Nyquist plot is shifting to higher frequencies as the 
temperature increases. The rise in conductivity is attributed to the 
improved flexibility of the polymer, facilitating the migration of ions 
between coordinating sites [21].

These SPE films also obey the Arrhenius theory. The activation en
ergy, Ea can be calculated by using the relationship between the con
ductivity of the SPE samples and temperature using the Arrhenius 
equation as below [22]: 

σ = A exp(− Ea / kT) (2) 

In the above expression, A represents a constant that is directly 
proportional to the quantity of charge carriers. Eadenotes the activation 
energy, krepresents the Boltzmann constant, and Tsignifies the tem
perature measured in Kelvin units. Activation energy, commonly 
referred to as the minimal energy needed for charge carriers to engage in 
a smooth ionic migration or conduction through the electrolyte [23], 
typically dictates conductivity. In general, conductivity should be higher 
when the activation energy is lower. When a polymer system follows 
Arrhenius equation, the plot will be the form of a linear straight line with 
regression value close to unity. Fig. 3(b) shows the Arrhenius plot of the 
SPE samples with different NaPF6 concentrations, and from the slope of 
the plot, the activation energy was calculated as shown in Table 2. From 
the plot, it is shown that the regression value is high and close to unity 
(~0.99) with linear plots, which confirms the system obeys the Arrhe
nius behavior. For the activation energy calculation from the slope, it 
can be observed that the activation energy for PVA60 recorded the 
lowest value of 0.149 eV. As mentioned in the conductivity study, 
PVA60 also exhibits the highest ionic conductivity. The observed 
decrease in activation energy can be due to the amorphousness of the 
SPE system, which is facilitated by the well-balanced interaction be
tween the polymer and salt. Thus, the increase in ionic conductivity is 
facilitated by the thermal activation of charge carriers, wherein a faster 

ion migration or hopping through the bulk electrolyte occurs [24]. 
However, similar to the conductivity trend, the activation energy also 
increases at higher salt content (PVA50). The observed rise in activation 
energy at elevated salt concentrations can be attributed to the produc
tion of ion pairs, which subsequently leads to an increase in the viscosity 
of polymer chains [25]. Some of the previous studies for PVA-based 
polymer electrolyte have also reported that their system obeys Arrhe
nius behavior, including Cholant et al. for their PVA/Gum Arabic (GA) 
polymer system [26], Singh et al. for their PVA/imidazolium ionic liquid 
polymer system [27], and Saeed et al. for their PVA/NH4NO3 SPE system 
[28]. These reports explain that the decrease of activation energy for the 
PVA-based SPE is due to the movement of ions in the electrolyte which is 
promoted by the amorphous structure of the polymer film, where the 
increase of temperature also assist the ion hopping through the barrier.

3.3. Dielectric studies

The investigation of the relative permittivity in polymer electrolyte 
films contributes to the comprehension of the polarization effect 
occurring at the interface between the electrode and electrolyte, which 
additionally facilitates the establishment of a correlation between the 
ionic relaxation time and the conductivity [29]. The investigation of the 
conductivity trend can also be conducted by dielectric studies by 
calculating the dielectric constant (ε’), and the dielectric loss (ε”) [30]. 
The dielectric constant is a quantitative measure of a material’s polari
zation, which is indicative of its ability to retain or store electric charge. 
Additionally, it serves as a representation of the extent of dipole align
ment inside a certain volume. Dielectric loss refers to the quantification 
of energy dissipation resulting from the movement of ions and the 
alignment of dipoles in response to fast reversals in the polarity of an 
electric field. This phenomenon is closely associated with the electrical 
conductivity properties exhibited by the materials involved. The 
dielectric constant and loss can be determined by utilizing the Eqs. (3)
and (4) provided below, which involves the real and imaginary part of 
the complex impedance in the Nyquist plot of EIS: 

έ =
Zʹ́

ωCo
(
Zʹ2 + Zʹ́ 2) (3) 

εʹ́ =
Zʹ

ωCo
(
Zʹ2 + Zʹ́ 2) (4) 

where Co defined as the vacuum capacitance, which can be referred with 
Eq. (5): 

C0 =
ε0A

t
(5) 

where t is the thickness of the electrolyte film, A is the surface area of 
contact, ε0 is the permittivity of vacuum, and ω is the angular frequency 
(ω = 2πf), with f representing the frequency. Fig. 4(a) and (b) depict the 
dielectric constant versus log f plots, and the dielectric loss versus log f 
plots for PVA-based SPE incorporated with different content of NaPF6 
respectively.

It can be observed from Fig. 4(a) that there is high value έ  dispersion 
at the low frequency region. This can be attributed to the accumulation 
of charge carriers or dielectric polarization at the interface between the 
electrode and the electrolyte [29,31]. The electric field changes slowly 
at lower frequencies and allows for slower polarity shifts and extended 
relaxation time, which enables ions or dipoles to adequately migrate and 
accumulate at the electrode-electrolyte interface. Consequently, this 
results in the occurrence of electrode/electrolyte polarization. However, 
when operating at higher frequencies, the polarity alterations occur at a 
more accelerated rate, leading to a reduction in relaxation times. As a 
result, the charge carriers lack a sufficient amount of time to respond, 
resulting in a decline in the dielectric constant.

At any selected frequency, the plots of dielectric constant (έ ) are 

Table 2 
The activation energy calculated from the Arrhenius plot for various PVA-based 
SPE samples.

Designation of SPE Sample Activation Energy, Ea (eV)

PVA90 0.919
PVA80 0.894
PVA70 0.612
PVA60 0.149
PVA50 0.380
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clearly in trend with the conductivity study (an example is given in the 
inset of Fig. 4(a) at 10 kHz), where the highest conducting SPE sample 
exhibits the highest έ . A high value of έ  typically signifies enhanced 
dissociation characteristics, which mitigate ion-pair formation or 
effectively screen the Coulombic interactions between cations and an
ions. According to the theory of Bjerrum, as referenced in [32,33], the 

critical distance r for ion-pair formation is inversely related to the έ  

value, as described by the following equation: 

r =
⃒
⃒ZiZj

⃒
⃒e2

8πε0έ kT
(6) 

Here, Z is the valency of the cations and anions, e is the elementary 

Fig. 4. The (a) έ  versus log f plot; (b) εʹ́  versus log f plot; (c) variation of Mʹ versus log f; (d) variation of Mʹ́  versus log f; and (e) variation of tanδ versus log f of the 
PVA-based SPE with various concentrations of NaPF6 at room temperature. The inset of Fig. 4a illustrates the zoomed part for PVA70-PVA90 (top) and the trend of έ  

as a function of NaPF6 content at fixed frequency, f = 10 kHz (bottom). The inset of Fig. 4b illustrates the zoomed part for PVA80 and PVA90.
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electron charge in unit of C, εo is the permittivity of space, 8.85 × 10-12 

F/m, k is the Boltzmann’s constant 8.6173 × 10-5 eV K-1 and T is tem
perature in unit Kelvin. Ion pair formation is more likely when the 
interionic distance between a cation and an anion is less than r. A higher 
value of έ  corresponds to a reduced r, thereby decreasing the probability 
of ion association in systems with elevated έ , where the majority of ions 
remain as “free ions”.

The highest value of dielectric constant achieved at PVA60 is 
attributed to the greater number density of charge carriers arising from 
the dissociation of salt inside the polymer matrix. At higher concentra
tion of salt (PVA50), the interionic distance decreases and the 
Coulombic interaction between ions intensifies, resulting in the recom
bination of ions to create neutral ion pairs or larger clusters. This causes 
a drop in the number density of charge carriers, leading to a reduction in 
their mobility and thus diminishing their contribution to the DC con
ductivity [34].

Similar plots of dielectric loss (εʹ́ ) can be observed as in the variation 
of dielectric constant (έ ), where they both in trend with the conductivity 
plots. The increase of salt contents leads to an increased number density 
of charge carriers, resulting in higher energy dissipation. The effect 
reaches its peak at PVA60. The drop of dielectric loss occurs at PVA50, as 
a result of the re-association of ions.

3.4. Electric modulus analysis

The electric modulus in polymer electrolytes serves as a quantitative 
indicator of the material’s capacity to store and release charge when 
subjected to an external electric field. It characterizes the dynamic 
behavior of the polymer electrolyte system in relation to variations in 
the frequency of the electric field, thereby offering important insights 
into the mechanisms governing electrical relaxation and charge trans
port. The relationship between electric modulus, impedance, and rela
tive permittivity are shown in the following equations: 

M∗ = Mʹ + jMʹ́ =
1
ε∗r

=
1

έ − jεʹ́ =
έ

έ 2 + έ ʹ2 + j
εʹ́

έ 2 + έ ʹ2 (7) 

M∗ = jωC0Z∗ = ωC0Zʹ́ + jωC0Zʹ (8) 

The electric modulus is a useful instrument for examining electrical 
relaxation processes since it has been defined as the reciprocal of the 
complex relative permittivity, as expressed by the Eq. (7). Fig. 4(c) and 
(d) show the electric modulus versus log f plots for real (Mʹ) and imag
inary (Mʹ́ ) part, respectively.

Fig. 4(c) shows the trend of Mʹ approaching to zero at low frequency 

and this extended tail is attributed to the large capacitance associate 
with the electrode polarization. As the concentration of salt increases, 
the spectra display a rightward shift that extends beyond the frequency 
range of this particular experiment, resulting in just the dispersion 
component to be displayed. It is also observed that the variation of 
dispersion shows reverse conductivity trend. It can be observed in Fig. 4
(d) that there are broad and asymmetric peaks in the high frequency 
region for PVA90, PVA80, and PVA70. As salt concentration increases, 
the peak is observed to shift towards the higher frequencies, 

Table 3 
The calculated relaxation time for various PVA-based SPE samples from the 
electric modulus plot.

Sample Log f (Hz) Frequency (Hz) Relaxation time, τ (s)

PVA90 3.26 1800.11 8.84 × 10-5

PVA80 4.40 24997.70 6.37 × 10-6

PVA70 5.08 120005.18 1.33 × 10-6

PVA60 Out of Range
PVA50

Table 4 
The calculated relaxation time for various PVA-based SPE samples from the loss 
tangent plot.

Sample Log f (Hz) Frequency (Hz) Relaxation time, τ(s)

PVA90 Out of Range
PVA80 2.54 3.50 × 102 4.55 × 10-4

PVA70 3.08 1.20 × 103 1.33 × 10-4

PVA60 5.15 1.40 × 105 1.14 × 10-6

PVA50 4.30 2.00 × 104 7.96 × 10-6

Fig. 5. The log σAC conductivity against log frequency of: (a) PVA90; (b) 
PVA80 and PVA70; (c) PVA60 and PVA50.
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accompanied by a decrease in relaxation time, as anticipated. The 
relaxation time can be calculated using peak frequencies (fm) with the 
equation below: 

τ =
1

2πfm
(9) 

The calculated values of the relaxation time are shown in Table 3. 
The dispersion variation for Mʹ́  versus log f shows the same trend as 
stated previously, which means that relaxation time decreases as the 
conductivity increases. The relaxation time observed in the electric 
modulus is denoted by the conductivity relaxation time, which is due to 
a resonance effect that occurs when the external field is comparable to 
the natural frequency, resulting in maximum energy transfer.

3.5. Loss tangent analysis

The investigation of loss tangent peaks pertains to the study of the 
relaxation processes of SPEs. The loss tangent, denoted as tan δ, can be 
determined by utilizing the Eq. (10) below: 

tanδ =
εʹ́

έ =
Zʹ

Zʹ́ (10) 

The term "dissipation factor" is used to refer to the ratio between 
energy loss and energy stored. The present research examines the 
behavior of tanδ in polymer electrolytes to observe their relaxation 
properties. The plot of loss tangent as a function of frequency for PVA- 
based SPE with various concentrations of salt at room temperature is 
presented in Fig. 4(e). The loss tangent exhibits a distinct peak at a 
specific frequency. The shift of the loss peak towards higher frequency is 
evident when the salt content increases. However, PVA50 sample shifted 
back towards the lower frequency.

By considering the Debye equation under ideal conditions, assuming 
that the static dielectric constant and high frequency dielectric constant 
are nearly equal, the relaxation time can also be determined using Eq. 
(9) as shown in electric modulus analysis section. The relaxation time 
calculated is tabulated in Table 4. From the calculated relaxation time 
data, it is observed that the relaxation time variation is the inverse of the 
ionic conductivity value. This means that relaxation time decreases as 
the conductivity increases. As PVA60 exhibits the highest conductivity 
in this work, the relaxation time is also the lowest (1.14 × 10-6 s). The 
added amount of salt causes the amorphous region to expand, resulting 
in a loosening and weakening of molecular packing. This leads to a more 
flexible orientation of the polymer chain and that results in a decrease in 
relaxation time [35].

3.6. AC conductivity analysis and conduction mechanism

The AC conductivity can be determined by utilizing the dielectric 
constant (έ ), and the loss tangent (tanδ) at each frequency in accordance 
with the equations below: 

σAC = εoέ ωtanδ (11) 

or 

σAC = εoεʹ́ ω (12) 

where εʹ́  is the dielectric loss and tanδ = εʹ́
εʹ as stated in Eq. (10). The 

plotted AC conductivity versus the frequency graph is represented in 
Fig. 5.

The AC conductivity spectra can be categorized into three main 
sections. The first section is in the low frequency region. This section is 
commonly referred to as electrode polarization (EP) effect, which can be 
attributed to interfacial interactions between the electrode and elec
trolyte [36]. In the intermediate-frequency section, there is an observ
able plateau in the AC conductivity that corresponds with the DC 
conductivity. Table 5 shows the correlation between AC conductivity 
and DC conductivity, where σDC can be estimated. The estimated σDC 
then compared with the calculated σDC in conductivity study previously. 
The comparisons show that the values are almost similar to each other, 
proving that the AC conductivity plots are valid. The high frequency 
region is called the dispersion region, or the power law region. As can be 
seen in Fig. 5, the reduction of the dispersion region is closely linked to 
the elimination of the high-frequency semicircle observed in the Nyquist 
plot due to the addition of salt. This demonstrates a strong association 
between impedance analysis and the dispersion of AC conductivity. The 
characterization of ion conduction in solid polymer electrolytes is 
significantly influenced by the presence of dispersion region, which the 
calculation of the frequency exponent (s) can be done. The correlation 
between the AC conductivity and the movement of charge carriers can 
be well described by Jonscher’s relation: 

Table 5 
Data of estimated and calculated DC conductivity obtained log AC conductivity 
graph against log f.

Sample Log σ AC 
(S/cm)

Estimated σ DC 
(S/cm)

Calculated σ DC 
(S/cm)

Percentage 
accuracy (%)

PVA50 -5.372 4.25 × 10-6 4.56 × 10-6 93.148
PVA60 -4.447 3.57 × 10-5 3.65 × 10-5 97.992
PVA70 -6.433 3.69 × 10-7 3.44 × 10-7 92.589
PVA80 -7.489 3.24 × 10-8 3.05 × 10-8 93.715
PVA90 -8.668 2.15 × 10-9 2.13 × 10-9 99.276

Fig. 6. (a) The frequency exponent, s versus temperature in Kelvin for the 
highest conducting sample (PVA 60). The inset shows the temperature depen
dence of the exponent s for PVA90, PVA80, PVA70, and PVA50. (b) The 
illustration of CBH model.
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σ(ω) = σDC + Aωs (13) 

σAC = Aωs (14) 

Here, we denote the total direct current (DC) and alternating current 
(AC) conductivity as σ(ω). The DC conductivity, denoted as σDC, is the 
component that is frequency-independent. A is a parameter that is 
temperature-dependent, whereas s is the exponent in the power law 
equation, which falls within the range of 0 to 1. The frequency exponent 
s can be determined from the slope of the log-log plot of the dispersion or 
power law region slope. This value is instrumental to determine the ion 
conduction mechanism. Fig. 6(a) shows the variation of s value versus 
the temperature in Kelvin. It can be observed that all PVA-based samples 

show decreasing s value when the temperature increases. Since s de
creases with increasing T, it can be inferred that it adheres to the 
correlated barrier hopping (CBH) model as illustrated in Fig. 6(b) [6]. As 
shown in Fig. 6 as well, the system for PVA60 can be fitted to the 
equation s = − 0.0024T + 1.046, and from this fitting equation, s → 1 
when T → 0. For CBH model, the approximated frequence exponent s 
can be calculated by the following equation, 

s = 1 −
6kT
Wm

(15) 

where Wm is referred as the maximum barrier height. From Eq. (15), it 
can be inferred that s → 1 when T → 0 as well. This further confirms the 

Fig. 7. (a) Illustration of the partially hydrolyzed PVA chemical structure. (b) FTIR spectra for pure salt (NaPF6), partially hydrolyzed PVA, and PVA-based SPEs with 
various concentration of salt.

Table 6 
Absorption peaks and functional group assignments of the PVA-based SPEs with various salt concentrations.

Assignment of Bands Wavenumber (cm-1) Refs.

Pure PVA PVA100 PVA90 PVA80 PVA70 PVA60 PVA50

O-H stretching 3314 3285 3315 3331 3373 3377 3352 [11,40]
C-H stretching 2941 2939 2942 2943 2945 2947 2945 [11,40–42]
C=O stretching 1733 1733 1716 1715 1716 1717 1717 [41,42]
C-H bending 1419 1428 1428 1428 1428 1437 1420 [42,43]
C-H wagging 1373 1372 1375 1378 1379 1381 1380 [42,43]
C-C stretching 1238 1239 1253 1262 1262 1274 1265 [40,42,43]
C-O stretching 1090 1090 1089 1085 1090 1089 1082 [42,43]
C-H rocking 846 843 839 836 832 849 830 [42,43]

J. Yong et al.                                                                                                                                                                                                                                     Electrochimica Acta 513 (2025) 145610 

8 



Fig. 8. Deconvolution of the PF6
- vibration modein the region 810–860 cm-1 for: (a) PVA90; (b) PVA80; (c) PVA70; (d) PVA60; (e) PVA50.
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conduction mechanism of the system follows the CBH model. In this 
conduction mechanism, the ions overcome the correlated energy bar
riers by hopping between neighbouring sites, resulting in the transport 
of charge through the SPEs. This model postulates that the ions or charge 
carriers are encompassed by several potentials, including the Coulombic 
repulsive potential arising from the interactions between multiple ions, 
as well as a potential well that accommodates the ions. The super
position of potentials results in the formation of a single-ion potential 
that is effectively experienced by the ion. When an ion acquires suffi
cient energy and transitions from one site to another, two competing 
relaxation processes may take place. These processes involve either a 
return to the initial site or the creation of a new potential barrier, 
resulting in an increase in the barrier height for the return transition. 
Consequently, the ions persist in their forward movement. According to 
the quantum-mechanical tunnelling (QMT) model, the s value is nearly 
equal to 0.8 and rises a little with rising temperature or independent of 
temperature [37]. This is why the QMT model is not applicable to this 
system. According to overlapping-large polaron tunnelling (OLPT) 
model, the s value is dependent on both temperature and frequency. s 
value drops with rising temperature from unity at room temperature to a 
lowest value at a certain temperature, then s value rises back with 
increasing temperature [37]. The s value for the system in this work does 
not follow the OLPT trend. Therefore, OLPT model does not applicable 
to this system. For small polaron hopping (SPH) model, it is stated that 
the s value for this model will increase when the temperature increase, 
and the s value is less than 1 [38]. This means that this work also does 
not follow the trend of SPH model. Since sodium-based SPEs are rela
tively new, the conduction mechanism of lithium-based from previous 
reports are reviewed. The previous research by Abdullah et al. [39] re
ported that a lithium-based biopolymer blend electrolyte consisting of 
chitosan, and methylcellulose, complexed with lithium iodide also fol
lows the CBH conduction mechanism.

3.7. FTIR analysis

FTIR is a technique used to analyze the chemical composition of 
materials by detecting how they absorb infrared light. Infrared spec
troscopy involves shining infrared light onto a sample and measuring 
how much of that light is absorbed at different wavelengths. The 
resulting spectrum provides information about the functional groups, 
chemical bonds, and molecular structure present in the sample. The 
chemical structure of partially hydrolyzed PVA and FTIR spectra can be 
observed in Fig. 7.

For FTIR, PVA100 was prepared, and it is comprised of only partially 
hydrolyzed PVA powder (1.0g) mixed with solvent with no addition of 
salt. PVA100 will be the reference spectra to be compared with the other 
complexed SPEs. The intermolecular hydrogen bonded O-H stretching 
frequency of partially hydrolyzed PVA can be observed in the region 
3286 cm-1 for PVA100, and it shifted to 3377 cm-1 for PVA60. Next, the 
C-H stretching of CH2 can be observed in the region 2939 cm-1 for 
PVA100, and it shifted to a higher wavenumber of 2947 cm-1 for PVA60. 
An absorption band is observed in the region 1372 cm-1 for PVA100 
which suggests the presence of C-H wagging, and the spectra shifted to 
1381 cm-1 for PVA60. In addition to that, a shifting also occurred at the 
C-C stretching spectra which the wavenumber shifted from 1239 cm-1 to 
1274 cm-1 for PVA100 and PVA60 respectively. These shifts and changes 

Table 7 
The percentage of ion species using the FTIR deconvolution method.

Designation Salt Content (wt.%) Free Ions (%) Ion Pairs (%)

PVA90 10 48.12 51.88
PVA80 20 53.23 46.77
PVA70 30 54.06 45.94
PVA60 40 57.55 42.45
PVA50 50 54.52 45.48

Fig. 9. The plot of: (a) ion concentration (n); (b) ion mobility (µ); and c) ion 
diffusion (D) against the NaPF6 concentration added in the PVA-based 
SPE system.
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in the FTIR spectra are clear evidence if the interaction between PVA 
and the sodium salt [40]. Notice that for PVA50, the absorption spectra 
in the region stated previously were all shifted back to a lower wave
number. This reversal in the wavenumber shift indicates that it might be 
due to excessive alterations in the sample environment caused by an 
excessively high concentration of salt. The absorption peaks and the 
functional group assignments are tabulated in Table 6 with Refs. [11,
40–43].

The ion-ion interactions can only be explored by analyzing the anion 
peaks only as it is understood that free cations are inactive to the 
infrared (IR) spectrum due to their lack of distinctive absorption bands 
in the typical IR range. Therefore, the analysis often focuses on studying 
the anion peaks to extract information about ion pairs and free anions. In 
this research, deconvolution techniques can be applied to separate and 
analyze the different vibration modes within the anion’s spectrum, 
where in this case the salt’s anions are PF6

- . This process of deconvolu
tion helps in distinguishing the various contributing factors to the an
ion’s absorption band, such as free anions and ion pairs. The 
deconvolution of the free ions (PF6

- ) and ion pairs (Na+ - PF6
- ) is done by 

using Origin Pro software at the 800–900 cm-1 region [44,45]. The 
deconvolution results in two peaks, at lower wavenumber, are linked 
with free ions, and higher wave number is linked with ion pair. The area 
under the peak is associated with the fraction of free ions and ion pairs. 
The formulas to get the percentage for both free ions and ion pair are as 
below: 

Free Ions (%) =
Af

Af + Aip
× 100% (16) 

Ion − Pairs (%) =
Aip

Af + Aip
× 100% (17) 

where Af is the area of free ions, and Aip is the area of ion-pairs. The 
conversion of transmittance to absorbance mode was performed at the 
800–900 cm-1 region for each PVA-based SPEs spectra. The deconvo
luted data can be viewed in Fig. 8, while the fraction or percentage of 
free ions and ion pairs can be viewed in Table 7.

Following that, by utilizing the determined percentage of free ions, 
the ion concentration (n), ion mobility (μ), and ion diffusion (D) can be 

calculated. The formulas for these three parameters are shown on Eqs. 
(18), (19), and (20) respectively. 

n =
M × NA

Vtotal
× (% of Free ions) (18) 

μ =
σ
ne

(19) 

D =
μkT

e
(20) 

The calculated values of the three parameters are then plotted as 
shown in Fig. 9. Based on the plotted result, it can be observed that the 
ion concentration (n) increases when more salt is added. The addition of 
salt will provide more charge carriers in the PVA-based SPE system [46]. 
In the other hand, both ion mobility (μ) and ion diffusion (D) increases 
from 10 wt.% (PVA90) to 40 wt.% (PVA60) but dropped when 50 wt.% 
of salt is added (PVA50). The increments of both parameters are due to 
the improvement of chain flexibility, and the decrease in parameters is a 
result of the collisions that occur between free ions when there is an 
excess of ions present [47]. Due to the limited space available, the ions 
experience decreased mobility and diffusivity in this form.

3.8. XRD analysis

The XRD patterns for pure NaPF6, partially hydrolyzed PVA, and 
various SPE samples are shown in Fig. 10. Pure NaPF6 displayed various 
peaks with high intensity at 2θ = 20.3o, 21.3o, 23.6o, 26.9o, 39.7o, and 
50.9o representing its crystalline nature. . For the partially hydrolyzed 
PVA, crystalline peak is displayed at 2θ = 19.7o, showing the typical 
(101) plane as well as two amorphous halos centered at 23.2o, and 40.8o 

are also depicted [48]. The degree of crystallinity of the various SPE 
samples can be calculated from the XRD result using the formula as 
follows: 

Degree of Crystallinity (%) =
Ac

At
× 100% (21) 

where Ac is the area of all the crystalline peaks, At is the total area of 
amorphous and crystalline in the XRD peaks [49]. The areas of the XRD 
results are deconvoluted and analyzed using the OriginPro software as 
shown in Fig. 11. Note that as salt is added, two crystalline peaks 
appeared at 2θ = ~ 20.0o and ~ 45.0o (labelled in yellow and pink line 
in Fig. 11, respectively). These peaks are not included in the degree of 
crystallinity calculation as they belong to the salt. So, only the peaks that 
belong to the polymer/PVA are considered in the calculation. The de
gree of crystallinity of the SPEs are tabulated in Table 8. The degree of 
crystallinity obtained is observed to be in trend with the conductivity 
data. This means that the addition of NaPF6 is proven to increase the 
ionic conductivity due to the decrease of the crystalline nature of the 
samples.

3.9. TGA analysis

The TGA curves are shown in Fig. 12(a) and (b), which displays the 
weight percentage over temperature for partially hydrolyzed PVA, salt 
(NaPF6), PVA100, PVA90, and PVA60. Similar to FTIR, PVA100 was 
prepared as a reference plot for the SPE samples. The small weight 
percentage loss observed at lower temperature for all the pure samples 
and SPE samples can be due to the elimination of contaminants and the 
evaporation of absorbed moisture during the sample preparation pro
cess. For the SPE samples (PVA100, PVA90, and PVA60), the weight loss 
up until 100 ◦C is due to the evaporation of the solvent (distilled water) 
and contributed by the weight loss from the decomposition of the salt 
itself [50].

For the NaPF6 salt curve, it can be observed that the weight per
centage decreases slowly and consistently as the temperature increases. 

Fig. 10. The XRD result for pure NaPF6, partially hydrolyzed PVA, and various 
samples of SPE added with different concentrations of salt.
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The weight percentage for the pure salt starts to show constant weight 
percentage beyond 500 ◦C at around 45–50 % weight. For the partially 
hydrolyzed PVA, it experiences two major weight loss percentages 290 
◦C and 465 ◦C. At the first major weight loss (~290 ◦C), PVA undergoes a 
sudden decrease in weight caused by the creation of ether cross-links 
following the evaporation of water [51]. In addition, at this tempera
ture, polyene formation may occur due to fast chain-stripping along the 

polymer backbone [52]. The second major weight loss (~465 ◦C) is 
caused by the continued degradation of the polymer’s main structure, 
which can be attributed to the cleavage of the double bond in the 
polyenes. These polyenes, formed at lower temperatures previously, 
subsequently break down into single bonds and ultimately transform 
into aliphatic chains in this temperature [53].

There is an apparent decomposition at around 230–240 ◦C for both 
PVA90 and PVA60. The difference is that PVA90 shows a very high 
percentage weight loss in this region, while PVA60 only shows a steady 
but smaller weight loss percentage. This was a result of the intricate 
interaction between the PVA and NaPF6 as previously examined in XRD 
and FTIR investigations. The formation of this complex raises the energy 
threshold needed to disrupt the temporary coordination, hence 
enhancing the thermal stability in this area. Beyond 400◦C, both PVA90 
and PVA60 show major degradation. The weight loss in this region is 
most likely due to the continuous decomposition of PVA and NaPF6 in 
the SPEs [11]. The decomposition temperature at this region for PVA90 
and PVA60 shows a drastic improvement (above 400 ◦C) compared to 
PVA100 or PVA powder (~300 ◦C). This means that after the addition of 

Fig. 11. Deconvoluted XRD spectra for (a) partially hydrolyzed PVA; (b) PVA90; (c) PVA80; (d) PVA70; (e) PVA60; (f) PVA50.

Table 8 
The degree of crystallinity of various samples of SPE with 
different concentrations of salt.

Samples Degree of Crystallinity (%)

Pure PVA 43.03
PVA90 36.65
PVA80 34.39
PVA70 29.85
PVA60 27.08
PVA50 30.74
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salt, the thermal stability of the PVA-based SPE systems is greatly 
enhanced. In overall, it is observed that the PVA60 displays better 
thermal stability as decomposition that happens beyond the 400 ◦C 
temperature mark, PVA60 experienced weight loss at a higher temper
ature of ~450 ◦C compared to PVA90 with temperature of ~430 ◦C. This 
proved that the addition of salt does improve the thermal stability of this 
PVA-based SPE system.

3.10. LSV analysis

Linear sweep voltammetry (LSV) analysis is performed to investigate 
the electrochemical stability of the SPE, as well as to determine the 
electrolyte’s maximum potential limit or the potential at which it begins 
to deteriorate. Fig. 13 shows the LSV plot for the SS|Highest Conducting 
Electrolyte (PVA60)|SS at 10 mV/s with the voltage range between 
0 and 2.50 V. Note that the analysis was done at room temperature. The 
initial potential is seen to be swept toward more anodic values until the 
electrolyte experiences a sharp rise in current. A straight line was drawn 
in relation to the steady current and sudden current increase to deter
mine the value of the decomposition voltage. In this case, the intersec
tion point is the decomposition voltage which is 2.05 V. The value is 
enough for utilization in energy storage devices, where typically an 
electrolyte should have a breakdown voltage of at least 1.0 V [54]. The 
decomposition voltage obtained from this research is quite similar to the 
study by Brza et al. [55], where their PVA-based polymer electrolyte 
(PVA:NH4SCN:Cd(II) plasticized with glycerol) reported the decompo
sition voltage or potential window of 2.10 V.

4. Conclusion

Free standing PVA-based SPEs with different concentrations of 
NaPF6 are prepared using solution-casting method. The conductivity 
analysis using EIS shows that PVA60 exhibits an improved ionic con
ductivity of 3.65 × 10− 5 S/cm from PVA90 with 2.13 × 10-9 S/cm. The 
temperature dependence study shows that the PVA-based SPEs obeys 
Arrhenius rules and the activation energy for all SPEs are calculated, 
where the activation energy for PVA60 recorded the lowest value of 
0.149 eV. The highest conducting PVA-sample (PVA60) also exhibits the 
lowest relaxation time, as well as having the highest dielectric constant. 
It is also observed that if too much salt is added (PVA50), the ionic 
conductivity drops, while the activation energy and relaxation time in
creases. This is due to the presence of excess ions, which cannot be 
effectively incorporated into the polymer matrix, leading to an increased 
formation of ion pairs and aggregations in comparison to the free ions. 
The correlation between the AC conductivity and the movement of 
charge carriers was described by Jonscher’s relation, and the frequency 
exponent (s) is determined. From that, the main goal of finding out the 
conduction model is achieved. The ion conduction mechanism is 
determined to adhere to the correlated barrier hopping (CBH) ion con
duction model, where ions conduct through correlated hopping between 
sites by overcoming barrier heights or potential wells, with conductivity 
being dependent on both temperature and frequency. FTIR and XRD 
investigations were conducted to examine the formation of complexes 
between the host polymer and salt. According to the FTIR deconvolu
tion, raising the NaPF6 concentration increases the ion concentration (n) 
where PVA50 exhibits the highest ion number density. In the other hand, 
PVA60 exhibits the highest ion mobility (μ) and ion diffusion (D). The 
degree of crystallinity analyzed from the XRD data gives out information 
that the PVA60 has the lowest degree of crystallinity of 27.08 %. The 
TGA analysis shows that the addition of salt improved the thermal sta
bility of the system. Lastly, the LSV analysis shows that the highest 
conducting sample has a suitable decomposition voltage and has good 
electrochemical stability. The findings of this study have verified that 
NaPF6, when used as a conducting salt for electrolyte material, indicates 
a promising potential for usage in electrochemical storage devices.

Fig. 12. The TGA curves for (a) partially hydrolyzed PVA powder and NaPF6 
salt; (b) PVA100, PVA90, and PVA60.

Fig. 13. The LSV curve for the highest conducting sample (PVA60) at room 
temperature.
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