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ABSTRACT

This work explores the dielectric and electrochemical properties of solid biopolymer blend electrolytes (SBEs)
based on a combination of alginate and polyvinyl alcohol (PVA), doped with varying concentrations of ammonium
iodide (NH4I). The SBEs were synthesized using the solution casting method, and their ac conductivity exhibited
an optimal value of 1.01 × 10−5 S · cm−1 at 25 wt.% NH4I. Detailed dielectric and modulus spectroscopy
analyses revealed distinctive trends in relation to NH4I concentration, suggesting complex dielectric relaxation
behavior. The universal power law (UPL) analysis identified the Small Polaron Hopping (SPH) mechanism as the
dominant conduction process in the optimal sample. These results demonstrate that NH4I-doped alginate-PVA
SBEs possess favorable electrochemical properties, positioning them as potential candidates for energy storage and
ionic transport devices.
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1 Introduction

Energy forms the material foundation of human life and social progress, and its storage is essential
for efficient development and utilization [1]. However, the increasing reliance on conventional, non-
renewable energy sources, particularly carbon-based fuels, has contributed to severe environmental
degradation. The global energy crisis, coupled with escalating concerns over climate change, air
pollution, and the depletion of natural resources, has prompted a shift toward sustainable and
eco-friendly alternatives. This urgency drives researchers to explore renewable energy solutions that
mitigate the harmful effects of traditional energy systems, such as global warming, energy insecurity,
and public health risks.

Polymer electrolytes have emerged as promising materials for energy storage devices due to
their diverse electrochemical properties [2]. Polymer electrolytes are a diverse group of materials

https://www.techscience.com/journal/JPM
https://www.techscience.com/
http://dx.doi.org/10.32604/jpm.2025.059244
https://www.techscience.com/doi/10.32604/jpm.2025.059244
mailto:ahmadsalihin@umpsa.edu.my


174 JPM, 2025, vol.42, no.1

characterized by long polymer chains and relatively high concentrations of ions [3]. These materials
have long been interesting due to their potential applications in various current and emerging
technologies [4–7]. Among them, solid biopolymer electrolytes (SBEs), derived from renewable
natural sources, have gained attention for their environmental benefits, high ionic conductivity, and
improved electrode-electrolyte interface [8,9]. They primarily include polynucleotides, polypeptides,
and polysaccharides [10]. Among them, polypeptides and polysaccharides are the most commonly
used, including materials like gelatin, alginate, starch, agar, cellulose, and chitosan [11]. Unlike their
liquid or gel-based counterparts, SBEs offer superior safety by eliminating leakage risks, making them
suitable for batteries, fuel cells, and capacitors [12]. Therefore, SBEs can serve as electrolytes, efficiently
transporting ions between the cathode and anode [13]. However, the crystalline nature of biopolymers
such as polyvinyl alcohol (PVA) and chitosan often limits ionic mobility, reducing ionic conductivity
[14]. To address this challenge, several strategies have been explored, such as incorporating ionic liquids
[15], blending polymers [16], adding plasticizers [17], and integrating fillers [18].

In many fields, homopolymers or copolymers alone may not always meet all the requirements
for practical use [19]. Thus, the blending method, which involves combining with other polymers,
has become an alternative approach to modifying these materials’ structural and electrical properties,
thereby expanding their range of applications [20,21]. Research on the blending method has focused
on intermolecular complexation as a key factor in enhancing amorphousness and conductivity [22].
It has shown significant potential in enhancing ionic conductivity by reducing activation energy
and disrupting intermolecular forces, thus improving ion transport [23]. Polymer blends have gained
greater commercial and technological significance compared to the production of homopolymers and
copolymers as it enables the creation of new materials with tailored properties for specific applications
at a lower cost [24]. Polyvinyl alcohol (PVA) is a notable candidate as a secondary polymer as it
is a non-toxic, synthetic, semi-crystalline, biodegradable, cost-effective, and FDA-approved polymer
[25]. It comprises a carbon chain backbone with hydroxyl groups attached to the carbon atoms of
methane, which acts as a source of hydrogen bonding and assists in forming a polymer blend [26].
Studies on alginate-PVA biopolymer blends have demonstrated improved ionic conductivity compared
to single polymer systems, with values reaching up to 7.52 × 10−8 S · cm−1. Ionic dopants are another
crucial factor in enhancing the segmental motion of polymer chains, thereby facilitating ion migration.
Ammonium salts, in particular, are known for their low lattice energy, which promotes the release
of free ions, increases ionic conductivity and are good proton donors to the polymer matrix [27].
Ammonium iodide (NH4I), a combination of ammonium (NH4+) and iodide (I−) ions, has shown
superior performance in past studies [28]. For instance, PVA-based systems doped with NH4I achieved
higher ionic conductivities (2.5 × 10−3 S · cm−1) compared to NH4Br (5.7 × 10−4 S · cm−1) and NH+Cl
(1.0 × 10−5 S · cm−1) [29], mainly due to the lower lattice energy of NH4I [30].

In light of these findings, this study aims to investigate the dielectric properties of alginate-PVA
biopolymer blend electrolytes doped with ammonium iodide to evaluate their potential for future
electrochemical applications.

2 Experimental Sections
2.1 Materials

Alginate (Alg) (4000 molecular weight; Sigma-Aldrich, St Louis, MO, USA) was purchased from
China and partially hydrolyzed PVA ∼85% (7000 molecular weight; Sigma-Aldrich, St Louis, MO,
USA) was purchased from EMD Milipore Corporation, Germany where it acts as polymer blend
host. Ammonium iodide (NH4I) (molecular weight: 144.94 g mol−1; Sigma-Aldrich, St Louis, MO,
USA) was purchased from the USA and acted as an ionic dopant salt.
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2.2 Preparation of SBEs

A solution casting method was carried out to prepare the solid biopolymer blend (SBE) system-
based Alg-PVA doped with NH4I. A homogenous solution was obtained by dissolving alginate and
PVA in distilled water and stirring the mixture continuously until it was completely dissolved. Then,
NH4I was added to the solution in a range of co, from 5 to 40 weight percentage (wt.%). The solutions
were placed in petri dishes and dried in the oven at 60°C for 8 h. The petri dishes were kept in a
desiccator to ensure that no solvent remained in the sample.

2.3 Characterization of BBEs

2.3.1 AC Conductivity Study

The ionic conductivity of the prepared SBEs sample was evaluated using a HIOKI 3532-50 LCR
Hi-TESTER, purchased from HIOKI SINGAPORE PTE. LTD., Vertex, Singapore, over a frequency
range of 50 Hz to 1 MHz. The SBE film was positioned between two stainless steel current collectors
and tested within a temperature range of 303 to 343 K. and its thickness was determined using a
digital thickness gauge (DML3032, purchased from RDM Test Equipment Ltd., UK). The ionic
conductivity of the alginate-PVA-NH4I film-based SBEs system was calculated using the equation
provided (Eq. (1)):

σ = d
RbA

(1)

where d is the thickness of the electrolytes, A is the contact area (cm2), and Rb is the bulk resistance of
the SBEs system obtained from the Cole-Cole plot.

2.3.2 Dielectric Study

The dielectric constant, εr and loss, εi for the SBE system were defined by Eqs. (2) and (3):

εr = Zi

ωCo(Zr
2 + Zi
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Zr and Zi represent the real and imaginary components of the complex impedance, respectively,
and Co is the vacuum capacitance, defined as Co = εoA/D. Here, d denotes the thickness of the polymer
electrolyte, f is the frequency in Hz, ω is the angular frequency (ω = 2πf) which corresponds to the
minimum in the imaginary impedance, and ε0 is the permittivity of free space (8.85 × 10−14 F cm−1).
Meanwhile, A represents the contact area between the electrolyte and the electrode.

The real modulus (Mr) and imaginary modulus (Mi) were computed using the following
equations (Eqs. (4) and (5)):

Mr = εr

(εr
2 + εi

2)
(4)

Mi = εi

(εr
2 + εi

2)
(5)

2.3.3 Universal Power Conduction Mechanism

The ac conductivity was obtained following the relation [31] (Eq. (6)):

σω = Aωs + σdc (6)



176 JPM, 2025, vol.42, no.1

where σω is the total conductivity, A is temperature dependent parameter, s is the power law exponent
and σ ac is the frequency-independent dc conductivity. The ac conductivity, σ ac is presented by Aωs,
hence (Eq. (7)):

σω = σac + σdc (7)

The σ ac can be solved using the following (Eq. (8)):

σac = εoεiω (8)

where εr tan δ = εi. By substituting σ ac = Aωs into Eq. (5), the value of s can be evaluated from the
following relationship (Eq. (9)):

σac = εoεiω (9)

The exponent s value is retrieved from the slope of the plot ln εi vs. ln ω.

3 Results and Discussion
3.1 AC Conductivity Study

Fig. 1 illustrates the frequency-dependent conductivity for alginate-PVA bio-polymer blend elec-
trolytes doped with different compositions of ammonium iodide (NH4I). The results indicate that the
incorporation of NH4I significantly enhances the ionic conductivity of the SBEs. As expected, the con-
ductance spectra can be categorized into three distinct regions: the low-frequency dispersion region,
the medium-frequency plateau, and the high-frequency dispersion region [32]. In the low-frequency
region, a noticeable increase in conductivity with rising frequency is observed, which is characteristic of
electrode polarization effects. This phenomenon can be attributed to space charge polarization occur-
ring at the electrode-electrolyte interface, where the accumulation of charges increases conductivity as
frequency increases [33]. At this stage, ionic motion is hindered by polarization, but higher frequencies
alleviate the space charge effects, allowing ions to move more freely.
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Figure 1: Frequency Dependence Conductivity for the samples at the different compositions of NH4I

The frequency-independent plateau in the intermediate region represents the bulk conductivity of
the system, which is a critical parameter for evaluating the efficiency of ion transport in the electrolyte
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matrix [34]. The flatness of the conductivity in this region suggests that ion hopping between localized
sites is occurring, and the contribution from mobile charge carriers within the biopolymer matrix
dominates the overall conductivity. At higher frequencies, another increase in conductivity is observed,
corresponding to the high-frequency dispersion region. This region is associated with bulk relaxation
processes, where the coulombic interactions between charge carriers and the disordered polymer
matrix become prominent [35]. The observed non-linear behaviour in this region indicates non-Debye
type relaxation, which suggests that the system does not follow a simple dielectric relaxation model
due to the structural heterogeneity within the electrolyte matrix. This is a common feature in complex
polymer systems, where the interaction between charge carriers and the biopolymer chains is not
uniform.

The highest ionic conductivity is achieved for the sample containing 25 wt.% NH4I, with a value of
1.01 × 10−5 S · cm−1. This optimum conductivity is attributed to the sufficient concentration of NH+I,
which enhances ion mobility by increasing the free volume in the polymer matrix and facilitating
efficient ion transport. However, further increases in NH4I concentration beyond 25 wt.% lead to
a decline in conductivity. This decline can be explained by the formation of ion aggregates, causing
the ion to be overcrowded and eventually restricts ion movement and limits the segmental motion of
the polymer chain, leading to a reduction in ionic conductivity [36]. The excess ions form clusters,
reducing the effective ionic mobility and increasing the overall ionic resistance of the system. The
results demonstrate that while doping with NH4I improves the ionic conductivity of the alginate-PVA
blend, there is an optimal doping level beyond which the system becomes less efficient due to ion
aggregation. This highlights the importance of finding the right balance between ionic dopants and
polymer matrix composition to optimize electrochemical performance for potential applications in
solid-state batteries and other energy storage devices.

Fig. 2 presents the plot of ac conductivity (log σ ac) as a function of frequency (log ω) for the
sample containing 25 wt.% NH4I at various temperatures. A clear shift in the conductivity profile
is observed as the temperature increases. Specifically, the frequency at which dispersion becomes
prominent shifts to the higher frequency region, and the conductivity dispersion region narrows with
increasing temperature [37]. This behaviour can be attributed to the thermally activated nature of ionic
conduction in the biopolymer blend. At lower temperatures, ionic movement is more restricted due to
the reduced segmental motion of the polymer chains, resulting in lower conductivity values. However,
as the temperature rises, the enhanced thermal energy facilitates greater polymer segmental mobility,
allowing ions to move more freely through the electrolyte matrix. This increases ionic conductivity, as
reflected in the upward shift in the log σ ac values.
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Figure 2: Frequency dependence conductivity for sample 25wt.% of NH4I at different temperature
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The observed increase in conductivity with temperature follows the trend described by Jonscher’s
universal power law. According to this model, the ac conductivity (σ ac) consists of a frequency-
independent component, corresponding to the dc conductivity (σ dc), and a frequency-dependent
component, which accounts for the hopping of ions between localized sites in the polymer matrix. The
overall increase in conductivity with temperature is consistent with the thermally activated hopping
mechanism, where ions gain sufficient energy to overcome potential barriers, thereby enhancing
conduction.

3.2 Frequency-Immittance Analysis

Fig. 3a,b illustrates the variation in dielectric constant (εr) and dielectric loss (εi) as a function
of NH+I composition in the alginate-PVA bio-polymer blend electrolytes, measured at different
frequencies. The dielectric constant (εr) represents the material’s ability to store electrical energy, while
the dielectric loss (εi) indicates the energy dissipated as heat in the system. The value of εi has increased
sharply at low frequencies due to enhancement in the mobility of charge carriers. It can be related to
the free charge motion within the electrolytes [38]. A trend that is typically associated with electrode
polarization and space charge accumulation. This behaviour is driven by the polarization effect, where
mobile ions within the electrolyte respond to the applied electric field, resulting in charge build-up at
the electrode-electrolyte interface. The sharp rise in εi at low frequencies further confirms the presence
of electrode polarization, suggesting a strong non-Debye relaxation behaviour. This is consistent with
materials where charge carriers are not uniformly distributed and different relaxation times exist within
the system.
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Figure 3: Dielectric (a) Constant and (b) Loss of SBEs system at ambient temperature
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As the frequency increases, the values of εr and εi decrease. At higher frequencies, the rapid
oscillation of the applied electric field prevents ions from following the field changes, leading to
reduced polarization. Consequently, the space charge polarization effect is minimized, and there is
less charge accumulation at the interface. This polarization decrease at high frequencies results in the
reduced dielectric constant and dielectric loss observed in the plots [9]. The decline in εr and εi with
increasing frequency indicates that ionic motion becomes less significant at high frequencies, where
the periodic reversal of the field outpaces the mobility of the charge carriers. The peak in dielectric
properties was observed at the 25 wt.% NH4I composition in both εr and εi curves suggests an optimal
concentration for ion transport and polarization. Previous research where alginate was doped with
ammonium bromide (NH4Br) also shows that the value declined once it reached optimal concentration
at 20 wt.% [39]. Beyond this concentration, the decline in dielectric properties could be attributed to the
formation of ion clusters, which reduce the number of free charge carriers and limit ion mobility. This
supports the earlier observation from the ac conductivity analysis, where the 25 wt.% NH4I sample
exhibited the highest conductivity.

The results indicate that the dielectric properties of NH4I-doped alginate-PVA biopolymer
electrolytes are highly dependent on composition and frequency. At optimal NH4I content and lower
frequencies, the materials exhibit significant dielectric polarization, which benefits applications requir-
ing high energy storage capacity. However, the reduction in polarization and charge accumulation
at higher frequencies suggests that the material could also effectively minimise energy loss in high-
frequency applications.

Fig. 4a,b shows real modulus, Mr and imaginary modulus, Mi for the SBEs system. Both Mr

and Mi show a plateau or approaches to zero at lower frequency and start to increase at higher
frequency due to electrode polarization. At low frequency, the results almost approaching zero for all
compositions associated with the high capacitance causes by the electrode polarization [40]. A long tail
observed at low frequencies shows that a large capacitance may be attributed to electrode polarization
effects encountered during impedance measurements, which further confirms the non-Debye behavior
in the present sample [41]. For the 25 wt.% sample, both show low curve due to high dissociation of
NH4I, which lead to an increase in ionic conductivity of the present samples. Meanwhile, the curves at
higher frequencies may result from bulk effects, with a decrease in curve height due to the ionic dopant,
suggesting multiple relaxation mechanisms [42]. As frequency increases, the modulus component rises
due to bulk polarization, which can be divided into two factors which are the electron transfer and
avalanche transit-time [43]. The bulk effects can be seen in the current system due to electron transfer
between the host polymer and the dopant system [44]. The presence of peak in imaginary part of the
spectra, is believed due to capacitance behavior and segmental movement, are coupled and build up a
peak in the modulus spectra [45]. Meanwhile, the disappearance of the peak for other samples is due
to frequency limitation [44].

At higher frequencies, the increasing trend in Mr and Mi is indicative of bulk polarization effects.
These effects arise from the limited movement of ions at higher frequencies due to their inability to
follow the rapidly changing external field. The phenomenon can be further explained by electron
transfer and avalanche transit-time mechanisms. In the current system, electron transfer between the
host polymer and the dopant (NH4I) contributes to the observed bulk effects, as the dopant enhances
the overall conductivity by facilitating ion transport through the polymer matrix [44].
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Figure 4: Frequency dependence of (a) Real modulus and (b) Imaginary modulus of the system at
ambient temperature

3.3 Universal Power Law Mechanism

Fig. 5 depicts the plot of for the sample with the highest ionic conductivity (25 wt.% NH4I)
at elevated temperatures. The frequency range studied, 12 < ln ω < 16, was selected due to the
minimal effect of space charge polarization at higher frequencies [2]. In this range, the slope of the
plot was calculated, corresponding to the value of the exponent s. This exponent is a critical factor in
determining the ionic conduction mechanism, as it correlates with the theoretical hopping mechanism
that involves the active coordination sites within the polymer matrix. Understanding the value of
s provides insight into the dominant conduction mechanism at play within the system. Generally,
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four distinct conduction mechanisms can be identified based on the value of the exponent s. These
mechanisms include Quantum-Mechanical Tunneling (QMT), where charge carriers traverse potential
barriers via quantum tunneling. Correlated Barrier Hopping (CBH) involves charge carriers hopping
over energy barriers correlated with the material’s energy landscape. Another prominent mechanism
is Small Polaron Hopping (SPH), where localized charge carriers hop between adjacent sites within
the material. Lastly, the Overlapping-Large Polaron Tunneling (OLPT) [46] mechanism suggests that
large polarons tunnel through barriers, characterized by overlapping wave functions.
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Figure 5: Plot of ln εi vs. ln ω for the highest ionic conductivity, Alg-PVA-NH4I (25 wt.%)

The determination of the appropriate conduction mechanism depends on how the exponent s
varies with temperature. Previous studies have investigated the temperature dependence of s to explain
conduction mechanisms in disordered materials such as amorphous semiconductors [46]. In this study,
the relationship between s and temperature offers important insights into the ion hopping behaviour
within the biopolymer matrix and helps elucidate the role of the NH4I dopant in enhancing ionic
conductivity in the system.

Fig. 6 presents the variation of the frequency exponent s with temperature for the sample exhibit-
ing the highest ionic conductivity (25 wt.% NH4I). The value of s is a key parameter in determining the
conduction mechanism in disordered materials, which is often temperature-dependent. As shown in
the plot, the value of s increases as the temperature rises, following a linear relationship, as represented
by the equation s = 0.0012T + 0.3636. This temperature dependence of s suggests that thermally
activated processes dominate ion transport in the present system. The increase in s with temperature
indicates that at higher temperatures, ions gain sufficient energy to overcome potential barriers,
thus facilitating more effective conduction through the polymer matrix. This observation aligns with
the Small Polaron Hopping (SPH) model, which is frequently used to describe ion conduction in
disordered materials, particularly at higher temperatures [47]. According to small-polaron hopping
theory, two types of hopping are distinguished: “adiabatic” hopping, where ions remain relaxed within
the potential well of the lattice distortion throughout the process, and “anti-adiabatic” hopping, where
ions jump out of the potential well, allowing the lattice to equilibrate to a new position. In the latter,
pathways created by biopolymer-salt complexes help attract electrons from the biopolymer [48].
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In the SPH model, conduction occurs via the hopping of localized charge carriers (such as small
polarons) between neighbouring sites in the material. At elevated temperatures, the thermal energy
available to the ions allows them to hop more easily between these localized sites, increasing the
exponent s. This mechanism is consistent with the observed behavior in your system, where the rise in
s with temperature reflects the enhanced mobility of ions facilitated by thermally activated hopping.
The gradual increase in s also suggests that the interactions between charge carriers and the polymer
matrix primarily govern ion movement. As the temperature increases, the polymer chains become
more flexible, reducing the energy barriers for ion hopping and thereby promoting more efficient ionic
transport. This supports the notion that the conduction mechanism in the NH4I-doped alginate-PVA
biopolymer electrolytes is strongly influenced by both the polymer segmental motion and the hopping
of charge carriers.

4 Conclusion

Conducting biopolymers, alginate-PVA doped with NH4I biopolymer electrolytes, were success-
fully prepared via a solution casting technique.

• In this study, the immittance properties of NH4I-doped alginate-PVA biopolymer blend elec-
trolytes were investigated, revealing a significant enhancement in ionic conductivity, with the
highest value of 1.01 × 10−5 S · cm−1 observed at 25 wt.% NH4I.

• Dielectric analysis showed that electrode polarization dominated at low frequencies, while
bulk material properties became more prominent at higher frequencies. These measurements
demonstrated non-Debye relaxation behaviour, indicating that the conduction mechanism in
the SBEs does not follow a simple dielectric relaxation model, likely due to the disordered nature
of the polymer blend and the interactions between mobile ions and the polymer chains.

• The modulus and frequency exponent s analyses indicated that the conduction mechanism
follows the Small Polaron Hopping (SPH) model, confirming that ion transport is thermally
activated and influenced by the disordered polymer matrix. These findings demonstrate that
NH4I-doped alginate-PVA biopolymer electrolytes hold great promise for applications in
electrochemical devices, particularly in energy storage systems.
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