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liquid-based electrolytes. The 2-HEC-based SBE is analyzed for its ionic conductivity and
electrical properties. The highest ionic conductivity achieved was 2.40 x 103 S/cm for
AF40 (40 wt.% AF salt). The bulk resistance value obtained at ambient and elevated
temperatures emphasizes its effect on ionic conductivity and electrical behavior
regarding its dielectric permittivity. The activation energy from the temperature-
dependent ionic conductivity indicates that activation energy decreases with increasing
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conductivity; electrical properties; Rice  mobility (u). This study showed that the rise in ionic conductivity depends on the
and Roth concentration of ammonium formate salt.
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1. Introduction

Electrolytes are essential in electrochemical systems as they help to facilitate the flow of electric
current by dissociating into charged ions. Oxidation and reduction processes occur at the anode and
cathode, respectively, and the transfer of chemical compounds involved in these reactions affects
the current flow [1,2]. This shows that the electrochemical systems would be unable to function
without the presence of electrolytes. Hence, the properties of the electrolyte are a major element to
consider in electrochemical systems as it will have a significant impact on the safety, cyclability, rate
performance, and energy capacity of all energy storage devices [3,4]. Due to this, researchers are still
developing and studying the properties of various types of electrolytes.

Polymer-based electrolyte is one of the electrolyte types used in energy storage that has recently
acquired popularity owing to its ability to manufacture flexible and ecologically friendly gadgets [5].
The polymer-based batteries are also said to meet the criteria used in energy storage devices in terms
of high performance and cost-effectiveness [6]. Nowadays, the development of polymer electrolytes
to solid biopolymer electrolyte (SBE) has been studied by researchers throughout the years. Interest
in SBEs in energy storage devices increases mainly due to their biodegradable characteristic in
catering the environmental issues. It has been proved that the use of biopolymers obtained from
renewable and natural resources for electrochemical applications has been extensively explored over
the last two decades. For instance, there are several research focusing on the host polymers of
biopolymer electrolytes by using alginate, carboxymethyl cellulose-chitosan, pectin and many more
[7-9]. However, polymer-based electrolyte still has drawbacks as most of the pure polymers are
classified as a non-conducting substance which result in lower ionic conductivity due to their
tendency to easily crystallize [10].

Due to this problem, researchers are finding ways to increase the conductivity value of SBEs. One
of the well-known techniques is by adding ionic dopants that will enhance the polymer conductivity
due to the capability of mobile ions exchange between the host and salt or weak acid [11,12]. When
selecting a doping material, researchers pay attention to the ionic dopants' lattice energy of the
materials since it influences the formation of polymer-ionic dopant complexes as proven by Brza et
al., [13]. The ion of the dopants will dissolve easily in the matrix polymer and enables the ion
dissociation to easily occur if the lattice energy of dopants is low. In this study, ammonium formate
salt is used as ionic dopant where the lattice energy reported for AF salt is 737 kJ/mol which can be
categorize as suitable to be use as dopant salt [14]. The ammonium salt is reported by researchers as
a great ionic dopant for electrolyte and other chemical applications [15]. Based on the research by
Muthukrishnan et al., [16], one (1) out of four (4) hydrogen ions, H* from ammonium ion, NH4*, is
loosely attached and easily transfers via hopping mechanism to the coordinating sites in the host
polymer which increase the ionic conductivity. In contrast to strong salts or strong acids, ammonium
salt —ammonium formate in this proposed study, is a crystalline salt which has high mobility towards
the exchange of ions, hence, enhances the conductivity of host polymer.

However, the addition of salt into the polymer does not consistently lead to a proportional
increase in conductivity due to some factors, including the nature of the polymer and the specific
ions present in the system. Therefore, a study of the impact of ions on salt addition is essential to
gain a deeper understanding of the underlying mechanisms. To address this, a detailed investigation
using the Rice and Roth model was conducted to comprehend the mechanism of ion transport for
achieving optimal ionic conductivity and overall electrolyte performance. The Rice and Roth model
clarifies ion conduction in solid biopolymer electrolytes by examining free volume, segmental
motion, temperature dependence, and dielectric relaxation subsequently, aiding the future study in
electrolytes [17].
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In this research, cellulose-based biopolymer, which is 2- Hydroxyethyl Cellulose (2-HEC) is used
as the host in the polymer-salt electrolyte system. 2-HEC was selected as host polymer in this study
due to its structure which has high ion affinity to act as ion attachments in the system [18]. In
addition, 2HEC was reported for its advantages in electrochemical application due to its demand as
one of material in battery manufacturing [19]. Thus, this paper investigates the ionic conductivity and
electrical properties of 2-HEC/AF electrolyte system where fabricating a biopolymer electrolyte with
a good electrical behavior is crucial for electrochemical applications such as in batteries.

2. Methodology
2.1 SBE Preparation

In 100 mL of distilled water, 2 grams of 2-hydroxyethyl cellulose (Sigma Aldrich) were completely
dissolved. The 2-HEC solution was then mixed with varying amounts of ammonium formate salts (5
wt.% to 45 wt.%) and continuously stirred with a magnetic stirrer until a homogeneous solution was
obtained. The wt.% utilized were ascertain using Eq. (1). The sample designation and composition for
2-HEC/AF were stated in Table 1.

mass of salt (g)
mass of 2—HEC (g)+mass of salt (g)

AF concentration (wt.%) = x 100 (1)

Table 1

List of sample designation and
composition for 2-HEC/AF
Sample Designation  AF (wt.%)

AFO 0

AF5 5

AF10 10
AF15 15
AF20 20
AF25 25
AF30 30
AF35 35
AF40 40
AF45 45

For this experiment, a single (1) undoped sample is designated as the control sample. Following
that, the homogenous 2-HEC/AF solution was poured into petri dishes and were allowed to dry at
room temperature until thin film samples formed. Prior to being subjected to further analysis, the
dried thin films were kept in desiccators to maintain the physical properties of the sample. The
simplified 2-HEC/AF biofilm fabrication process is depicted in Figure 1, wherein the solution casting
technique yielded a transparent, flexible, and free-standing thin film.
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Fig. 1. The fabrication process of 2-HEC/AF biofilm electrolytes

2.2 Characterization of 2-Hydroxyethyl Cellulose Ammonium Formate (2-HEC/AF) Biofilm Electrolytes
via Impedance Spectroscopy

The conductivities and dielectric behaviors of 2-HEC/AF were measured by using HIOKI IM 3570-
50 LCR Hi-Tester in the frequency range of 50 Hz to 1 MHz. The SBE thin films with thickness ranging
from 0.0091 cm to 0.0185 cm were precisely cut into 2.0 cm diameter disks using sharp razor blade.
These thin films were then placed between two stainless steel electrodes in the sample holder. The
thin film will then undergo electrical testing which facilitates obtaining impedance dataset, in order
to study its electrical behavior in terms of ionic conductivity and dielectric characteristics.

3. Results and Discussions
3.1 lonic Conductivity Analysis

Impedance spectrum for various concentrations of salt starting from AFO until AF45 with interval
of 5wt.% are presented in Figure 2(a) to Figure 2(d). The imaginary impedance component (Z;) versus
the real impedance component (Z;) that can be observed in the graph is displayed as the Cole—Cole
plot, which also referred as the impedance or Nyquist plot. The Cole-Cole plot is used to analyze the
electrical behavior of electrolyte in terms of its conductivity, frequency-dependent properties of
materials and its relaxation behavior. Based on the graph in Figure 2(a), the spectra show two distinct
sections of the spectrum which are semicircles at high frequency region and spike line at low
frequency region. The reduction of semicircle in Cole-Cole plot graph can be observed as the addition
of salt increasing which affects the bulk resistance value of electrolytes where it drops until AF40.
However, the bulk resistance for AF45 start to rise which means that the ionic conductivity drops at
the addition of 45wt.% of AF salt. The Impedance test for AF50 was not performed as the sample was
physically unstable and had a jelly-like texture, therefore was not used for testing.
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Fig. 2. Cole-Cole plots for 2-HEC/AF samples at 303K

Figure 3 shows the impedance plot for AF40 at higher temperature. The decrease in Ry as
temperature increases is due to the rises of thermal energy in the system which aid in the increase
of ions mobility. Due to this, ions are able to overcome energy barriers easily hence improving the
ionic conductivity of the electrolyte. The increase in ionic conductivity due to the decreases of R, can
be further studied and proved in the temperature dependence studies part which highlights the
critical role of temperature in enhancing ion transport in the system. It is noted that other samples
also show similar trends in decreases of Ry as temperature increases as shown in Figure 3.
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Fig. 3. Cole-Cole plots for AF40 at elevated temperatures
(303K —373K)
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The ionic conductivity of each sample was then determined from the bulk resistance (Rp) value
using Eq. (2) below

t
Rp A

(2)

o =

where t is thickness of the electrolytes, A is area of electrode-electrolyte (cm?) and Ry is bulk
resistance [20]. The bulk resistance (Rp) is obtained through the analysis of the impedance plot, where
the value can be determined from the intersection of high and low frequency. The average ionic
conductivity values obtained for each sample at room temperature are plotted in Figure 4 and
recorded in Table 2. Based on the graph, it can be observed that the ionic conductivity increases
alongside with the addition of AF salt. The ionic conductivity for pure sample, AFQ is 1.590 x 1077 S/cm
while at AF40 sample depicts the highest conductivity value which is 2.400 x 103 S/cm. The increases
in ionic conductivity of the SBE sample are proved due to the higher charge carrier in the system
which leads to increase in ion-pair dissociation and ions mobility [21,22]. However, further addition
of salt will lead to the decreases of ionic conductivity as can be seen for AF45. It is due to aggregations
of ions in the polymer chain thus hindering the movement of ion [23].
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Fig. 4. lonic conductivity graph for all 2-HEC/AF samples with
various concentrations of AF salt

Table 2
Values of ionic conductivity for sample AFO
until AF45 respectively

Sample Conductivity, o (S/cm)
AFO 1.590 x 107 (+0.008)
AF5 5.730 x 107 (£0.041)
AF10 1.997 x 10 (+0.026)
AF15 1.060 x 10 (+0.533)
AF20 2.021 x 10 (+0.250)
AF25 5.114 x 10° (£0.494)
AF30 8.090 x 10 (+0.146)
AF35 9.710 x 10 (+0.001)
AF40 2.400 x 1073 (+2.740)
AF45 4.580 x 10 (+5.304)
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3.2 lonic Conductivity Analysis

The ionic conductivities of SBEs for each sample were further studied at elevated temperatures
in the range of 303K to 373K. Figure 5 portrays the temperature dependence graph of log o against
1000/T for selected samples (AFO, AF10, AF20, AF30 and AF40). The figure shows that as the
temperature increases, the conductivity increases linearly. The conductivity increased maybe due to
several reasons such as the heat activation of charge carriers which thermally induced the creation
of more vacant sites for ion mobility and increase the free volume of ions [24]. Table 3 presents the
R? values for each sample with varied concentration of AF salt at elevated temperatures which shows
that the system exhibits the Arrhenius behavior where the regression value is below or near to unity,
R?=1[25].
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Fig. 5. The Arrhenius plot for 2-HEC/AF samples at elevated
temperatures (303K — 373K)

Table 3

Regression, R? and activation energy, E, values of 2-

HEC/AF samples

Sample Regression value Activation energy
R2(Q) Eo (eV)

AFO 0.98 0.20

AF10 0.99 0.16

AF20 0.99 0.12

AF30 0.91 0.11

AF40 0.90 0.07

The activation energy, E; was obtained through the linear fit data of temperature dependence
plot by using Eq. (3), where Egis the activation energy, o is the conductivity of samples, gois the pre-
exponential factor, k is Boltzmann constant, and T is the temperature (Kelvin). The kinetics of ionic
diffusion for 2-HEC/AF samples can be compared using activation energy obtained from the
temperature dependence plot. Figure 6 shows the plot of activation energy versus concentration of
AF salt and the values are tabulated in Table 3. It can be seen from the figure that the lower the
activation energy of samples, the higher the ionic conductivity of the samples. Therefore, the
decrease in E; value will lead to higher ionic conductivity of samples, indicating that the H* ions only
need a small amount of energy to promotes ionic mobility and diffusion within the polymer's
backbone to increase ionic conductivity [26].
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3.3 Dielectric Study Analysis

The conductivity behavior of the biopolymer electrolytes was further examined through dielectric
studies which determine the molecular behavior of the polymer electrolytes. The dielectric studies
investigated the storage of charges and energy loss during the movement of the ions inside the
electrolytes which are represented by the real part of dielectric constant (€;) and imaginary part of
dielectric constant (&), respectively [27]. The real part (&) and imaginary part (€;) were calculated

using Eq. (4) and Eq. (5), where C, = % ,& =8.55x10712 Fm?, w = 2nf.

Zi

&) = e szn “@
Zy
(o) = e Gl

The frequency dependence for &, and &; of 2-HEC/AF samples at different temperatures is plotted
as shown in Figure 7 and Figure 8 respectively. The common pattern shown in the figures is that the
dielectric permittivity is inversely proportional with the frequency where the dielectric permittivity
decreases as frequencies increases. Based on both graph for &, and ¢, the plot can be generally
classified into two parts where at low frequency, the significant increase in dielectric permittivity
indicates the effects of electrode polarization due to the occurrence of space charge [28]. Meanwhile
at high frequency, the reversal of electric field occurred rapidly, which prevented more ions diffusing
in either direction of the field, thus leading to reduction in dielectric permittivity [29]. The presence
of hump in the graph of &; can be attributed as occurrence of structural relaxation process where the
rearrangements of molecules in polymer chains become more active and has reach its maximum
intensity which enhanced the ion mobility in system [30]. It also can be observed that both &, and ¢;
increase along with the increase in temperature. The thermal energy supplied to the electrolyte
system allows the ions to diffuse more within the host polymer as it can easily overcome
intermolecular forces and energy barriers at elevated temperatures. Thus, the dissociation of AF salt
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into NH4* and HCOO' ions will also increase resulting in higher density of charge carriers within the
polymer electrolyte which aid in enhanced the ionic conductivity.
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Fig. 7. Frequency dependence of & for (a) AFO, (b) AF10, (c) AF20, (d) AF30, and (e) AF40 at
different temperatures

The dielectric behavior for SBEs samples is further studies through the electrical modulus. The
equations for real part (M) and imaginary part (M) of electrical modulus can be calculated from the
dielectric permittivity using the following Eq. (6) and Eq. (7);

Er

Mr(w) = (£T2+$i2) (6)
&i

M;(w) = E2ie?) (7)
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Figure 9 and Figure 10 depicts the real part of electrical modulus (M;) and the imaginary part of
electrical modulus (M) against frequency for selected samples of 2-HEC/AF (AFO, AF10, AF20, AF30
and AF40) at elevated temperature respectively. Based on the figure in the plot of M, and M, the
lengthy tail seen at the lower frequency is mostly attributed to the suppression of the electrode
polarization (EP) effect involved in the electrical modulus study [24]. This observation of the long tail
at M, and M is supported by the high value of the dielectric constant at low frequencies as seen in
Figure 7 and Figure 8. Besides, it can be observed that the curve for both M,and M, shifted towards
the right side of higher frequencies with an increase in temperature. The shift of the curves alongside
the decrease in modulus value for M-and M; are due to the increase in temperature which lead to
shorter rate of relaxation process thus improved the mobility of ion and conductivity [31]. From this
study, it can be concluded that as the temperature increases, the relaxation time decreases leading
to an increase in ion mobility and ionic conductivity of the system.
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66



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 126, Issue 1 (2025) 1-16

s
50 500 5000 50000 500000
50 500 5000 50000 500000
log f (Hz) log f (Hz)
(a) (b)
0.4 0.12 ]
303K -
213k 0.1 A 1 0303K
03 - o 4 C a313K
| ©323K 0.08 - d
|« 333 ~ g 323K
s 02 A 1 oza3¢ S 006 5 333K
A 5 343K
353K 0.04 A 50 500 5000 50000500000 8
0.1 4 £ 4 0363K log f (Hz) 353K
44| w373k 0.02 363K
o 4 ék | o4 : = 373K
50 500 5000 50000 500000 50 500 5000 ~ 50000 500000
log f (Hz) log f (Hz)
(c) (d)
0.1 |
' e
0.08 - 0.75 : 303K
S os o 431K
0.06 - 8 o323
- 0.25 ]
S o 333K
o 3 .
0.04 v y ] 343K
50 500 5000 5000
tog fHz) 353K
0.02 - | 0 363K
s = 373K
O ——— i
50 500 5000 50000 500000
log f (Hz)
(e)

Fig. 10. Frequency dependence of M; for (a) AFO, (b) AF10, (c) AF20, (d) AF30, and (e) AF40 at

elevated temperatures

3.4 lon Transport Parameters Analysis

A study on transport parameters was carried out in order to determine the system's diffusion
coefficient (D), ion mobility (1), and total number of mobile ions (n). The Rice and Roth model is used
to measure the transport parameters in the polymer electrolyte based on the collected data of
impedance spectroscopy. Rice and Roth were chosen because the system obeyed the Arrhenius law,
where conductivity increases as temperature increases [32]. Based on Rice and Roth model, energy
gap exists in the electrolyte where ions with mass, m, at ionic states are thermally excited to free-ion
states where the velocity required for the movement of ions can be calculated using Eq. (6), where
E, is activation energy and m is the mass of proton. The ionic conductivity from Rice-Roth model in
Eqg. (7) was derived to be used in calculating the number of mobile ions (n) by using Eq. (8), where T

is ambient temperature, e is the electric charge and 1 is finite lifetime.
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.- ®

o= % [(RZ%Z] [niv] [exp (— Ii%T)] (7)
n= 30kTm (8)

2e2E,te (_i_%)

To determine the finite lifetime of the excited free ion based on Eq. (9), the distance between the
coordinating sites where hopping of ions occurs (/) must be attained where the value of / for cellulose
fibril is generally at 1.5nm [33]. The diffusion coefficient of ions (D) and the mobility of ions (u) are
calculated by using Eq. (10) and Eq. (11) respectively.

T :5 (9)
(e

U= ; (10)

p = k' (11)
ne

The values of the transport parameters in relation to the composition of AF salt are obtained and
tabulated in Table 4. Based on the data tabulated, it can be observed n values increases alongside
with the addition of AF salt. However, AF30 shows the highest value of n although it is not the highest
conducting sample. It can be observed that there is a slight decrease in number of mobile ions at
AF40 due to the ions starting to aggregate. However, the u and D value shows different pattern where
both value increases at AF40 substantially increases in contrast to the decrease value of n. This
behavior suggests the possibility of an ion pathway existing through the polymer segmental motion
in the SBE which creates a route for the ions to move in the system. Based on Figure 4, the ionic
conductivity improvement at AF30 occurred at a higher rate compared to the rest samples. This also
coincides with the huge increase of n at AF30. The continued rise of ionic conductivity at AF40 is
believed to be due to longer formation of polymer segmental motion as the increases of salt disrupt
the hydrogen bonding in polymer chains more [34]. The elongation of polymer segmental motion
aids in efficiency of the ions movement by providing longer pathway for ions despite the aggregation
that occurred. Thus, the presence of the pathway in AF40 improved the mobility of ions and diffusion
coefficient which increase the ionic conductivity of the sample. Concisely, the ionic conductivity of 2-
HEC/AF depends on the mobility of ions (1) and diffusion coefficients (D).

Table 4
The transport parameters for 2-HEC/AF samples
Sample ox10° ™>x1022 nx10% px10?® D x 1022

(Sem™) (s) (cm) (em?Vv1ist) (em?s?)
AFO 0.02 0.97 0.04 0.02 0.01
AF10 0.20 1.09 0.13 0.09 0.05
AF20 2.02 1.27 0.30 0.42 0.29
AF30 80.90 1.32 8.85 0.57 0.41
AF40 240.00 1.69 6.92 2.17 1.97
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4. Conclusions

In conclusion, the objectives for this study are successfully achieved where the 2-HEC/AF thin film
was fabricated through the solution casting. The SBEs appeared to have a transparent physical
appearance and behaved like plastic behavior. The ionic conductivity of 2-HEC/AF samples improves
alongside the addition of AF salt until it reached 40 wt.% of AF salt where it achieved the highest
conductivity at 2.40 x 103 S/cm. At elevated temperature, the ionic conductivity of 2-HEC/AF samples
are proved to be increase linearly. The result obtained shows that SBE samples obeyed the Arrhenius
rules in term of regression value and the conductivity increases as the temperature increases. The
constant rise in conductivity mainly caused by the mobility of ions (1) and diffusion coefficients (D)
due to the presence of percolation network which create more pathways for ionic transport. Hence,
influenced the increase of ionic conductivity of samples. Nonetheless, further study needs to be done
to improve the ionic conductivity and the physical behavior of the electrolyte by adding plasticizers
or fillers to the system.
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