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Received in revised form 7 September 2024 i the battery system. This work aims to improve the ionic conductivity of the biopolymer
Accepted 18 September 2024 electrolyte based on carboxymethyl cellulose (CMC) by doping with varied ammonium
Available online 10 October 2024 formate (AFT) composition (5 — 50 wt.%). The biopolymer electrolyte was tested for its
electrical properties, using electrical impedance spectroscopy (EIS) to determine the
optimum salt concentration with the highest ionic conductivity. The sample which has
the highest ionic conductivity is the sample added with 50 wt.% of ammonium formate
which obtained at ~1.47 x 10 S/cm. Surprisingly, this SBE system shows percolation
conductivity behaviour. Within 303K—-373K temperature range, the SBE follow Arrhenius

Keywords: behaviour. The charge carrier’s transport properties improved with AFT composition
Solid biopolymer electrolyte; where the dielectric value and relaxation peak position increases with AFT. The
carboxymethyl cellulose; ammonium maximum ionic conductivity achieved, and the temperature stability shows a promising
formate; electrical properties; ionic prospect of current work for energy storage application, albeit further improvement is
conductivity still needed.

1. Introduction

The continued rise in lithium battery (LIB) consumption has raised serious concern in recent years
largely due to the safety issue in operating LIB (leakage and fire) and the sustainability of LIB core
materials in the long run since the lithium (Li) minerals are expensive and are one of the rarest metals
in earth crust [1,2]. Therefore, current battery technology needs to adopt new approaches to ensure
a safer and a feasible future. Finding alternative battery chemistries from materials which are safe,
abundant and easily accessible is important.

* Corresponding author.
E-mail address: ikmar_isa@usim.edu.my

https://doi.org/10.37934/arfmts.122.1.1930

19



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 122, Issue 1 (2024) 19-30

Solid-state proton conducting electrolyte can improve battery safety by preventing leakage, fire
and potentially increase the battery energy density [3]. To fabricate a solid-state electrolyte,
polymeric materials such as polyethylene oxide and polyvinyl alcohol can be used to develop a
polymer electrolyte (PE). PE has better interfacial for energy storage application compared to the
composite electrolyte (CE). The flexibility of PE is also an added benefit as it allows simpler energy
storage design and cell stacking [4]. Recently, the use of bio-based polymer (biopolymer) as
electrolyte  materials has garnered much attention since it possesses similar
characteristics/properties as the synthetic polymer but is more environmentally friendly [5]. The
preparation method of SBE is also much simpler and not energy intensive. Cellulose based polymer
such as carboxymethyl cellulose (CMC) has the capability to be an electrolyte material as shown in
previous reports [6-8]. However, CMC SBE has lower ionic conductivity (<107 S/cm) for any practical
application. The low ionic conductivity is due to lack of free charge carriers to facilitate conduction
process. Therefore, the charge carrier properties needed to be improved to increase the ionic
conductivity of the CMC where this can be done by doping with ionic salts.

Sodium ion (Na*) and potassium ion (K*) were mooted as the ideal alternatives to current
technology battery (Li*) since they are both metal-based and exhibits similarity in terms of charge
and the energy storage working principle. On top of that, Na* and K* have several other advantages
compared to lithium such as abundance, low-cost, non-toxic and accessible [9,10]. However, Na* and
K* ions are larger than lithium (Li*). The large ionic size is detrimental in energy storage application
as it causes slow diffusion kinetics in the electrode, substantial volume expansion during ions
insertion and causing structural collapse (crack) of the electrode. Cracking of the electrode will cause
bad grain to grain connections or detachment which leads to poor electrical conductivity, loss of
active materials and reduction of battery capacity [11]. Hydrogen or proton (H*) on the other hand,
is an interesting element as it is non-metal and abundant in nature. It is also the smallest and lightest
element on earth which makes it a promising charge carrier in energy storage as the small size and
mass is favorable in ion transport across the electrolyte and energy storage electrode [12]. Acids and
ammonium salts are two types of materials that can supply H* for conduction process though acid
suffer from chemical breakdown [13]. Ammonium salts are easy to handle and have good solubility
in many solvents thus were chosen for this research.

This research focused on improving the ionic conductivity of the CMC based biopolymer
electrolyte (SBE) by doping with ammonium salt (ammonium formate, AFT) as H* source. The CMC
was studied for its ionic conductivity behaviour with different composition of ammonium salt and
also at higher temperature. The dielectric behaviour was also investigated to understand the ionic
behaviour of the SBE.

2. Methodology
2.1 SBE Preparation

Solution casting method was used to form the CMC-AFT SBE. One gram of CMC was dissolved in
50ml of distilled water by stirring using magnetic stirrer at room temperature. Once dissolved,
different compositions of ammonium formate (AFT) salt (5 wt.% - 50 wt.%) was added into the CMC
solution and the mixture of CMC-AFT was left to stir until the AFT salt is dissolved and become
homogenous. The homogenous CMC-AFT solution was then cast into petri dish and put into oven
(50 °C) for 12 hours to dry. The AFT composition for each sample was calculated using Eq. (1) where
x is the weight of AFT salt and y is the weight of CMC polymer. The weight of AFT salt for each sample
was tabulated in Table 1.
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Table 1
The CMC-AFT SBE sample composition
Sample Weight (g) Salt wt.%
CMC AFT
AFTOO 1.00 0.00
AFTO5 0.05 5
AFT10 0.11 10
AFT15 0.18 15
AFT20 0.25 20
AFT25 0.33 25
AFT30 0.43 30
AFT35 0.54 35
AFT40 0.67 40
AFT45 0.82 45
AFT50 1.00 50

2.2 SBE Characterization
2.2.1 lonic conductivity measurement

HIOKI impedance analyzer model IM 3570 was employed to measure the impedance data of the
SBE system. Each CMC—AFT SBE sample was cut and put between stainless-steel electrode sample
holder for testing. The testing was set to frequency range between 50 Hz to 1 MHz and at elevated
temperature range between 303K to 373K. The ionic conductivity of the CMC—AFT SBE was calculated
using Eq. (2) where t is the sample thickness, Rp is the bulk resistance of the SBE extracted from the
impedance data and A is the contact area between sample and sample holder [14]. The ionic
conductivity was further analysed by fitting the conductivity to the Arrhenius relation (Eq. (3)) where
the g, is the pre-exponential factor, E, is the activation energy, ks is the Boltzmann constant and T is
the absolute temperature [15].

t

_Ell
0 = 0,expi— (3)
2.2.2 Dielectric calculation

The electrical properties of the SBE were further analysed for its dielectric constant (&/), dielectric
loss (g)), real modulus (M) and imaginary modulus (M) by using Eq. (4) to Eq. (7) respectively. Zi and
Zr are the imaginary impedance and real impedance obtained from the impedance spectroscopy
measurement. w is the angular frequency (2nf) and the G, is the capacitance in a vacuum which is
calculated using the following relation:- C, = €,A/t where &, is the permittivity of free space, A is the
contact area and t is sample thickness [16].

Zi
wCo(Zr*+Z%)

(4)

&(w) =

Zr
wCo(Zr*+Z%)

(5)

g(w) =
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2.2.3 Conduction mechanism modelling

The conduction mechanism was determined by using the Eq. (8) (Jonscher’s power law).
Resolving the gqc with Eq. (9) gives the relation as shown in Eq. (10). Here A is the temperature
dependant parameter (pre-exponential factor), w is angular frequency, s is the power law exponent
with a range of 0 < S < 1. The ¢; is the calculated dielectric loss (Eq. (5)) and &, is the permittivity of
free space (8.85 x 1012 F/m). Applying the logarithmic rule to Eq. (10) give the equation of straight
line (Eq. (11)) [17].

o (w) = Og4c + Ogc (8)
Ogc = AW® = g,6,w (9)
g = Sia)s_l (10)
lnei=ln§+(s—1)lnw (11)

3. Results and Discussions
3.1 lonic Conductivity Analysis

The calculated ionic conductivity of the CMC—-AFT SBE at 303K is shown in Figure 1. From the
figure, the ionic conductivity for the undoped SBE is at 1.63 x 108 S/cm which is similar to another
CMC based electrolyte reported [17,18]. lonic conductivity increases until sample AFT15 at 2.45 x 10
7'S/cm which is attributed to the increased number of charge carriers (H*) from the doping process.
The ionic conductivity of the SBE gradually declined at higher salt composition and reached 1.95 x
107 S/cm for sample AFT30. The decrease in ionic conductivity is believed to be due to the AFT salt
forming ion aggregates. These aggregates reduce the effective number of mobile charge carriers for
the ionic conduction process. However, ionic conductivity surges to 8.00 x 10 "¢ S/cm for sample
AFT35 and 2.33 x 10 S/cm for sample AFT40. The increasing ionic conductivity trends continued
until it reached the highest ionic conductivity of 1.47 x 10" S/cm for sample AFT50. This conducting
behaviour can be explained by using the percolation theory.

This theory deals with the connectivity of random distributed elements where insulating material
mixed with conducting material can undergo an insulator-to-conductor transition when certain
concentration threshold is reached [19-21]. At this concentration threshold, the conductivity will
increase significantly. This significant increase is because the conducting materials form a long
continuous network which facilitates fast ionic conduction. Similar observation is seen in this work
where ionic conductivity increases from 1.9 x 10”7 S/cm (AFT30) to 8.00 x 10°® S/cm (AFT35). Hence,
35wt.% of AFT salt is the threshold concentration for the AFT salt to form a continuous network. As
a note, higher AFT salt composition (>50%) samples were also prepared. However, the AFT salt
formed back on the surface of the dried samples which indicates the CMC polymer cannot solvate
the salt anymore. Therefore, it was not selected for further testing.
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Fig. 1. lonic conductivity and activation energy value of the CMC—AFT SBE

The ionic conductivity of the SBE at higher temperature is shown in Figure 2. From the figure, the
ionic conductivity value increases as the temperature increases. This increase in ionic conductivity is
attributed to improved polymer segmental motions and the ease for H* dissociations [14,15]. When
the temperature increases, the heat energy causes the polymer to vibrate and move the coordinating
site closer to the neighbouring chain. This subsequently reduces the energy required for H* to initiate
conducting process (hopping to coordination site). The activation energy (Eq) of the SBE is calculated
from fitting Arrhenius relation (Eq. (3)) with the ionic conductivity and temperature tested. When
fitted with the Arrhenius relation, the ionic conductivity trend against temperature shows linear
relation where the regression value (R?) was found to be between 0.97 — 0.99 (Table 2). This proves
that the SBE are thermally activated and obey the Arrhenius rule [22].
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Fig. 2. The ionic conductivity plot of CMC—AFT SBE between 303K to 373K

The E, of the SBEs was calculated from the gradient of the ionic conductivity plot of the CMC-AFT
SBE between 303K to 373K where the value is illustrated in Figure 1 and the tabulated in Table 2.
From the table, the E; value for the CMC—AFT SBE is in inverse trends compared to the ionic
conductivity trends where the E, decreases until AFT15 before it slowly increases until AFT25 and
steadily dropped at higher AFT composition. The E; value dropped until it reached the lowest value
at AFT50 which corresponds to the sample with the highest ionic conductivity. This shows the H*
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need lower energy to start the conduction process (releasing and coordinating) thus the high ionic

conductivity at AFT50.

Table 2

The ionic conductivity value of the CMC—AFT SBE sample with the regression value

(R?) and activation energy (E.) of the sample

Sample lonic conductivity, o (S/cm) Regression Activation energy,
303K 373K R? Eq (eV)
AFTOO 1.63 x 108 6.72 x 107 0.977 0.571
AFTO5 4.42 x10® 9.86 x 10”7 0.985 0.477
AFT10 4,74 x 108 1.57 x 10 0.993 0.519
AFT15 2.45 x 107 6.84 x 10°® 0.991 0.493
AFT20 2.02 x 107 9.55x 10 0.989 0.511
AFT25 1.60 x 107 8.42 x 10°® 0.991 0.585
AFT30 1.95 x 107 1.19x10° 0.993 0.563
AFT35 8.00 x 10°® 2.45 x 107 0.989 0.440
AFT40 2.33x10° 1.77 x 104 0.988 0.268
AFT45 4.87 x 10 2.47 x 104 0.972 0.244
AFT50 1.47 x 10* 7.02 x 104 0.983 0.187

3.2 Dielectric Analysis

Dielectric constant, &, property in SBE indicates the stored charge capacity of the SBE when
polarized by electric field thus further verify the ionic conductivity behaviour [23,24]. The dielectric
properties of the SBE were calculated using Eq. (4) to Eq. (7). Figure 3 shows the &, value at selected
frequency (1KHz) for each CMC—AFT SBE samples at 303K. The value shows trends similar to the ionic
conductivity value where the value increases to AFT15 then slightly reduces until AFT before they
further increase back at AFT35 until AFT50. The increase dielectric value is due to the low lattice
energy of AFT salt (~737 KJ/mol) which allow for H* to dissociate from ammonium salt when induced

by electric field thus increasing SBE’s ability to store charges as AFT salt increases [25].
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Fig. 3. The Dielectric constant value of CMC—AFT SBE at selected frequency

Figure 4 shows the dielectric constant (&;) plot for selected CMC—AFT SBE samples (AFTO0, AFT10,
AFT20, AFT30, AFT40, AFT50) at higher temperature (303K — 373K) and at frequency range of 50 Hz
to 1MHz. Similar trends for all CMC—AFT SBE samples can be seen where the ¢, value is higher at the
low frequency region. The value then gradually declines as frequency increases and becomes
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saturated at very high frequency region. The high &, value at low frequency indicates that the SBE is
capable of polarizing along the electric field direction especially for the samples at higher AFT
composition. This is due to the AFT low lattice energy, making it more susceptible for H* dissociation
with the electric field. At higher frequencies, the electric field direction changes at higher rate which
causes the H* lagging to diffuse towards the electric field direction [16]. This reduces the time for H*
to be polarize, resulting in reduced dielectric value. At the very high frequency (4 > w > 6), the H* are
stuck within their potential well thus impedes their polarization, which resulted in the flat dielectric
value shown in the figure.
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Fig. 4. Dielectric constant for selected CMC—AFT SBE at higher temperature

The increase in €, value with temperature for all CMC—AFT SBE samples can be explained by two
factors. The first is due to the increased dissociation of H* from AFT salt due to increase in heat
energy. The second factor is the increased polymer segmental motion which improved the H*
migrations. At higher temperature, similar behaviour was seen for all SBE samples across the tested
frequency where the &, value is higher at low frequency region and gradually decreases. However,
the increased AFT salt dissociation and segmental motion still unable to follow the fast electric field
changes at high frequency regions (4 > w > 6), thus the flat dielectric value seen in the figure.
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The dielectric was further analysed for the dielectric modulus. The dielectric modulus
corresponds to the physical relaxation process in the SBE by eliminating the electrode polarization
and other interfacial effects [26-28]. The plot of imaginary modulus for selected CMC—-AFT SBE
samples (AFTOO, AFT10, AFT20, AFT30, AFT40, AFT50) at 303K temperature are shown in Figure 5.
Clear relaxation peaks (single peak) within the tested frequency range can be seen for sample AFTQO0,
AFT10, AFT20 and AFT30. The relaxation peaks indicate the H* ability to move within the SBE. The
region between the low frequency to the relaxation peak (Mmax) shows the mobile H* ability to
migrate on long distances while the region from the Mmax to the highest frequency shows the H*
mobility is on short distances due to being confined to their potential wells [29]. The relaxation peak
can be seen to shift to higher frequency as the AFT salt increases. The shift is due to the AFT salt
dissociation into free H* and migrate with the electric field, hence the relaxation peak shift. No
relaxation peak was observed for AFT40 and AFT50, instead both sample shows a very low M, value
and slightly increases at the very high frequency. No relaxation peak observed is believed due to the
limitation of frequency tested (fmax = 1 MHz).
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Fig. 5. Dielectric modulus for selected CMC—AFT SBE at 303K temperature

Figure 6 shows the dielectric modulus for selected CMC—AFT SBE (AFT0O, AFT10, AFT20, AFT30,
AFT40, AFT50) at higher temperature. The relaxation peak shown to shift to higher frequencies as
temperature increased. When the temperature increases, the H* movement improves (faster) due to
the excessive energy absorbed (temperature). The H* can hop to the adjacent coordination site when
induced by the electric field. This allows for H*to move farther with the electric field orientation thus
the ionic conductivity of the SBE rises at higher temperature. The observed peak also appears to be
asymmetrical to the centre of the peak (Mmax). This shows that the CMC—AFT SBE follows non-Debye
relaxation behaviour where different relaxation processes occurred within the SBE which could be
associated to the AFT salt aggregation and polymer chain motion [30]. Relaxation peak is not present
for AFT40 and AFT50 sample as temperature increases due to the limitation of frequencies tested.
However, the M, value appears to shift to a higher frequency with increasing temperature which
means that H* could migrate farther within the SBE.
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Fig. 6. Imaginary modulus for selected CMC—AFT SBE at higher temperature
3.3 Conduction Mechanism

The mechanism in which the H* moved in the SBE was analysed using Jonscher’s universal power
law relationship (Eq. (8) to Eq. (11)) and fitted to different conduction mechanism model namely as
correlated barrier hopping (CBH), quantum mechanical tunnelling (QMT), overlapping large polaron
tunnelling (OLPT) and non-overlapping small polaron tunnelling (NSPT) [31,32]. The S value
represents the degree of interaction between mobile ions with the surrounding lattices [33].

The S value against temperature (T) was extracted from the gradient of In &; with In w plot (Figure
7(a)) at high frequency region (12 < In w < 14) to remove the effect of space charge polarization. The
variation of S with T is plotted in Figure 7(b). Based on the figure, the value of S shows miniscule
variations within the temperature range (303K —373K) resulting in a very low gradient value (-0.0003x
+ 0.2771) and can be assumed to be temperature independent. Therefore, the conduction
mechanism for the AFT50 can be explained by the QMT model. In this model, polarons (made up of
H* and the stress field) can tunnel through the potential barrier between the coordination sites which
are usually forbidden in the classical model for conduction process. The tunnelling process explained
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how ionic conductivity increases at higher AFT salt composition and the low activation energy, E,.
Similar conduction mechanism was also attained in the CMC-Ammonium nitrate SBE system reported
previously [17].
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Fig. 7. (a) The plot of In & against In w to extract S value. (b) the variation value of S at different
temperatures, T

4. Conclusions

The CMC based SBE ionic conductivity and electrical properties has clearly improved from the
doping of ammonium formate salt. The highest ionic conductivity of the CMC—AFT SBE achieved is
1.47 x 10* S/cm and is thermally stable up until 373K. The CMC-AFT SBE also follows the Arrhenius
behaviour (R*~1). The ionic conductivity trends shows that percolation network existed at higher salt
composition and is supported from the disappearance of relaxation mechanism in dielectric analysis.
The low E; value coupled with the QMT model supports the percolation behaviour observed in the
SBE system. Therefore, the effect of percolation should be considered before deciding the range of
salt composition for a new polymer electrolyte system with the highest ionic conductivity. The
highest ionic conductivity achieved was just above x 104 S/cm, so it is not suitable for electrochemical
application. Therefore, the SBE needs to be improved further before the SBE can be applied and
tested in electrochemical application. The incorporation of plasticizer or oxide-based filler can further
improve the ionic conductivity of the CMC-AFT SBE.
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