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Abstract

Carboxymethyl cellulose (CMC) derived from kenaf bast fiber complexed with
sodium acetate and integrated with ionic liquid 1-butyl-3-methylimidazolium chlo-
ride, [Bmim]Cl, was investigated as potential biosourced polymer electrolyte. The
highest ionic conductivity of (4.54+1.2)x 107> S cm™' was obtained after intro-
ducing 30 wt% [Bmim]Cl with respect to the weight of CMC. Infrared spectro-
scopic analysis revealed the interaction of the polymer host with the sodium salt
and ionic liquid. Ion transport analysis showed that charge transport in the biopoly-
mer electrolyte system occurred predominately with ion and sodium ion transfer-
ence numbers of 0.129. Linear sweep voltammetry result showed that electrochemi-
cal stability reached ~2.9 V, showing that the biopolymer electrolyte is suitable for
practical application in electrochemical devices. Sodium battery configurations of
Na/CH;COONa-30 wt% [Bmim]Cl/I, 4+ C +electrolyte were fabricated and demon-
strated an initial discharge capacity of 1.5 mAh for 200 h with 1.6 V open circuit
potential.

Keywords Battery - Biosources - Cellulose - Electrochemical - Energy storage

Introduction

Over the past decades, energy storage has become a global concern as a result of
skyrocketing energy demands and the growing understanding of the environmental
consequences of using fossil fuels. A strong call for alternative energy sources has
been initiated worldwide to address these problems. The increasing use of renewable
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energy sources (wind, solar, etc.) is facing several crucial challenges including mod-
ulating variable renewable resources from time to time, integrating them into the
grid smoothly and balancing electricity generation and demand in peak and off-peak
periods [1-4]. The exploration of energy storage technologies especially battery
technology for large-scale storage is essential and could be a solution to these global
concerns [5].

The most common type of rechargeable batteries found in almost all portable
electronic devices is the lithium-ion battery (LIB). Li-based electrochemistry has
several merits such as small ionic radius size (allows rapid diffusion in solids), low
redox potential versus the standard hydrogen electrode, and facilitation of high
cell voltage, high energy density and low weight (enables the use of high-specific
energy devices) [6-10]. Aside from these properties, LIBs have a long cycle life and
rate capability, making this technology dominate the portable electronics market.
Although LIBs remain to be an important energy storage technology, many concerns
such as massive consumption of limited Li resource high cost and long-term avail-
ability have arisen. Increasing Li utilization in medium-scale automotive batteries
will ultimately increase the price of Li compounds, thereby making large-scale stor-
age prohibitively expensive. Moreover, current lithium battery technology has limi-
tations such as unstable metal electrolyte interfaces, volatile and potentially flamma-
ble electrolytes [11-13].

As a potential solution to overcome the issues related to LIBs, the use of Na in
batteries could economically mitigate the shortage of Li due to the high abundance
and broad distribution of Na sources [14]. Given that Na is located just below Li in
the s orbital, similar chemical approaches, such as synthetic strategies, intercalation,
conversion chemistry and characterization methods that are utilized in materials for
LIBs could be applied to investigate materials for Na-ion batteries (NIBs) efficiently
[15, 16]. The large size and different bonding characteristics of Na ions influence the
thermodynamic/kinetic properties of NIBs, leading to unexpected behaviors in elec-
trochemical performance and reaction mechanism in comparison with LIBs. Moreo-
ver, Na (when used as secondary batteries) is inexpensive and has a low toxicity,
low atomic mass and a suitable redox potential; hence, NIBs have great potential
for energy storage applications [17-19]. Focusing on the NIB topic, Bella et al. [20]
attempted to synthesize poly(glycidyl ether)s from industrial byproducts doped with
sodium bis(fluorosulfonyl)imide, and obtained conductivity exceeding 107> S cm™!
and a reasonably wide electrochemical stability. Chen et al. [21] developed NIBs
by using a flexible PPEGMA-based gel polymer electrolyte (PGT32-5%) plasticized
by non-flammable triethyl phosphate and supported by glass fiber. The highest con-
ductivity of 9.1x107™* S cm™' was obtained at 27 °C and a wide electrochemical
window (4.8 V).

The present work aims to develop a new type of Na ion conducting biopolymer
electrolyte (BPE) integrated with ionic liquid acting as a plasticizer and carboxy-
methyl cellulose (CMC) derived from kenaf bast fiber serving as the polymer host.
Limited work has been conducted on the use of biopolymer-ionic liquid to develop
NIBs. With this situation as motivation, this study attempted to produce CMC-
CH;COONa-Bmim[Cl] biopolymer electrolytes. The resultant electrolyte films were
characterized through Fourier transform infrared analysis (FTIR), scanning electron
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microscopy (SEM), thermogravimetric analysis (TGA), electrochemical impedance
spectroscopy (EIS), chronoamperometry (1, and #,) and linear sweep voltammetry
(LSV).

Experimental
Materials

Kenaf Fiber Industry Sdn. Bhd. (Malaysia) provided raw kenaf bast fibers as the
main material to be isolated to cellulose and subsequently to CMC via chemical
modification in accordance with previous work [22]. Sodium hydroxide (99%), iso-
propanol (98%), sulfuric acid (98%), glacial acetic acid (99.5%), monochloroacetic
acid and sodium chlorite (80%) were purchased from Sigma-Aldrich and Systerm-
chemAR. These chemicals were used without additional purification.

Preparation of electrolytes

Chemically purified cellulose from kenaf bast fiber was isolated in accordance with
a previous study [22]. The cellulose was modified into CMC, and its degree of
substitution value was 1.49. Conventional solution casting was conducted to form
thick electrolyte films with a concentration variation of CH;COONa (10, 20, 30
and 40 wt%). The solid components were dissolved in 40 ml of 1% acetic acid at
room temperature. Complete dissolution was obtained after a few hours of stirring
at ambient temperature by using a magnetic stirrer. The homogeneous solution was
then transferred into glass Petri dishes and left to dry to form thin films. All films
were relocated to desiccator for further drying.

Electrolytes characterization

Chemical interactions were investigated using a Perkin Elmer Frontier (FTIR) spec-
trometer equipped with attenuated total reflection (ATR). The sample was placed
on the top of a diamond surface. A pressure arm applied force on the sample, and
infrared light passed through the sample. FTIR spectra were recorded in the spec-
tral range of 4000-550 em™! (1.0 cm™) at a scan resolution of 2 cm™! at room
temperature. The FTIR data were recorded in transmittance mode. The surface
morphology of each biopolymer electrolyte (BPE) film was observed using a Zeiss
EVO MAI10 scanning electron microscope at 500, 1000 x and 2000 X magnifica-
tion (minimum instrumentation resolution of ~ 100 nm) with a 10 kV electron beam.
BPE samples were sputter-coated with gold by coating a machine for 90 s before
analysis to prevent charging. Thermal analysis of BPE films was conducted from
ambient temperature to up to 600 °C (+ 1.0 °C instrument accuracy) at a heating rate
of 10 °C min~! by using a Setaram EVO Labsys thermal analyzer in nitrogen atmos-
phere. The data were then analyzed with Calisto software. Impedance measurement
of the films was performed with a Solartron 1260 impedance/gain phase analyzer at
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a frequency range of 10 Hz to 4 MHz (4 1.0% accuracy). Impedance spectroscopy
was used to determine the ionic conductivity of the BPE films at a temperature range
from 30 to 65 °C. The films were cut into a suitable size and sandwiched between
two stainless steel electrodes with a diameter of 2 cm under spring pressure; the
electrodes were connected to a computer [23]. Ionic transference number measure-
ment was conducted using a direct current polarization technique by monitoring the
polarization current as a function of time. The current decayed gradually with time
and approached the steady state (saturated). The biopolymer electrolyte films were
sandwiched between two stainless steel blocking electrodes connected to a voltage
source (1.0 V) by using Wagner’s polarization technique [24]. Na transference num-
ber measurement has also been conducted in a previous work by sandwiching a BPE
between Na metal layers on the top of a steel blocking electrode connected to a volt-
age source [25]. Solid-state electrochemical cells were fabricated with a configura-
tion of Na/CMC-CH;COONa-30 wt% [Bmim]CV/I,+C+ electrolyte. The discharge
characteristics of the cells were monitored under a constant current of 0.1 mA and
tested using a NEWARE BTS 3000 battery tester interfaced with a computer. Exper-
imental and measurement errors were calculated based on the standard deviation of
a minimum of three independent samples measured.

Results and discussion
Fourier transform infrared spectroscopy

FTIR spectroscopy was performed on the CMC-CH;COONa-[Bmim]ClI biopolymer
electrolyte films to explore the interactions among the host polymer, ionic salt and
ionic liquid. The FTIR spectra of pure CMC, CMC-30 wt% CH;COONa and CMC-
CH;COONa containing 30 wt% [Bmim]Cl in the 4000-550 cm™" spectral range are
shown in Fig. 1. Figure 1c shows the effects of CH;COONa salt on the CMC FTIR
spectrum. The stretching mode of COO™ in the carboxylic group attributed as the
main backbone of CMC was detected at 1552 cm™! [26, 27].

The symmetry of the C=O stretching band of CMC shifted from 1597 to
1548 cm™! after the addition of CH;COONa to the CMC-salt system. This result
suggests that the cation (Na*) substructure in CH;COONa interacted with (C=0)
in pure CMC. Characteristic C—O stretching on the polysaccharide skeleton [28, 29]
was observed at 1040 cm™!. The minor shifting of the band at 1057 cm™' to low
wavenumbers proves that complexation had occurred. The bands observed at 1411
and 1325 cm™! were due to the stretching mode of —CH, scissoring and the —OH
bending vibration of CMC, respectively [30].

The introduction of 30 wt% [Bmim]Cl to the biopolymer electrolyte system
shifted the asymmetric stretching of COO™ in CMC-CH;COONa at 1552 cm™! to a
high wavenumber (1565 cm™!). Samsudin and co-researchers [31] reported a similar
effect in their study where the asymmetric stretching peak of COO™ in carboxym-
ethyl carrageenan shifted to a high wavenumber upon the inclusion of an ionic lig-
uid. This result reveals that [Bmim]Cl was successfully integrated into the biopoly-
mer electrolyte complexes. The incorporation of [Bmim]Cl theoretically weakened
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Fig.1 FTIR spectra of a sodium acetate salt, b [Bmim]Cl, ¢ CMC-CH;COONa, d CMC-
CH;COONa-10 wt% [Bmim]Cl, e CMC-CH;COONa-20 wt% [Bmim]Cl, f CMC-CH;COONa-30 wt%
[Bmim]Cl and g CMC-CH;COONa-40 wt% [Bmim]Cl

the dipole—dipole interactions in the polymer chains, thus reducing the solvation of
Na™ by the polymer matrix and enhancing the segmental motion of the biopolymer
electrolytes.

Surface morphology

Figure 2 illustrates the surface morphology of the pure CMC, CMC-CH;COONa
and CMC-CH;COONa-30 wt% [Bmim]Cl films at 1000 X magnification. As shown
in Fig. 2a, pure CMC had a rough and uneven surface, and a few cubic shapes of
various sizes were visible in a certain area. When CH;COONa was complexed
with CMC, the film acquired a smoother morphology than that before, as shown in
Fig. 2b. With the addition of [Bmim]Cl, the film surface was further smoothened as
illustrated in Fig. 2c, indicating that the sample was highly amorphous. This result
might be due to the plasticizing effect of [Bmim]Cl, which acted as a plasticizer in
the polymer host.

Thermal properties

Figure 3 shows TGA curves of CMC-CH;COONa comprising 0, 10, 20, 30 and
40 wt% of [Bmim]Cl biopolymer electrolytes. As can be observed from the TGA
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Fig.2 Surface morphology of a pure CMC, b CMC-CH;COONa and ¢ CMC-CH;COONa-30 wt%
[Bmim]ClI films
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Fig.3 TGA curves of CMC-CH;COONa containing a 0 wt%, b 10 wt%, ¢ 20 wt%, d 30 wt% and e
40 wt% of [Bmim]Cl
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curves, two distinct stages occurred. Initial loss occurred around 16.57-18.2% (at a
temperature range of 30 to 120 °C) in all BPE films, which can be explained by the
existence of entrapped moisture in the films [32]. Edmond and co-workers [33] also
obtained comparable observations in their study. This result can be explained by the
capability of the biopolymer to capture moisture from its environment throughout
the evaporation of solvents in the BPE films [34]. The second loss was attributed to
the decarboxylation of CMC.

The incorporation of [Bmim]Cl into the CMC-CH;COONa system produced an
enhancement in thermal stability and heat resistivity, confirming that the ionic lig-
uids in the polymer electrolytes played an important role in enhancing the thermal
properties [35]. Upon the addition of [Bmim]Cl, the decomposition temperature T
increased. However, the total weight of the BPE film decreased. Figure 3 indicates
that the BPE samples doped with 30 wt% of [Bmim]Cl exhibited the highest 7 at a
temperature of 307.5 °C with a total weight loss of 66.8%. This phenomenon can be
explained by the loss of COO™ from the CMC backbone [36], which interacted with
CH;COONa and [Bmim]Cl as discussed in FTIR results. However, T, increased lin-
early upon the incorporation of [Bmim]CI which may be explained by the compl-
exation that occurred and required a high temperature to disrupt the bonding [37].
Moreover, the existence of an amorphous region in the BPE film enhanced the heat
sensitivity. Given the thermal stability, only a small amount of the monomer was
detached from the complex structure of the BPE, thus reducing the total weight loss.

Analysis of electrochemical properties
Complex impedance spectroscopy analysis

The Nyquist plot of the BPE film of the CMC, 30 wt% CH;COONa, 30 wt% [Bmim]
Cl system at various temperatures is displayed in Fig. 4. No semicircle is found in
the plot, indicating the dominance of the resistive and constant phase element of the
polymer electrolyte system [38]. The Nyquist spectra showed a low-frequency spike,
suggesting that ions were the main contributor to conduction. A comparable obser-
vation was acquired by Jacob et al. [39]. Spikes at an angle of less than 90° to the
real axis were achieved in this study because of the diffusion on the rough electrode
electrolyte interfaces [40]. Conductivity was calculated using:

t

"= Ra 0

where ¢ is the sample thickness, Ry, is the bulk resistance, and A is the surface area.
The Nyquist plot of the CMC-CH;COONa impregnated with 30 wt% [Bmim]Cl
film BPE at various temperatures is depicted in Fig. 4. Conductivity increased to an
optimized value of 30 wt% [Bmim]Cl and settled at 40 wt% [Bmim]Cl. The pristine
CMC conductivity was (7.51+1.4)x 107> S cm™', and CMC-30 wt% CH;COONa
possessed a conductivity value of (2.83+1.1)x10™> S cm™!. The conductivity
enhanced to (2.92+1.2)x 107> S cm™! upon the incorporation of 10 wt% of [Bmim]
Cl. The highest conductivity value of (4.54+1.2)x 107> S cm™! was achieved with
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Fig.4 Nyquist plot for CMC-CH;COONa impregnated with 30 wt% [Bmim]Cl film at various tempera-
tures

30 wt% loading of [Bmim]Cl. The increasing trend of conductivity with [Bmim]Cl
addition can be explained by the ion mobility addition in the polymer electrolyte sys-
tem. This phenomenon is the result of the [Bmim]Cl plasticizing effect. This effect
weakens dipole—dipole interactions in the polymer chains, thus reducing the solva-
tion of Na* by the polymer matrix. Hence, it promotes ionic decoupling, enhances
the dynamic free volume of the polymer system and improves the ionic conductiv-
ity [41]. According to Anuar et al. [42], an ionic liquid weakens polymer—polymer
chain interactions and decreases dipole-ion interactions in dopant salt. Moreover, the
plasticizing effect lowers T, softens the polymer backbone and increases the seg-
mental mobility when an electric field is applied across the biopolymer electrolyte,
leading to an increase in ionic conductivity [43] (Fig. 5).

However, after the incorporation of 40 wt% [Bmim]Cl, the ionic conductivity
decreased drastically possibly due to the formation of neutral ion/non-conducting
ion aggregates that reduce the number of mobile ions and cause the biopolymer elec-
trolytes to become increasingly dense [44]. In addition, the decrease may have been
caused by the creation of ion aggregates or ion multiples which reduce the number
of mobile ions and limit ion mobility in the biopolymer electrolytes [45, 46].

The temperature dependence of ionic conductivity was investigated to deter-
mine the effects of temperature on the studied BPE. The study of the temperature
dependence of conductivity was performed in the temperature range of 303-348 K.
This measurement can be used to analyze the mechanism of ionic conduction of
the biopolymer electrolytes. Figure 6 presents the temperature dependence with
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Fig.5 Ionic conductivity of CMC-CH;COONa-[Bmim]Cl at ambient temperature
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Fig.6 Arrhenius plots of CMC-CH;COONa containing 0—40 wt% of [Bmim]Cl
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ionic conductivity for the biopolymer electrolyte films of different [Bmim]Cl
compositions.

The linear variation of log o versus 1000/7T suggests Arrhenius behavior or ther-
mally assisted behavior of ionic conductivity as expressed by:

o =oyexp (—E,/kT) )

where o, is the pre-exponential factor, E, is the activation energy, k, is the Boltz-
mann constant, and 7 is the absolute temperature. The regression values R* obtained
from the linear fit of Arrhenius plots were close to unity (R>~1). Conductivity did
not show any abrupt change with temperature, indicating that no phase transition
occurred in the polymer electrolytes at the selected temperature range. According
to Aziz and co-workers [47], this relation indicates that conductivity is thermally
assisted, which means that the variation in the temperature used affects the conduc-
tivity of samples. The nature of ion transport, Na* in this case, is quite similar to
that occurring in ionic crystals; that is, the ions jump into the neighboring vacant
sites [48, 49].

Activation energy, E,, is the energy required to move an ion, presupposing that
the structure remains unchanged, plus the energy required to deform the structure
enough to allow the ion to pass. E, was calculated from Eq. 2, and the results are
depicted in Fig. 7.

Comparison of Figs. 5 and 7 indicates that E, for conduction decreased
gradually with the increase in conductivity, implying that the ions in the highly

0.20

0.15 +

Activation energy, £, (eV)

0.10 T T T
0 10 20 30 40

Concentration of [Bmim]Cl (wt%)

Fig.7 Activation energy versus [Bmim]CI concentration
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conducting samples required low energy for migration. The samples with low E,
provided a small band gap, which allowed the conducting ions to be excited easily
to a free ion-like state, thereby increasing the conductivity of the samples [50].
The E, of CMC-CH;COONa integrated with 30 wt% [Bmim]CI was 0.13 eV. This
E, is considered low, suggesting that either Na*™ or [Bmim]™ would break and re-
bind the coordination bond easily with a low energy barrier.

Dielectric relaxation study is a vital tool to elucidate the relaxation of dipoles
in polymer electrolytes. In general, a polymer exhibits several kinds of dielec-
tric absorption associated with various types of molecular relaxation. Moreover,
dielectric relaxation study provides important insights into the polarization effect
at the electrode/electrolyte interface, which can help in understanding conductiv-
ity trends [51]. According to Hema et al. [52], important insights into the ionic
transport phenomenon can be obtained from the dielectric behavior of a system.
In the current research, a dielectric study was performed to obtain insights into
the ionic transport phenomenon of the CMC-CH;COONa-Bmim[CI] biosourced
polymer electrolytes. The measured impedance data were used to calculate the
real and imaginary parts of complex permittivity. Liedermann and Lap&iK [53]
stated that information on the motion of entities having an electric charge or an
electric dipole moment can be obtained through dielectric analysis. Dielectric
studies have examined two important parameters, namely dielectric constant, &,
(known as storage component), and dielectric loss, ¢; (used to measure the energy
loss for each cycle of the applied electric field) [52]. Both components can be cal-
culated using the equations:

Z;
O a7 ) ®
() %
() = ———
’ wCy(Z2+7?) @

where C,=¢,A/t, w=2xf (f is frequency), Z, is the real part of impedance, Z; is the
imaginary part of impedance, A is the electrode—electrolyte contact area, and ¢ is the
thickness of the electrolyte.

Graphs of the dielectric constant and dielectric loss for the sample with
the highest ionic conductivity of the CMC-CH;COONa-Bmim[Cl] system
are depicted in Figs. 8 and 9, respectively. The incorporation of ionic liquid
Bmim[Cl], which acts as a plasticizer, into CMC-CH;COONa complexes is
expected to increase the degree of salt dissociation and enhance the number of
free ions. Therefore, the increase in conductivity is due to the association of ions
or decrease in mobility of the ions [54]. Figure 8 indicates the variation in &, and
g€; with angular frequency could be attributed to the formation of a space charge
region at the electrode—electrolyte interface. This condition confirms non-Debye
dependence and implies that the charge region with respect to frequency can be
explained in terms of ion diffusion [50, 55]. No appreciable relaxation peaks were
observed in the frequency range employed in this work.
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Fig.8 Dielectric constant of CMC-CH;COONa-30 wt% Bmim[Cl] biosourced polymer electrolyte
recorded at different temperatures
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The dielectric plot in Fig. 8 illustrates a high value of dielectric constant ¢, in the
low-frequency region. This phenomenon can be explained by the presence of block-
ing electrodes because the transfer of mobile ions in the external circuit could not
be permitted, resulting in ion accumulation near the electrode and emergence of the
bulk polarization effect in the materials [56]. Furthermore, the dipoles were unable
to keep in pace with the fast-changing field due to the enhancement of frequency.
This situation led to a drop in ¢, values with increasing frequency [57]. Meanwhile,
dielectric loss ¢; increased at low frequencies, as depicted in Fig. 9, which can be
explained by the free charge motion built up at the interface between the materials
and electrodes. The ¢; trend showed the appearance of a dominant dielectric relaxa-
tion peak, whose maximum shifted gradually with the increment in frequency as the
temperature increased. This high-frequency f-relaxation peak may have been by the
side group dipoles [56].

Dielectric constant ¢, and dielectric loss ¢; increased with temperature, and this is
due to the migration polarization of the mobile ions [58]. This phenomenon explains
that heat or temperature increased the degree of salt dissociation and re-dissociation
of ion aggregates, resulting in the enhancement of conductivity due to the increased
content of free ions or charge carrier density. On the other hand, the value of e,
and ¢; decreased with increasing frequency due to the high periodic reversal of the
applied field. Therefore, the charge did not have enough time to build up at the inter-
face. The polarization due to charge accumulation decreased, leading to a drop in
the values of ¢, and ¢; [59, 60]. Further investigation of such dielectric behavior can
be successfully achieved via a modulus study, which suppresses the effect of elec-
trode polarization [61].

Transference number measurement

The normalized polarization current time plot for CMC-CH;COONa containing
30 wt% [Bmim]Cl biopolymer electrolyte is shown in Fig. 10. The value of ionic
transference number, ¢, and electron transference number, f,, may be derived using
the equation:

I — 1,
tionz TIT - (5)
1
t==
= ©

where I, is the total initial current at start (#=0) (ionic and electronic) and I is the
current on saturation (electronic current only); both are determined from the plot of
normalized polarization current versus time.

The initial total current decreased with time due to the depletion of the ionic spe-
cies in the biopolymer electrolytes and became constant in the fully depleted situa-
tion. Ionic migration occurred until the steady state was achieved. In the steady state,
the cell was polarized, and any residual current flow was due to electron migration
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Fig. 10 Normalized polarization current versus time for the biopolymer electrolyte film of CMC-
CH;COONa-30 wt% [Bmim]Cl

across the electrolyte and interfaces. This phenomenon will occur if the biopolymer
electrolyte is primarily ionic. The ionic currents through an ion-blocking electrode
decrease rapidly with time [62, 63].

The ¢ values for CMC-30 wt% CH;COONa and CMC-CH;COONa-30 wt%
[Bmim]Cl electrolyte films are presented in Table 1. # for CMC-CH;COONa
was 0.99, showing that this system acted as an almost perfect ion conductor. This
performance can be ascribed to the contribution of Na* ions from CH;COONa
complexed with CMC. The result also suggests that the charge transports in the
CMC-CH;COONa system were predominantly due to ions with only a negligible
electronic contribution [64].

The integration of [Bmim]Cl into the CMC-CH;COONa BPE resulted in a reduc-
tion in #. Ramamohan and co-researchers [65] reported a similar reduction in
when a plasticizer was added to a (PEMA +PVC+NalO,) system. The decrease in
t, of the BPE was due to the increment in the number of ion pairs and neutral ion

Table 1 Biopolymer electrolytes

. Biopolymer electrolyte film Transport number
transport numbers at ambient
temperature t t, Totat ¢
CMC-CH;COONa 0.99 0.01 1.00

CMC-CH;COONa-30 wt% [Bmim]Cl 0.95 0.05 1.00
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aggregates that did not contribute any impact on ionic conduction. Meanwhile, a
high 7 implies that most of the charge carriers in the BPE are ions.

The cationic transference number of the CMC electrolytes was determined with
the Bruce and Vincent method as follows:

I, [ AV —1I,R,
-2l @

., ==
*T I |AV-IR

SsTTSS

where I is the initial current (1=0), R, is the electrolyte resistance before polariza-
tion, R is the electrolyte resistance after polarization, I is the steady-state current,
and AV is the applied voltage pulse (1.0 V).

Figure 11 illustrates the chronoamperometry curve for the best conducting
CMC-CH;COONa-[Bmim]|Cl. The calculated cationic transference number shows
that CMC-CH;COONa-[Bmim]Cl had a f,, =value of 0.129. The small value of
cationic transference numbers might be due to oxygen in the polymer chains that
trapped the cations electrostatically; ionic conduction was mostly contributed by
anions [66, 67].

The addition of [Bmim]Cl (Bmim™ and CI~) may decrease the fraction of Na*™
to CH;COO™ ions in the polymer. Na* ions are surrounded by large number of C1~
and CH;COO™ anions forming an ionic cluster. The cationic transference number
of electrolytes containing ionic liquid determined by Zygadlo-Monikowska et al.
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Fig. 11 Chronoamperometry curve for CMC-CH;COONa-[Bmim]|Cl electrolyte polarized with a poten-
tial 1.0 V. AC. The inset graph illustrates the impedance spectra of CMC-CH;COONa-[Bmim]ClI electro-
lyte before and after polarization
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[68] exhibited small cationic values in the range of 0.03-0.11. The work of Nied-
zicki et al. [69] also provided a low cationic transference number in the range of
0.02-0.04. The value obtained in this study is comparable with those reported in
literature. Therefore, this result indicates that the majority of ions that contribute to
ionic conductivity are not cations (Bmim™ or Na*), but most possibly anions (Cl~ or
CH,COO™ [70, 71].

Electrochemical stability

An electrochemical stability study was conducted on the CMC-CH;COONa system
incorporated with 30 wt% [Bmim]Cl because it is the best conducting BPE. Fig-
ure 12 presents a voltammogram of CMC-CH;COONa-30 wt% of [Bmim]Cl. The
graph shows that the BPE was stable until 2.9 V and it is expected to be the BPE
breakdown voltage. This result reveals that the electrolyte is ideal for the fabrication
of Na batteries.

Fabrication and performance of sodium batteries

The main components in a battery are the anode, cathode and electrolyte. Oxida-
tion occurs in the anode (negative terminal of the battery in the discharged mode),
from where electrons flow to the external circuit. Reduction occurs in the cathode
(positive terminal of the battery in the discharged mode), to which the electrons flow
into the external circuit. The anode must be an effective oxidizing agent, be stable
in adhesion with the electrolyte and have a suitable working voltage and long life
time. The cathode must have several characteristics such as being a good reducing
agent and easy to fabricate, having good conductivity and low cost. Electrolyte is
the intermediate through which ions are transported between the anode and cathode
during charge and discharge in electrochemical devices [72]. Usually electrolytes
with conductivity range between 107> and 107> S cm™! and an ionic transference
number is greater than 0.9; hence, they are suitable for battery applications [58].
The CMC-CH,COONa-30 wt% [Bmim]Cl system exhibits the highest conduc-
tivity. Therefore, this system was used as the electrolyte to fabricate Na batteries in

0.03

Current (A)
o
S

o
o
=g

Voltage, V

Fig.12 LSV curve of CMC-CH;COONa-30 wt% [Bmim]Cl
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this study. Solid-state Na batteries were fabricated with a configuration of Na/CMC-
CH;COONa-30 wt% [Bmim]Cl/I,+C +electrolyte. Figure 13 displays the schematic
architecture of the fabricated Na battery (coin cell).

From the configuration, the half-cell reactions can be written as follows.

At the anode:

Na — Nat + e~

At the cathode:
1 _ _
E(CH3COO)2 +e~ —» CH;CO0
The overall reaction can be written as:
1
Na + E(CH3COO)2 — CH;COONa

The open circuit voltage (OCV) of the constructed Na battery was monitored for
24 h and plotted against time, as shown in Fig. 14. OCV is the difference in electric
potential between two terminals of a device when it is disconnected from any circuit.
No external electric current flow existed between the two terminals. OCV is determined
to obtain the maximum voltage and stability of the battery, and the determination pro-
cess was conducted for 24 h. The OCV of the cell at ambient temperature showed an
initial voltage of 1.68 V, which decreased to 1.6 V in the first 6 h of assembly. This phe-
nomenon could be due to the oxidation of the anode [73]. The discharged capacity and
other parameters of the fabricated battery were calculated with the following formula:

Current X Voltage (in plateau region)
Weight of cell

Power density =

®)

Energy density = Power density X Discharged time (in plateau region) ~ (9)

Open circuit voltage — voltage

Internal resistance = (10)

Current

R e R L
< Avode

Q fmmmmm  Celgard/separator (with electrolyte)
N> fmmm Cathode

Fig. 13 Schematic architecture for the fabrication of coin cell
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0.8
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Fig. 14 OCV as a function of time for CMC-CH;COONa-30 wt% [Bmim]Cl

Discharged capacity = Current X Discharged time (in plateau region)  (11)

The discharge profile of the constructed NIB is shown in Fig. 15. The battery was
discharged at a constant current of 0.1 mA. The load voltage of the battery decreased
to 1.13 V from 1.54 V within 50 h after assembly. The initial sharp decrease in cell
voltage was attributed to the polarization effect and/or formation of a thin layer of
Na salt at the electrode—electrolyte interface [74]. The OCV and discharge time for
the plateau region and the other cell parameters for this cell are listed in Table 2.
The battery application indicates that this battery is suitable for low-current—density
application. However, further work needs to be done to improve the characteristics
of polymer electrolytes and obtain electrochemical cells with ideal performance.

Conclusions

The effects of [Bmim]Cl on the biopolymer electrolytes of kenaf fiber-based CMC
impregnated with CH;COONa were successfully explored. FTIR analysis con-
firmed the interaction between the polymer host with Na salt and the ionic liquid.
SEM revealed an enhancement in the amorphous region after introducing the ionic
liquid into the biopolymer system. [Bmim]Cl influenced the ionic conductivity of
the biopolymer electrolytes, and the best value of (4.54+1.2)x 107> S cm™! was
obtained for the system containing 30 wt% of [Bmim]Cl. LSV result showed that
electrochemical stability reached ~2.9 V, showing that the biopolymer electrolyte
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Fig. 15 Discharged characteristic of CMC-CH;COONa-30 wt% [Bmim]Cl

Table 2 Cell parameters of Na/

CM(;—CH3COONa—30 Wi Cell parameters gfilsecaﬁsrrg:dvgl;lisl Xf

[Bmim]Cl/I, 4+ C +electrolyte
Cell area (cm?) 1.33
Cell weight (g) 0.75
Effective cell diameter (cm) 1.3
Cell thickness (cm) 0.1
Open circuit voltage (V) 1.6
Discharged time for plateau region (h) 150
Current density (UA cm™2) 32.7
Discharged capacity (mAh) 1.5
Power density (mW kg™ 14.65
Energy density (Wh kg™!) 2197.5

is suitable for practical application in electrochemical devices. The electrochemi-
cal cell was applied with the optimized BPE film, which successfully acted as the
electrolyte and separator in the electrochemical cell.
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