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Deciphering the Role of LiClO, Salt on Electrochemical
Properties of Plasticized Biopolymer Electrolytes for
Superior EDLC Efficiency at Elevated Temperatures

Riyadh Abdekadir Khellouf*

The advancement of electric double-layer capacitors capable of operating
beyond standard conditions is vital for meeting the demands of modern
electronic applications. To realize this, huge efforts have been devoted to the
development of biopolymer-based electrolytes. This study explores the
potential application of a plasticized biopolymer-based electrolyte in electric
double-layer capacitor systems at ambient and elevated temperatures. A
plasticized Na CMC/PEO/LiCIO, electrolyte is successfully synthesized via a
solution-casting approach. Fourier-transform infrared spectroscopy and X-ray
diffraction verify the material’s chemical and amorphous structure,
respectively. The sample was designated as R20, with a salt concentration of
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inherent limitations, such as a low electrochem-
ical stability window (ESW), restricted operat-
ing temperature range, and significant safety
concerns  related to  flammability and
volatility.*] These challenges underscore the
urgent need for alternative electrolyte materials
to enhance the efficiency and safety of
next-generation ESDs. ]

Biopolymers such as starch, pectin, gum,
cellulose, agar, and carrageenan have emerged
as promising candidates to be used as electro-

lytes due to their biodegradability, non-

20 wt. % exhibits good electrochemical properties, including a high ionic over
conductivity of 3.73 X 10" *Scm ™" and a wide electrochemical stability
window of 3.2 V. The sample is placed into an electric double-layer capacitor
cell and subjected to cyclic voltammetry and galvanostatic charge—discharge
analyses at both room and high temperatures. The cyclic voltammetry test
demonstrates that the electric double-layer capacitor achieves a specific energy.['"!
capacitance (C;) of 38 F g ' at ambient temperature, which increases to

60 Fg ' at 60 °C. Additionally, the electric double-layer capacitor cell
maintains consistent performance, demonstrating stable power and energy
densities of 25 W kg ' and 6 Wh kg, respectively, under both ambient and

elevated temperatures.

1. Introduction

Energy storage devices (ESDs), such as batteries and supercapacitors,
have been extensively developed to meet the increasing energy
demands of modern society.[l] Advancements in cathode, anode, and
electrolyte materials are essential for the sustainable progression of these
technologies.”) Among these components, electrolytes play an impor-
tant role in determining the overall performance of storage systems.
Currently, most ESDs utilize liquid electrolytes, which suffer from
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toxicity, sustainability, and ability to operate
temperature and  voltage
ranges. The development of bio-based
solid electrolytes aligns directly with the
United Nations Sustainable Development Goal
(SDG) 7, which advocates for universal access
to affordable, reliable, sustainable, and clean
Additionally, this development
supports the objectives of the European Green
Deal’s Zero Pollution Action Plan by encour-
aging the adoption of eco-friendly and
non-hazardous materials as safer alternatives
to the toxic substances typically found in lig-
uid electrolytes." ! Accomplishing these goals
requires the creation of an innovative system
in which biomaterials, such as

broader
[5-9]

sodium
carboxymethylcellulose (Na CMC), can play a key role. Na CMC
possesses a high density of carboxyl (-COO) and hydroxyl (—OH)
groups along its polymeric backbone, allowing for hydrogen bond-
ing and serving as potential complexation sites for salt ions.?]
Developing high-performance Na CMC-based electrolytes is per-
ceived to be challenging, particularly the ionic conductivity, which
needs to exceed 107 *Sem™ '[! Polyethylene oxide (PEO) is
widely utilized as a polymer electrolyte in ESDs owing to its good
ionic conductivity, facilitated by numerous oxygen atoms. These
atoms can dissolve salts by forming weak interactions that support
ion tansport.!'*! However, PEO exhibits poor biodegradability,
which poses significant environmental concerns regarding its dis-
posal after use.l" To address this limitation, researchers have devel-
oped a new promising approach known as polymer blending,
which connects the limitations of PEO with the advantages of Na
CMC. This blending has the potential to significantly boost ionic
conductivity while reducing the environmental impact.!"®! It is
worth noting that ionic conductivity can be further enhanced
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through the incorporation of plasticizers such as glycerol, which
possess high dielectric constants and low molecular weights. These
properties allow plasticizers to create alternative ion pathways,
thereby increasing ionic mobility.l'’] Recently, plasticized biopoly-
mer electrolytes-based electric double-layer capacitors (EDLCs) have
gained significant attention,"'®*1 due to their excellent power den-
sity, rapid charge—discharge capabilities, and long cycling lifespan.
The carboxymethyl cellulose (CMC) membrane electrolyte has been
successfully tested for large-scale production using an upscaled pro-
cess that involves dissolving, casting, drying, and soaking. However,
its compatibility with industrial EDLC manufacturing standards may
present certain challenges, particularly in achieving optimal
electrode-electrolyte interfacial integration in commercial EDLC cells;
addressing these limitations requires further optimization of the
electrolyte and processing techniques to enhance adhesion and ionic
transport at the interface..”*) Moreover, the plasticized biopolymer
electrolytes-based EDLCs performance under elevated temperature
remains underexplored. This gap in the literature serves as motiva-
tion for developing temperature-tolerant supercapacitor-based plasti-
cized electrolytes. In line with this objective, this study aims to
create a novel plasticized electrolyte system consisting of Na CMC,
PEO, and glycerol, with various concentrations of LiClO, as the
dopant. The resulting Na CMC/PEO/LiClO, system was subjected to
a comprehensive series of analyses including Fourier-transform infra-
red (FTIR) spectroscopy, electrochemical impedance spectroscopy
(EIS), X-ray diffraction (XRD), scanning electron microscopy (SEM),
and linear sweep voltammetry (LSV). Additionally, dielectric analyses
were employed to probe the underlying relaxation processes, and
thermogravimetric analysis (TGA) was utilized to determine thermal
stability. The sample with the highest ionic conductivity was chosen
for incorporation into an EDLC cell. Its electrochemical characteris-
tics were evaluated using cyclic voltammetry (CV) and galvanostatic
charge—discharge (GCD) measurements under both ambient and ele-
vated temperatures, offering valuable insights into its suitability for
energy storage applications.

1.1. Characterizations of the Prepared Polymer Blend
Electrolytes (PBEs)

Fourier-transform infrared spectroscopy measurements were conducted
using an iS5 spectrometer, spanning a wavenumber range of 600—
4000 cm™'. XRD analysis was performed with a Rigaku MiniFlex 600
desktop diffractometer employing Cu Ko radiation, scanning from 3°
to 90° (26) at a rate of 5°min~'. Surface topography was examined
via a Phenom Pro desktop scanning electron microscope (SEM) at a
magnificadon of 1000X. In addition, thermogravimetric analysis
(TGA) was carried out on a TA Q500 analyzer over a temperature range
of 25-800 °C under nitrogen flow (20 mLmin™").

1.2. Electrochemical Measurements and Analysis of PBEs

A PG STAT 128 N Potentiostat/Galvanostat was employed to determine
the ionic conductivity and electrical characteristics of the plasticized Na
CMC/PEO/LiClO, electrolytes. Disc-shaped plasticized PBE samples,
each with a 1.6 cm diameter, were positioned within a Swagelok cell.
An AC signal of 10 mV amplitude was then applied, while sweeping
frequencies from 10 Hz to 500 kHz, to assess the impedance behavior
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of the system. Bulk conductivity (6) was calculated using the following
Equation (1):

c=— (1)

Here Ry, is the bulk resistance, A is the contact area between the
polymer electrolyte film and the electrodes, which is estimated to be
2.096 cm?, and t refers to the thickness of the electrolyte film, as
mentioned in Table 3. The previously described setup was utilized
to perform the linear sweep voltammetry (LSV) test. Sample desig-
nated as R20 was placed in a Swagelok cell and tested over a voltage
range of 0—-5V with a scan rate of 5mV s7'. To gain insight into
the electrolyte ion dynamics behavior and tangent loss, EIS data
were transformed into a dielectric format using Equations (2—4).
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€' and €” represent the real and imaginary parts of complex per-
mittivity, respectively. ® is the angular frequency, calculated as 2xf
and C, is vacuum capacitance.

The ion transport parameters (D, M, and n) are obtained by the
Arof-Noor method™* by fitting the Nyquist plot using the electrical
equivalent circuit (EEC) and transport parameters obtained by using
Equation (5):

(kz€,€0A)2

D=t (5)

T

where D is the diffusion coefficient, k;l is the capacitance of the
electric double layer formed at the electrode-electrolyte interface, €’
is the dielectric constant obtained from Equation (2), €p is the vac-
uum permittivity, A is the electrode-electrolyte contact area, and T,
is a time constant corresponding to a minimum in —Z;.

eD
= 6
W=z (6)
where | is the mobility of the charge carriers, k is the Boltzmann
constant (1.38x 10" 2*JK™"), T is the absolute temperature in
Kelvin, and ¢ is the electron charge (1.602 x 10~ C).
The number density of charge carriers (n) can be obtained using

Equation (7):

n= )

1.3. Electrochemical Characterization of EDLC Cell

The electrochemical performance of the fabricated EDLC cell, encom-
passing CV and GCD analyses, was evaluated using a Bio-Logic BCS-
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810 battery cycler at ambient and higher temperatures. CV tests were
carried out within a voltage range of 0—1 V at various scan rates of 5,
10, 20, 40, 80, and 100 mV s~ ', while GCD measurements were per-
formed at a current density of 0.05 A g™

EIS was performed to analyze the electrical properties at the interfaces
of the EDLC cell. This measurement was performed at an AC voltage of
10 mV over a frequency range of 10 Hz—100 kHz. The specific capaci-
tance was calculated using Equations (8) and (9).

_2x [1v ®)
P mvAV
i At

Cph=—X— 9

p mXAV ()

C,, represents the specific capacitance, which was calculated from the
CV curve. The term f 1dV denotes the area under the CV curve, where
m is the combined mass of both electrodes (0.02 g), v is the scan rate,
and AV is the potential window. Additionally, i representing the
applied current (0.8 mA), m refers to the mass of active material in both
electrodes, At indicating the discharge time, and AV denoting the
potential change during discharge.

The energy density E4, power density Py, equivalent series resistance
ESR, and coulombic efficiency (1) of the EDLC cell were calculated

using the following Equations (10—13):72¢!

0.5 x C, (AV)?

Ed:T (10)
=0 (1)
ESR:@ (12)
n="% 100% (13)

C

Varop Tepresents the voltage drop, tq denotes the discharging time,
and t. corresponds to the charging time.

2. Results and Discussion
2.1. Structural Analysis of PBEs

Figure 1a shows the FTIR spectra of pristine PEO and Na CMC. In the
PEO spectrum, characteristic triplet peaks appear at 1058, 1092, and
1144 cm™ ', corresponding to C—O—C stretching vibrations. Addition-
ally, several bands associated with CH, vibrational modes are present.
The symmetric and asymmetric rocking modes of CH, appear at 840,
946, and 959 cm™ ', while the symmetric and asymmetric twisting

modes are observed at 1240 and 1278 cm™". The

CH, wagging mode is represented by a doublet at
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1340 and 1360 cm™!, whereas the asymmetric
CH, scissoring mode is located at 1465cm™".
Finally, the symmetrical stretching vibration of
CH, is observed at 2879 cm™ P27 By contrast, the
Na CMC spectrum exhibits an absorption band at
3278cm™ !, corresponding to OH  stretching
vibrations. The CH stretching vibration appears at
2933 cm™ ', while the asymmetric and symmetric
stretching of the carboxylate anion (-COO™) are

\/r S . .
— — —1 .
AYWVY\' N e W w observed at 1595 and 1416cm °, respectively.

Additionally, the OH bending vibration is present
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1500 1000 500 at 1325cm', while the peak appears at

1031cm™', corresponding to C-O-C ether
linkages.!**]

Figure 1b shows the spectra of the plasticized
Na CMC/PEO blend with varying concentrations
of LiClO,4. Notably, the OH band in the Na CMC
spectrum appears at 3278 cm™'. However, in the
RO spectrum, this band shifts to 3299 em ™", sug-
gesting the formation of hydrogen bonds, primar-

LO—C—ONa

Ho

are considered strong evidence of the successful

—_— \)\/<"' "“\)\/‘“" " - ily between the OH groups of glycerol and those

= within the polymer blend.”*?) It is important to

@ Perchlorateions  ClO; . {/\ /K /\ /\ A /K /K /\ /\ Jj " highlight that the conduction process primarily

® Lithium fons L 'E - f“‘& ﬁ \, w relies on ion hopping between the polymer
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O g N \)\/ B e B in the wavenumbers associated with these atoms
urrent collectors \ ;
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Figure 1. a) FTIR of pure PEO and Na CMC, b) plot of plasticized Na CMC/PEO doped with
LiClO,, c) design of the prepared EDLC, and d) proposed interactions between the PBEs.
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interaction between the polymer blends and Li*.
As shown in Table 1, higher concentrations of
LiClO, cause the OH peak to decrease in intensity
and shift towards lower frequencies, affirming the
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Table 1. Key functional groups of the prepared plasticized Na CMC/PEO/
LiClO4 and their corresponding wavenumbers based on FTIR analysis.

Samples Functional groups and their corresponding wavenumbers (cm ™)

C-O-C stretching —COO™ stretching —CH stretching —OH stretching

RO 1032 1595 2937 3299
R10 1029 1592 2933 3286
R20 1028 1592 2933 3283
R30 1032 1600 2937 3300

interaction between Li* and the oxygen atoms in the OH groups.*”]

Additionally, the peak at 1595cm™', atwibuted to the carboxylate
group (—COO™), moves to lower frequencies, indicating interactions
between C=0 groups and Li* cations.”*'] The FTIR spectra also display
aband at 1032 cm™ !, corresponding to the C-O—C bond, which shows
a decrease in intensity and a slight shift to lower frequencies.””] This
shift can be attributed to two key interactions: first, between Lit cations
and the oxygen atoms in the ether oxygen bond, as reported by Y. Li
et al.,**! and second, between LiT cations and the oxygen atoms in the
glycosidic linkages of Na CMC, as noted by Hamsan et al.®*! Collec-
tively, the changes in band intensities and shifts in their positions con-
firm the interactions between the salt and plasticized Na CMC/PEO
blend, as illustrated in Figure 1d.

XRD analysis was performed to investigate the crystal structure of
the plasticized Na CMC/PEO/LiClO, system. Figure 2a shows the XRD
diffractograms of pure LiClO,, PEO, and Na CMC. LiClO, displays
intense, sharp peaks at 20 = 24°, 27°, 28°, 30°, 36°, and 38°, indicat-
ing its crystalline structure.**! Similarly, PEO exhibits characteristic
arystalline peaks between 17° and 31°.°%¢) By contrast, Na CMC
exhibited an amorphous structure with no sharp diffraction peaks.

Figure 2b shows the X-ray diffractogram of the plasticized Na
CMC/PEO blend with varying LiClO, concentrations. Notably, sample
RO shows an absence of crystalline peaks associated with PEO, due to
interactions between glycerol, PEO, and Na MC.B71 These interactions
disrupted the regular PEO chain arrangement and created a broad hump
at 20 =24°, demonstrating the presence of a predominantly amor-
phous phase within the material. Samples R10, R20, and R30 exhibited
similar patterns with varying peak intensities and widths. Increasing the
LiClO, concentration further reduced the intensity and broadened

the peak, indicating an expanding amorphous phase. This trend sug-
gests that higher salt concentrations disrupt intermolecular interactions
within the Na CMC/PEO matrix, leading to structural rearrangements
and reduced crystallinity.*®) Crystallinity levels were quantified using
the deconvolution method with the Fityk[*”! (see Figure 3).

Figure 3 represents the deconvoluted XRD spectrum of the plasti-
cized Na CMC/PEO/LiClO,4 blend, showing four broad amorphous

[40] and a crystalline peak at 20 = 24°, which corresponds to the

peaks
(200) crystallographic plane.’”! After incorporating various concentra-
tions of LiClOy, the intensity of the amorphous peaks increases, while
the crystalline peak intensity decreases.*”] The degree of crystallinity

(%) is calculated using Equation (14):

C

A+ A,

X X 100% (14)

Here, A. refers to the areas under the crystalline peaks while A,
represents the areas under the amorphous peaks.

Figure 3 shows that the initial crystallinity of sample RO was 9.95%,
which decreased to 6.94% and 5.61% for samples R10 and R20,
respectively. Interestingly, sample R30 exhibits a slight increase in crys-
tallinity, likely due to the reassociation of the dissociated Li* and ClO,
ions to form ion pairs, contributing to this observed trend. (1]

2.2. Electrochemical Properties of PBEs

EIS was conducted to assess the ionic conductivity of the plasticized Na
CMC/PEO/LIClO, system, focusing on both bulk material properties
and interfacial behavior.!**] Figure 4a shows Nyquist plots of the plasti-
cized Na CMC/PEO/LiClO,. The Nyquist plots exhibit a depressed
semicircle in the high-frequency region, attributed to ion mobility
resistance, followed by an inclined line in the low-frequency region,
which corresponds to the capacitance of the electrical double layer
(EDL) formed at the electrode/electrolyte interface.™**! Figure 4a illus-
trates that increasing the salt concentration led to a decrease in the
length of the inclined line in the Nyquist plots. This decrement can be
attributed to the reduction in the effective thickness of EDL, resulting
from an accumulation of ions near the electrode surface.** It can be
seen from Table 2 that the bulk resistance (Ry,) followed a similar trend
where R, values for samples RO, R10, and R20 decrease progressively
from 162.39 to 32.30 Q, indicating an initial enhancement in the ionic

conductivity. However, for sample R30, Ry, slightly

increases to 46.59 €, suggesting ion pair reassocia-

tion, which limits the number of free ions and ulti-

(@ (b)
Na CMC
——R30
N—'
Bl £l
& ——PEO &
> >
= =
@ )
c c
o )
] b1
£ £
—LiCIO,

Adda

/\\:fo_
M

mately decreases the ionic conductivity.*'"! The
Bulk conductivity was determined using Equa-
tion (1), and the corresponding values are listed in
Table 2.

Table 2 shows that incorporating LiClO, led to a
progressive improvement in the ionic conductivity
of the plasticized PBEs. Sample R20 demonstrated
—RO the optimal conductivity among the doped samples.
The ion transport properties (n, 4, D) have been

10 20 30 40 50 60 70 80 90
20 (degree)

10 20 30 40 50 60 70 80 90
20 (degree)

investigated using the Arof-Noor approach which
involves fitting the Nyquist plot (Figure 5) using
an Electrical Equivalent Circuit (EEC). The EEC used

Figure 2. a) XRD diffractogram of pure LiClO,, PEO, and Na CMC. b) XRD diffractogram of (© fit the graph is shown in the inset of Figure 5.

plasticized Na CMC/PEO/LiCIO,.
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Figure 3. Deconvoluted XRD diffractogram of plasticized Na CMC/PEO/LiCIO,.
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(tand) for the Na CMC/PEO/LiClO, system. The

) - 1600 o spectra revealed a single relaxation peak, indicating
1400 - g ﬁ(l)o a conductivity relaxation. The conductivity relaxa-
12004 ) R20 tion time (T) was calculated using Equation (15),

201 n— o R0 with values listed in Table 2.
S 5 8001 Wyt = 1 (15)

101 600 -
400+ Table 2 demonstrates an inverse relationship
b between salt concentration and conductivity relaxa-
0] . . . . . . ooy tion time (7). As the salt concentration increases,
20 40 60 80 100 120 70 200 400 600 800 1000 1200 1400 1600 the T decreases. This reduction in relaxation time
i) zia) suggests an acceleration in segmental relaxation
dynamics. ]

Figure 4. a) Nyquist plot for Na CMC/PEO/LICIO, polymer electrolytes, b) zoomed-in view of the

high-frequency region.

The fitted parameters were used to evaluate the transport parameters
listed in Table 2. It is very clear that the number density of charge car-
riers (n) varies just like the conductivity (¢) does. Hence n significantly
influences the conductivity rather than p and D.

Figure 6a,b show real €’ and imaginary €” part of complex permit-
tivity €* as a function of frequency.[**1 It is evident that both &’ and &”
exhibit increased values at lower frequency regions demonstrating the
presence of electrode polarization and high density of charge
carriers..**) However, in high-frequency region, both ¢ and &’
decrease nonlinearly. This decrease may result from either a reduction
in the number of dipoles actively contributing to the electrode polariza-
tion effect or the increasing difficulty for ions to align with the applied
electric field direction.[*'! Figure 6c presents the loss tangent spectra
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A broad ESW is crucial for Na
CMC/PEO/LiClO,’s viability in EDLC cells. ESW is
typically assessed using LSV. Figure 6d shows the
LSV plot for the R20 sample, where a stable, negligible current was
observed within the 0-3V range. Beyond this range, the current
increases nonlinearly while the potential remains stable, indicating the
onset of R20 sample decomposition.“ﬂ Generally, an ESW is identified
by the point at which the extrapolated nonlinear curve intersects the
potential axis. The ESW for R20 was determined to be 3.2V, suggest-
ing its suitability as an ideal electrolyte for EDLC.

2.3. Morphological Study
Figure 7 presents the SEM micrographs of all samples evaluated in this

study. Pure PEO is known to exhibit a notably rough surface
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Table 2. Bulk resistance (Ry,), ionic conductivity o, angular frequency o, relaxation time t, carrier density (n), mobility (1), and diffusion coefficient (D) for

prepared PBEs.

Samples Ry () 6 (Scm™ ") ®max (Hz) T (s) n (em3) t(cm*V's) D (ecm®s™")
RO 162.39 830x107° 443003 226x 10 2.81x10% 1.84x10°¢ 477x10°°
R10 89.45 161x10°% 585716 171%x107¢ 1,581 x 107" 637x107¢ 165%107°
R20 3230 373x10°¢ 1226 458 815x 1077 193 x 107! 120x10°° 311%x10°°
R30 46.59 258107 884192 113%107° 172 x10% 935x1077 242%10°°

*10° %102 2.4. Thermal Stability
1.5 ° Eg ?i’;pt & ° g:g ﬁ;pt As shown in Figure 8, the TGA profiles of the
c:? o plasticized Na CMC/PEO/LiClO, system revealed

_ - _ P that the RO sample underwent three stages of ther-

91'0 s wE2 Eg’ & ez mal decomposition. The initial weight loss of

B —] N — | approximately 21% corresponds to the evaporation

0.5 c|p51 PEL of moisture absorbed by the plasticized Na
CMC/PEO matrix.’?] This is followed by a signifi-
R,=162.39 © 5 R,=89.45 Q 5 ] >
0.0 <10 x10 cant 39% weight loss, primarily due to the release
0.0 0.5 1.0 1.5 0 2 4 6 8 of COO™ from the decomposition of polymer side
' (Q) Q) chains.”*! The final stage, accounting for roughly
%102 %102 14% of weight loss, aligns with the breakdown of
the remaining polymer backbone and other stable
4 & o R20Expt 2 ggg :fi’:p‘ components.”*! By contrast, the incorporation of
oo ¢ R20Fit ) LiClO,, as observed in samples R10, R20, and R30,
3 o R, - 000 resulted in TGA curves displaying water elimination
] S K 3 S o o followed by a significant degradation step with a
N2 — | N —] weight loss ranging from 63% to 64% and a maxi-
1 CPEL CIPEI mum degradation temperature exceeding 174 °C.
R,=32.30 @ R,=46.59 0 This higher thermal stability suggests the suitability
0 i i i i 102 i i i x102  of this material for EDLC applications.
0 1 2 3 4 0 1 2 3 4 5
Z'(Q) Z'(Q)

Figure 5. Nyquist plot fitted using EEC. Black circles indicate experimental data, and red dots

indicate fitted data. EEC is shown as an inset.

morphology with numerous folds and wrinkles, indicating a crystalline
phase within the polymer.[%] However, upon blending PEO with Na
CMC, the surface became significantly smoother, as shown in Figure 7.
This reduction in surface irregularities suggests an enhanced compat-
bility between Na CMC and PEO. A smoother electrolyte surface is gen-
erally associated with more facile ion transport, thereby contributing to
elevated DC conductivity. As the salt content increases, the improved
dispersion within the polymer matrix yields progressively smoother
surfaces.*”] This evolution towards greater surface uniformity is
directly coupled with an incremental rise in ionic conductivity, aligning
well with findings from previous polymer electrolyte research.*” Nev-
ertheless, it is important to note that achieving such a smooth surface
morphology at very high salt concentrations is not expected. In related
work, Arof et al. fabricated CS: PVA: xNH4NOj3 solid polymer electro-
lytes and observed a notable decrease in DC conductivity at elevated salt
concentrations.[*"] They attributed this behavior to the formation of ion
aggregates, which protruded from the surface. A similar pattern is
observed in the case of the R30 sample, due to which the ionic conduc-
tivity of this sample has dropped when compared to the R20
sample.[*!]
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2.5. Electrochemical Performance of the EDLC
at Room and Elevated Temperature

CV tests for EDLC-based plasticized biopolymer elec-
trolytes have been extensively studied at ambient temperature. How-
ever, due to the limited research at elevated temperatures, this study
aims to investigate the CV performance of EDLCs at 60 °C. This
approach provides valuable insights into the behavior of the prepared
material under conditions that simulate real-life applications, particu-
larly considering the unprecedented rise in global temperatures. As
shown in Figure 9a,b, the CV plot of the EDLC cell exhibited a
quasi-rectangular shape without redox peaks at both room and higher
temperatures, indicating stable capacitive behavior.[**! Furthermore, the
CV plot consistently retained its shape across different scan rates, sup-
porting the reliability of Na CMC/PEO/LiClO4 under different opera-
tional conditions.

The capacitance performance of the prepared EDLC cell at room and
higher temperatures was determined using Equation (8). It can be seen
from Figure 9c that at room temperature and lower scan rates of 5—
10mvVs ', the G of the EDLC was observed to range between 38 and
35F g~ '. Conversely, at higher temperatures under the same scan rates,
the C; increased to 60-38 F g~ '. This enhancement in capacitance at
higher temperatures can be attributed to the improved ionic conductiv-
ity of the electrolyte. Elevated temperatures promote better ion mobility

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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thermal agitation, a phenomenon driven by the

random movement of atoms and molecules.”*”]

10° 1
10°1
1044
103.

102+

Thermal agitation disrupts the orderly motion of
ions, reducing their ability to effectively adsorb
onto the electrode surface and thereby decreasing
the overall charge storage efficiency of the
EDLC cell.

The EDLC cell was subjected to a current density
of 0.05 Agfl. As shown in Figure 9d, the initial C;
was recorded at 6 Fg~'. However, it progressively
increased, reaching a peak value of 44Fg~' by

10" 102 10°

1ot 0% 10° cycle number 700. This behavior can be correlated

tan §

10" 102 10® 10* 10°  10° 0 1 2
frequency (Hz)

Figure 6. Variation of a) €/, b) €”, ¢) tan § as a function of frequency for all samples and d) LSV

plot for R20 sample.

Figure 7. SEM micrographs of Na CMC/PEO/LICIO, polymer electrolytes.

within the electrolyte, enabling more efficient charge storage and
resulting in higher capacitance values.l**) At higher temperatures and
scan rates of 20, 40, 80, and 100 mV s}, Cp was observed to decrease
progressively, with values recorded as 24, 16, 14, and 9 F g_l, respec-
tively. By contrast, at room temperature and the same scan rates, C,
showed higher values of 35, 23, 18, and 16Fg71. This reduction in
capacitance at elevated temperatures can be primarily atwributed to
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- frequency (Hz) with ion agglomeration, which initially restricts ion

0.040 ——— mobility but gradually stabilizes as the system

0.035 1 undergoes repeated cyc]ing.m Beyond cycle 700,

0.0304 ﬁ C, remained stable until the end of the GCD pro-

T 0.0254 g % cess, demonstrating that the EDLC cell achieved and
E maintained consistent charge storage performance.

The coulombic efficiency followed similar trends
to the C,, maintaining a consistent 100% efficiency
over 5000 cycles. Notably, the EDLC exhibited a
low voltage drop, as reflected in the equivalent
series resistance (ESR). As shown in Figure 9e, the
initial ESR value was 75 €, which decreased to
17 Q and remained stable until the end of the GCD
process. This reduction in ESR indicates an
improvement in ion mobility from the electrolyte
to the electrode surfaces, enabling the EDLC cell to
retain its full practical functionality over an
extended period.”®) In short, the EDLC cell demon-
strated good electrochemical performance, as evi-
denced by the obtained energy density of
6 Whkg ' and power density of 25 Wkg; ' see
Figure 9f.

The GCD test at higher temperatures is perceived
as one of the most reliable tests for evaluating the
stability and performance of EDLCs under harsh
conditions. In this study, the GCD test was con-
ducted at 60 °C for 1000 cycles. This test provides
valuable insights into the capacity of the electrolyte
to maintain its functionality under challenging con-
ditions. As shown in Figure 10a, the GCD curve at
60 °C exhibited a triangular pattern with a longer
discharge time. Figure 10b further illustrates that
the initial C, was observed at 23 Fg ' which is
fourfold higher than the value determined at room
temperature. The C, increased progressively
throughout cycling, reaching a value of 47 Fg~ " at
700 cycles. This increment can be attributed to the
enhanced diffusion of ions within the electrolyte
system driven by the effect of higher
temperatures.[sg] By simplifying the structural complexities of the plasti-
cized electrolyte, the Stokes-Einstein equation is given by Equation (16).

kT
N 6mm

3 4 5

(16)

where k is the Boltzmann constant, T is the temperature, r is the
ionic radius, n is the viscosity, and D is the diffusion coefficient,

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

25U90 17 SUOWILIOD BRI 8]e01 ddke U} Ad PauRAC 8.2 oI YO ‘95N J0 S [N 0} ATeIgIT 8UIIUO /31 UO (SUONIPUOO-PUE-SLLLSILLCO"AB] I ARG PUIUO//StIL) SUOIIPUOD) PUE SWLS | 8U) 295 *[GZ02/90/+0] Uo AeIqIT8UIIUO AB|IM “UIIZ U1 AYS AN BIRE Sewo | AQ £2002 ZW88/Z00T OT/10p/LI00"/B| 1w AIe.q1 Pu1|uO//Sdy WOy papeojumoq ‘0 ‘9580552



Energy &
Environmental Materials

— RO

Weight %

Weight %

T T T T T T T - '
100 200 300 400 500 600 700 800 100 200

Temperature °C

Figure 8. TGA thermograms of plasticized Na CMC/PEO/LiClO.

which  describes the relationship between diffusion and
temperature.>”) According to this equation, diffusion is directly
proportional to temperature T. As the temperature increased, diffu-
sion was significantly enhanced, allowing ions to access the elec-
trode surface more efficiently. This phenomenon contributes to the

observed increase in Cp. Notably, after 700
cycles, C, decreased slightly, reaching 37 Fg~'
after 1000 cycles. This reduction can be associ-
ated with the gradual drying of the electrolyte.
Similar findings were reported by Sun et al.te*!
EIS measurements were conducted at room and
elevated temperatures to validate the previously
mentioned claims. As shown in Figure 8d, at room
temperature, the R, and charge transfer resistances
(R) were determined as 50 and 1.47 €, respec-
tively. At 60 °C, these values decreased significantly,
with R, and R, observed at 11.8 and 0.57 Q,
respectively. This reduction in R, confirms an
improvement in ion diffusion at higher
temperatures.””*] Generally, the R, reflects the resis-
tance encountered during the transfer of ions at the interface between
the electrolyte and the electrode surface.’] Evaluating the overall per-
formance of the prepared electrolyte at elevated temperatures,
Figure 10c shows that the EDLC cell at 60 °C achieved a maximum
energy density of 6 Whkg™' and a power density of 25 Wkg™'. These

5 i
300 400
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(@ (b) (©) 5
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Figure 9. a) CV curves of the EDLC cell at various scan rates at room temperature. b) CV profiles of the EDLC cell at different scan rates under elevated
temperature. ¢) C, values derived from CV analysis at both room and elevated temperatures. d) GCD curves for the initial cycles. e) C, and efficiency as a
function of cycle number. f) ESR variation over 5000 cycles and g) energy density and power density for the EDLC cell at room temperature.
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Figure 10. a) GCD curves for the initial cycles at 60 °C. b) C;, and efficiency 1 as a function of cycle number at 60 °C. c) Energy density and power density

for the EDLC cell and d) EIS of the EDLC cell at room and higher temperatures.

Table 3. Composition details of plasticized Na CMC/PEO/LICIO, electrolyte
films.

Sample Na CMC PEO LiClO;4 (g) Thickness of electrolyte films (mm)
(wt. %) (wt. %) (wt. %)
RO 80 20 0 0.0271
R10 80 20 10 0.0290
R20 80 20 20 0.0242
R30 80 20 30 0.0242

findings highlight the good electrochemical performance of the EDLC
cell at 60 °C.

3. Conclusion

A new plasticized Na CMC/PEO/LiCLO,-based electrolyte has been suc-
cessfully prepared, demonstrating a good ionic conductivity of
3.73x 10 *Scm ™! and a wide ESW of 3.2 V. These outstanding elec-
trochemical properties enable the effective integration of this material
into EDLC applications.

The assembled EDLC cell with NaCMC/PEO/LiClO, exhibited stable
and reliable electrochemical performance at ambient temperature, as
reflected in the achieved specific capacitance of 44Fg~ ' over 5000
cydles, along with maximum energy and power densities of 6 Whkg ™"
and 25 Wkg™', respectively. While some biopolymer-based electro-
lytes may exhibit higher capacitance, they often suffer from poor

Energy Environ. Mater. 2025, 0, e70023
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cycling stability or limited temperature resistance. However, a key
advantage of our electrolyte system is its enhanced thermal stability. To
the best of our knowledge, many high-capacitance biopolymer-based
EDLCs have not been tested under elevated temperatures, raising con-
cerns about their performance in harsh conditions. In contrast, our elec-
trolyte exhibits good thermal stability, ensuring consistent and reliable
performance at higher temperatures. At 60 °C, the EDLC cell maintained
a maximum specific capacitance of 47 F gfl, with energy and power
densities comparable to those observed at room temperature. These
results highlight the potential use of the prepared electrolyte for EDLC
application at both ambient and elevated temperatures. However, fur-
ther investigations are needed to evaluate the long-term
performance and stability of the Na CMC/PEO/LiClO4-based EDLC
under extended exposure to elevated temperatures during prolonged
GCD tests.

4. Experimental Section

Materials: All chemical reagents, including sodium carboxymethyl cellulose (Na
CMC, M, ~250000gmol "), glycerol (99%, M, ~92gmol”"), PEO
(My~600000gmol™"),  N-methyl-2-pyrrolidone ~ (99%  NMP, M, ~
99.13g mol™"), and high-purity lithium perchlorate (999% LiClO,,
M,, ~ 10639 g mol "), were sourced from Sigma-Aldrich, Germany. Additionally,
activated carbon with a specific surface area of approximately 1670 m*g ™", car-
bon black and a polytetrafluoroethylene (PTFE) binder were obtained from MSE
Supplies LLC, USA.

Preparation ~ of  plasticized ~ NaCMC/PEO/LiCIO; electrolytes: A
solution-casting method was utilized to fabricate a new plasticized Na
CMC/PEO/LICIO, electrolyte. The polymer blend, consisting of Na CMC and PEO

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Scheme 1. lllustration of the experimental steps for the preparation of plasticized Na CMC/PEO/

LiClO, electrolyte films.

Activated carbon 3
Carbon dough
PTHF‘
Carbon black e Ny ‘-.
L, /‘\ /S A
Ethanol (|
Thin carbon layer
+
glass substrate
@
y €

Cutting the carbon layer to <

Electrodes 2.0096 cm? circular shape

Electrodes stored for EDLC
cell

Scheme 2. Experimental steps of electrodes preparation.

with a total mass of 3 g and an 80:20 weight ratio, was utilized to prepare the
samples. The amount of salt added was calculated using the Equation (17).

ms

LiC|O4 (Wt.0 n) =
mg 4+ my, + mg

X 100% (17)

Here my refers to the mass of LiCIO, m, is the mass of (Na CMC/PEO),
and my represents the mass of the glycerol with a fixed amount of 1g.

The polymer blend and the specified salt compositions (see Table 3) were
each dissolved in 150 mL of distilled water and stirred continuously for 24 h. Sub-
sequently, 1g of glycerol was introduced into the solution, followed by an addi-
tional 4 h of stirring. The homogeneous solution was meticulously cast into Petri
dishes and subjected to drying in an oven at 70 °C. Once drying was complete,
the freestanding electrolyte films were gently removed and placed in a desiccator
for subsequent characterization, as depicted in Scheme 1.

Preparation of electrodes and EDLC assembling: A total mass of 0.5g was
allocated for preparing the electrode materials, comprising 80 wt.% activated car-
bon, 10wt% carbon black, and 10wt.% polytetrafluoroethylene (PTFE) in N-
methyl-2-pyrrolidone (NMP). Accordingly, 0.4 g of activated carbon and 0.05 g of
carbon black were mixed thoroughly in a laboratory mortar using a pestle until a
homogeneous blend was achieved. Ethanol was then introduced and manually

Energy Environ. Mater. 2025, 0, e70023

stirred until the solvent fully evaporated, yielding a cohesive
slurry. Subsequently, 0.05g of a PTFE binder solution was
added and kneaded with a spoon spatula until the mixture
achieved a dough-like consistency. This mixture was spread
evenly over a glass substrate to form a thin carbon film.
Following the formation of the film, it was carefully sepa-
rated from the glass substrate using a razor blade and left
to dry overnight in an oven. The dried carbon film was
then trimmed into circular electrodes measuring 16 mm in
diameter and approximately 0.1 mm in thickness. These
films were stored in a desiccator for later use.

For the fabrication of the EDLC cell, the R20 sample
was incorporated into a 2023-type coin cell according to
the configuration shown in Figure 1c. To ensure optimal
0 interfacial contact between all cell components, a uniform
~ pressure of 90 kgcm ™2 was applied using a digitally con-
= trolled, pressure-regulated electric crimper. The process is

illustrated in Scheme 2.

Heating in oven
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