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Abstract: The flexible energy storage device of high demand in wearable and portable electronics.
Flexible supercapacitors have benefits over flexible batteries, and their development relies on the
use of flexible components. Gel polymer electrolytes have the merits of liquid and solid electrolytes
and are used in flexible devices. In this study, a gel derived from chia seed was used as a flexible
electrolyte material, and its rheological, thermal, and electrochemical properties were investigated.
High thermal stability and shear thinning behavior were observed via the electrolyte state of the chia
mucilage gel. Compared to the conventional salt electrolyte, the chia mucilage gel electrolyte-based
supercapacitor exhibited a more rectangular cyclic voltammetry (CV) curve, longer discharging
time in galvanostatic charge—discharge (GCD) analysis, and low charge transfer resistance in elec-
trochemical impedance spectroscopy (EIS). The maximum specific capacitance of 7.77 F g_1 and
power density of 287.7 W kg_1 were measured, and stable capacitance retention of 94% was achieved
after 10,000 cycles of charge/discharge with harsh input conditions. The biodegradability was also
confirmed by the degraded mucilage film in soil after 30 days. The plant-driven chia mucilage gel
electrolyte can facilitate the realization of flexible supercapacitors for the energy storage devices of
the future.

Keywords: gel electrolyte; chia seed mucilage; supercapacitor; biodegradability; rheology

1. Introduction

Flexible wearable electronic devices are becoming more popular as they offer conve-
nience, comfort, and lightness for various applications such as flexible sensors and artificial
electronic skin [1-7]. However, these devices also need flexible wearable power sources that
can provide reliable and sustainable electrical energy storage with high safety, mechanical
strength, and electrochemical performance [8-11]. Flexible electrochemical energy storage
devices are a promising option, but they also face some challenges such as thermal runaway
and low energy density [12]. Therefore, it is important to explore new ways to improve the
preparation process and performance of these devices.

Flexible supercapacitors are a type of flexible energy storage devices that use electrical
double layer formation or surface Faradaic reaction of nanomaterials to store energy [13,14].
They have many benefits over flexible batteries, such as high power density, fast charging
and discharging, wide temperature range, high efficiency, long cycle life, and higher
security. The main components of flexible supercapacitors are flexible electrode materials,
gel electrolyte, and packaging materials. These components need to have excellent flexibility
and maintain stable electrochemical performance under bending and folding conditions.
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Therefore, the design and development of these components are critical for the performance
of flexible supercapacitors.

Flexible supercapacitors need a suitable electrolyte to achieve high energy storage per-
formance and safe operation [15-18]. Electrolytes can be liquid, solid, or gel polymer (GPE)
depending on their physical states [19]. Liquid electrolytes have high ionic conductivity,
but they are flammable and need hard packaging. Solid electrolytes are safe, but they have
low ionic conductivity. GPEs combine the advantages of liquid and solid electrolytes, such
as high ionic conductivity, good safety, and flexibility. GPEs also have good contact and
low resistance with the electrodes, as well as high stability at high temperatures [20-24].
Various types of aqueous and non-aqueous gel electrolytes have been developed for flexible
supercapacitors [25-27]. Some gel electrolytes also contain redox additives that enhance
the capacitance by reacting with the electrodes [28].

Polymeric hydrogel electrolytes are a type of soft electrolytes that have liquid-like
ionic conductivity and solid-like elasticity [29,30]. They can replace the liquid solvents
and the separator in supercapacitors, which improves the safety, corrosion resistance, and
maneuverability of the devices [31,32]. However, polymeric hydrogel electrolytes still
have some problems such as low ionic conductivity, weak mechanical strength, and poor
electrochemical stability [33-35]. These problems limit their practical use and need to
be solved by modifying the structure of the polymeric matrix [36-39]. Therefore, some
recent efforts have focused on creating different functional hydrogel electrolytes with better
physicochemical stabilities and mechanical strength by changing the polymeric host.

Polymeric hydrogel electrolytes need to have high ionic conductivity and mechanical
strength [40,41]. Natural polysaccharides (polymeric carbohydrates) such as agar, cellulose,
and carrageenan are biopolymers that can help achieve these properties. They have many
hydrophilic groups that can absorb polar solvents, interact with salt ions, and regulate
the viscosity of the polymer matrix. Therefore, we propose that combining physically
cross-linked polysaccharides (such as agar) with a covalently cross-linked main matrix
into a dual network hydrogel electrolyte can improve the performance of the polymer
hydrogel electrolytes [42,43]. This is because the dual network can combine the different
physicochemical properties of the two types of polymeric chains.

Chia seed (Salvia hispanica L.) is a crop that has many nutritional and functional
benefits [44—46]. When chia seeds are soaked in water, they produce a transparent sticky
gel that sticks to the seed coat [47]. This gel is called chia seed gum and it is a branched
polysaccharide with a high molecular weight (between 0.8 and 2.0 x 10° Da) [48]. The
polysaccharide is made of carbohydrates with many branches that contain different types
of sugar units such as L-arabinose, D-xylose, D-galactose, L-thamnose, and galacturonic
acid [49]. This complex carbohydrate is also known as mucilage.

This study aims to prepare and characterize chia mucilage gel and its electrochemical
properties as a gel electrolyte. The chia mucilage gel was obtained, and its rheological
and thermal properties were measured using a rheometer and TGA equipment. An EDLC
with a mucilage gel electrolyte layer, flexible carbon fabric as a current collector, and
two activated carbon electrodes as an active material was fabricated and tested for its
electrochemical performance. The electrochemical properties were compared with the
conventional salt-based electrolyte using cyclic voltammetry (CV), galvanostatic charge—
discharge (GCD), and electrochemical impedance spectroscopy (EIS). The electrochemical
analysis was further performed by varying the input parameters. The applicability of the
supercapacitor with the mucilage gel electrolyte was evaluated via the stability test using
Coulombic efficiency, CV, and EIS. The biodegradability was also verified to highlight the
potential of developing biodegradable supercapacitor. The chia mucilage gel electrolyte
can meet the demand for flexible electronics with the plant-driven gel material.
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2. Materials and Methods
2.1. Materials

Chia seeds were purchased from the local market which produced the mucilage. Carbon-
activated (AC) powder (Daejung Chemicals and Metals, Siheung, Republic of Korea) was
purchased. Super P carbon and carbon foam sheet (Porous C) (MTI Corporation, Richmond,
CA, USA) were purchased. Poly (vinylidene fluoride) (PVdE-(CyHyF;)n-) and sodium sulfate
(NapSOy) (Sigma-Aldrich, St. Louis, MO, USA) were purchased. Whatman filter paper
(Whatman plc, Kent, UK) was utilized as a separator. Deionized (DI) water was produced
within the laboratory with MEGA PLUS I (Purescience, Seongnam, Republic of Korea).

2.2. Extraction of Mucilage and Preparation of Gel Electrolyte

Chia seeds were hydrated in water at a 1:20 ratio at 50 °C and mixed on a magnetic
stirrer for 2 h. The obtained viscos solution was transferred to the conical centrifuge
tubes and then the gel extraction was carried out by centrifugation at 14,000x g for 2 h
with Combi R515 (Hanil Scientific Inc., Daejeon, Republic of Korea). After centrifugation,
three different layers were observed in the test tubes. The top layer of seeds and excess
water, including some of the soluble polysaccharide fraction, was removed. The middle
layer was the mucilage gel to be extracted and was collected and prepared for the gel
electrolyte. The remaining chia seeds at the bottom of the test tubes, with some remaining
mucilage, were discarded. The gel electrolyte was prepared by adding 1 M of NaySOy4
salt aqueous electrolyte into the extracted mucilage gel on a magnetic stirrer for 5 min. To
avoid acid hydrolysis due to acid electrolytes or reduced rigidity from alkaline electrolytes
in chia seed mucilage, NaySO4 was chosen as the neutral salt to provide ions in the gel
electrolyte [50-52].

2.3. Fabrication of Activated Carbon Electrode and Coin Cell Supercapacitor

The electrodes were prepared by mixing 80% of AC, 10% of carbon black, and 10%
PVDF in the mortar, and a few drops of N-Methyl-2-pyrrolidone were poured into it.
The slurry was coated onto carbon fabric electrodes and dried in the convention oven at
80 °C for 24 h. The mass of the active material coated on the Ni foam (NF) is determined
to be 5.25 mg. The electrode was cut into circles with a diameter of 1.5 cm to fabricate
supercapacitor with coin cell. The as-fabricated carbon electrodes were immersed in 1 M
NaySOy4 aqueous solution for 3 h to promote the adsorption of electrolyte molecules in the
electrode. The filter paper was cut into circles of 17 mm diameter. The assembly symmetric
supercapacitor coin cells consist of a CR2032-positive and -negative case, wave springs,
spacers, two activated carbon electrodes, mucilage gel electrolyte, and a filter paper. Each
component was placed sequentially in a hydraulic crimper, MSK-110 (MTI Corporation,
CA, USA), and sealed at a pressure of 50 kg cm—2,

2.4. Characterization
2.4.1. Electrochemical Performance

An IviumStat electrochemical instrument (Ivium Technologies, North Brabant, The
Netherlands) was utilized to study the electrochemical performance of supercapacitor.
Cyclic voltammetry (CV) was measured within a voltage range from 0.6 to 1.8 V at a scan
rate of 50 mV s~ ! and within a voltage range of 0-1.6 V at various scan rates from 5mV s~
to 250 mV s~ 1. Galvanostatic charge-discharge (GCD) was carried out in the voltage range
from 0.6 to 1.8 V at a current of 1 mA and in a voltage range of 0-1.6 V at a current density
of 50, 75, 100, 150, 200, 250, and 300 mA g’l, respectively. Electrochemical impedance
spectroscopy (EIS) was conducted with an AC amplitude of 10 mV and a frequency range
from 40 kHz to 100 mHz.

2.4.2. Optical Analysis

ALPHA II compact Fourier-transform infrared (FT-IR) Spectrometer (Bruker Corpora-
tion, Billerica, MA, USA) was used to attain the FI-IR spectrum of the mucilage film. For
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measuring, the Platinum ATR (attenuated total reflection) with a single reflection diamond
ATR accessory was used. The spectrum was scanned from 4000 cm ™! to 400 cm ! with
4 cm~-resolution.

2.4.3. Rheological Gel Characterization

The behavior of chia gels under different types of stress was examined by applying
shear, frequency, and amplitude sweeps with a MCR 300 Rheometer (Anton Paar GmbH,
Graz, Austria). The rheometer consisted of a TEK 150-P measuring cell and a CC25 Couette
geometry. The temperature was maintained at 25 °C using a Peltier element. Shear rate
tests were done at shear rates ranging from 0.1 to 100 s~ 1. Frequency tests were done at
frequencies from 0.1 to 10 rad s~! with an amplitude of 1%. Amplitude tests were done
with deformations from 0.1 to 10% at a frequency of 1 rad s~!. The rheological properties
of the newly obtained gel and mucilage electrolytes were measured.

2.4.4. Thermogravimetric Analysis (TGA)

TGA was performed by TA 2950 (TA Instruments, New Castle, DE, USA). The samples
were about 10 mg in a sealed aluminum pan. The scope of the testing temperature was

from 30 °C to 700 °C at a heating rate of 10 °C min~! under nitrogen flow of 100 mL min 1.

3. Results

Mucilage gel was extracted from chia seeds to prepare the plant-derived gel electrolyte
for energy storage devices. The schematic diagram of mucilage extraction procedure is
as shown in Figure la. The detailed process was mentioned in the experimental section.
The mucilage from chia seeds is composed of Chia seed gum, which is mainly composed
of xylose, glucose, and methyl glucuronic acid that form a branched polysaccharide. The
branched polymer supports trapping the liquid electrolytes to improve the ionic conduc-
tivity. To extract mucilage from chia seeds, first, chia seeds were hydrated and stirred for
2 h to form the gel; after that, centrifugation was performed for 2 h to extract the gel from
the solution. After centrifugation, three different layers were formed, and a gel layer was
collected to utilize as gel electrolyte and the residual chia seeds at the bottom of the test
tubes were discarded. The extracted gel was dried via vacuum filtration using the PTFE
membrane for 24 h and the dried mucilage film was obtained. The resultant mucilage film
was investigated microscopically as shown in Figure 1b. A scanning electron microscope
was employed to investigate the microstructure of the mucilage surface in Figure 1c and
observed the homogeneous surface. The inset shows the optical image of mucilage gel
before drying.

The FT-IR spectra confirmed the chemical composition and structure of chia seed
mucilage by exhibiting several characteristic peaks, shown in Figure 1d. The -OH groups
of polysaccharides and water molecules, as well as the moisture content, were indicated
by a broad peak at 3288 cm~!. The C-H stretching in methyl and methylene groups of
the sugar units was evidenced by a peak at 2921 cm~!. The asymmetric stretching of
C-O-C of 14 glycosidic bond ring vibrations, which suggested the presence of linear
polysaccharides, was observed at 1030 cm~!. The carboxyl groups of uronic acid or the
presence of proteins in the mucilages, which indicated its acidic and complex nature, were
revealed by peaks at 1593 cm~! and 1412 cm ™. The former peak was dominated by the
chia protein’s secondary structures (amide I for C=O stretch) and the protein moieties
present in galactomannan, while the latter peak corresponded to the symmetrical COO-link
vibrations. The carboxylic acid, which could be a result of the oxidation of chia mucilage
during extraction or storage, was assigned to a peak at 1739 cm~!. The occurrence of
anomeric configurations such as CH oscillations of « and 3 conformers and glycosidic
linkages, attributed to «-d-galactopyranose units and 3-D-mannopyranose units, was
detected between 800 and 900 cm~!. The crystallinity of chia mucilage, which reflected the
intermolecular interactions and packing of the polysaccharide chains, was associated with
the region between 700 and 500 cm .
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Figure 1. Mucilage fabrication process and material characterization: (a) Chia mucilage formation
and extraction procedure; SEM images of (b) top view (inset: digital camera image of the mucilage
gel) and (c) cross section view (inset: OM image of the mucilage surface) with the mucilage film;
(d) FT-IR spectrum of the mucilage film.

Thermogravimetric analysis (TGA) was performed on mucilage and mucilage elec-
trolyte, and the curves of both solutions are shown in Figure 2a. The weight loss of mucilage
and mucilage electrolyte are 64.56% and 88.67%. The weight loss of mucilage gel electrolyte
is enhanced after incorporation of salt NapySO4 compared to only mucilage gel. As a result,
the thermal stability of the mucilage gel electrolyte is improved by 37%. The simple rheo-
logical property test was conducted in the upside down state of the mucilage gel container
in Figure S1 and the inset of Figure 2a. After 24 h of fabrication, the mucilage was in the
non-flowing state, unlike the 0 h-state. Moreover, the rheological properties of mucilage
and mucilage electrolyte were characterized. In general, the mucilage solutions behave as
shear thinning fluids, which means that their viscosity decreases as the rate of deformation
increases in the shear direction due to the disentanglements of chain-like macro-molecules.
Figure 2b depicts the graph showing the steady shear viscosity change as a function of
the shear rate, which ranges from 0.1 to 100 s~!. As a result, the graph for both solutions
indicates that the viscosity is decreasing with the increase in shear rate, resulting in shear
thinning behavior. Moreover, the dynamic frequency sweep of mucilage and mucilage elec-
trolyte are also shown in Figure 2¢, and the storage modulus G’ and loss modulus G” were
determined through shear flows at frequencies ranging from 0.1 to 10 rad s . Furthermore,
dynamic strain sweeps were performed, and the storage modulus G’ and loss modulus
G were determined for the mucilage and mucilage electrolyte at a constant frequency of
10 rad s~!. For all rheological measurements, the viscoelastic properties of mucilage and
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the mucilage electrolyte are reported as similar to the previous research. Therefore, the
extracted mucilage gel is utilized to fabricate gel electrolyte for supercapacitor application.
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Figure 2. Thermal and rheological analysis of the mucilage gel: (a) thermogravimetric analysis of
mucilage and mucilage electrolyte (inset (i): initial stage of the mucilage gel; inset (ii): upside down
state of the mucilage after 24 h); (b) change of steady shear viscosity as a function of shear rate;
(c) dynamic frequency sweeps; and (d) dynamic strain sweeps for mucilage and mucilage electrolyte.

The symmetric supercapacitor was assembled using two activated carbon electrodes,
mucilage gel electrolyte, and a filter paper as a separator, as shown Figure 3a. The electrodes
were prepared by mixing activated carbon, carbon black, PVDE, and a few drops of N-
Methyl-2-pyrrolidone. Then, the slurry was coated and dried onto carbon fabric electrodes.
The SEM image of the fabricated electrode layer can be seen in Figure S2a. The electrode
was cut into a 1.5 cm circular shape and displayed in Figure S2b. Chia seeds were hydrated
in water, and the gel extraction was carried out by centrifugation at 14,000x g for 2 h.
After centrifugation, three different layers were observed in the test tubes and the middle
layer (mucilage gel) was extracted. The mucilage gel electrolyte was prepared by adding
1 M of Na;SO4 aqueous electrolyte into the extracted mucilage gel. The control sample
(salt electrolyte supercapacitor) was assembled as similarly to the mucilage gel electrolyte
supercapacitor, with two activated carbon electrodes, a filter paper, and 1 M of NapSO4
aqueous electrolyte. To evaluate the enhancement of the mucilage gel electrolyte on the
supercapacitor performance, CV, GCD, and EIS were conducted. In Figure 3b, the CV curves
of the supercapacitors were recorded in the voltage range from 0 V to +1.0 V at a scan rate of
50 mV s~ 1. The mucilage gel electrolyte supercapacitor had a more stable potential window
than the salt electrolyte supercapacitor. The CV curve of the salt electrolyte supercapacitor
showed oxidation, while the CV curve of the mucilage gel electrolyte supercapacitor
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remained rectangular, indicating an ideal carbon-based symmetric supercapacitor. The
specific capacitance of both supercapacitors was calculated using Equations (1) and (2):

cfﬂﬂwammxvaw, (1)

Cp = (I X At)/(m x AV), @)

where Cp, I, At, m, v, and AV are specific capacitance, output current, time for measuring
one cycle, mass of electrode material, scan rate, and potential window, respectively [53].
The mucilage gel-case had a longer discharge time (22.4 s) than the salt-case (20.5 s), which
was 9.27% higher. The Nyquist plot in Figure 3d shows that the charge transfer process
was faster in the mucilage gel-case than in the salt-case, based on the slope of the plot.
Due to the presence of polysaccharides in the chia seed mucilage gel, the electrochemical
performance is enhanced, exhibiting greater ionic conductivity compared to the standalone
NaySOy electrolyte [54].

Electrolyte
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Figure 3. Basic electrochemical performance of mucilage gel supercapacitor: (a) schematic diagram
of symmetric supercapacitor using mucilage gel electrolyte; comparison of activated carbon-based
symmetric supercapacitor between salt electrolyte and mucilage gel electrolyte with (b) cyclic voltam-
metry (CV) curves, (c) galvanostatic charge—discharge (GCD) curves, and (d) Nyquist plot.

Figures 4 and 5 show the electrochemical performance results in detail. The optimal
potential window of the supercapacitor was determined by examining the CV curves at
various potential windows from 0-0.6 V to 0-1.8 V in Figure 4a. The figure shows that all
the CV curves maintained their original shape without any distortion up to 0-1.8 V and did
not exhibit a sharp peak for the potential window (due to the oxygen/hydrogen evolution).
To achieve a stable output curve, the 0-1.6 V range was chosen as the appropriate potential
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window for further analysis. Figure 4b displays the CV curves of the HSC device at
different scan rates from 50 to 250 mV s~ 1. The CV curves have rectangular shapes because
of the electric double layer type materials in the device. The specific capacitance values
were computed for each scan rate from CV curves and plotted in Figure 4c. The specific
capacitances of the device are 10.76, 10.04, 9.57, 9.11, and 8.69 F g*1 for scan rates of 50, 100,
150, 200, and 250 mV s~ !, respectively.
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Figure 4. Electrochemical performance of mucilage gel supercapacitor based on CV and EIS: (a) CV
curves according to different potential window; (b) CV curves according to different scan rates from
50 mV s~ to 250 mV s~1; (c) specific capacitance of the mucilage gel supercapacitor; (d) Nyquist plot
of mucilage gel supercapacitor with EIS from 40 kHz to 100 mHz (insets: magnified graph of EIS
result and equivalent circuit).

Figure 4d shows the electrochemical impedance spectroscopy results to evaluate the
equivalent series resistance of the hybrid nanocomposite electrodes before and after the
cycling stability test. The internal resistance of the device (R) is obtained from the X-axis-
intercepting point of the Nyquist plot with 10.33 Q2 [55]. This value includes the internal
resistance of the active material, the electrolyte resistance, and the contact resistance be-
tween the current collector and the active electrode material. The charge transfer resistance
(Ret) stands at 0.76 (), ascertained from the diameter of the semicircle in the high-middle
frequency region. The low value of R1 is attributed to the conductive gel electrolyte with
chia seed mucilage.

The device was also tested by changing the voltage range from 0.6 to 1.8 V at a
constant current density of 180 mA g~! and recording the GCD curves in Figure 5a. The
figure shows that clear triangular shapes were obtained at lower potentials, where the
capacitive mechanism is dominant and the shape slightly changed with increasing the
potential range, indicating the coexistence of capacitive and EDLC-type mechanisms. Based



Batteries 2023, 9, 512

9 of 14

on the CV and GCD curves at different potentials, 1.6 V was selected as stable potential,
and detailed electrochemical analysis of the device was performed at this potential. The
GCD measurements were conducted at a fixed potential range of 0-1.6 V by changing the
current densities from 60 to 350 mA g~! (Figure 5b). The specific capacitance values were
computed using Equation (2) for each current density from the GCD curves and plotted
in Figure 5c. The specific capacitances of the device are 7.77,7.44,7.13, 6.77, 6.5, 6.26, and
6.07 F g’1 for the current densities of 60, 90, 120, 180, 240, 300, and 360 mA g’l, respectively.
Moreover, the areal energy density and power density of the device were calculated using
Equations (3) and (4) and presented in Figure 5d.

Eq =05 x (Cp x AV? x 1000)/3600, 3)

P4 = Eq x 3600/At, @)

where E4 and P4 stand for energy density and power density, respectively [53]. The
device showed a high energy density of 2.763 Wh kg ! at a power density of 48 W kg 1.
Moreover, the device performed well under high current density of 360 mA g~!, with a
specific energy density of 2.158 Wh kg~ ! at a high power density of 287.7 W kg~!. The
energy density and power density values of the current supercapacitor are within the range
of symmetric supercapacitors.
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Figure 5. Electrochemical performance of mucilage gel supercapacitor based on GCD: (a) GCD curves
according to different potential window; (b) GCD analysis according to different current densities
from 60 mA g~ to 360 mA g~!; (c) specific capacitance of the mucilage gel supercapacitor; (d) Ragone
plot of the mucilage gel supercapacitor.

Figure 6 shows the applicability of the mucilage gel electrolyte. The electrode exhibited
good stability during the test, with a remarkable capacity retention of 94% at the end of
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10,000th cycle with the current density of 750 mA g1, as shown in Figure 6a. The capacity
retention result implies that the supercapacitor with the mucilage gel electrolyte can preserve
the discharge time even after 10,000 cycles. The detailed five peaks are displayed in the inset
of Figure 6a. To demonstrate the high energy density and power density of the device, it was
tested for its feasibility by lighting up a commercial orange LED. Figure 6b shows that the
device successfully lit up the LED for 40 s after charging for a while. The comparison before
and after the stability test was performed with EIS and CV curve measurements in Figure 6¢,d
, respectively. The charge transfer resistance value of 0.96 () after cycling in Figures 6c and S3
showed a slight increase in the values after long-term operations compared to that of 0.88 ()
before long-term operations in the inset of Figure 4d. The current density of the CV curve in
Figure 6d also showed a slight decrease after long-term operations. Both results indicated that
the fabricated mucilage-based electrolyte is stable even in a gel state.
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Figure 6. Output stability of mucilage gel supercapacitor and biodegradability assessment of the
fabricated film: (a) cycling stability of the mucilage gel supercapacitors (inset: outputs from the last
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five cycles of the stability test); (b) lighting up LED with the as-fabricated mucilage gel supercapacitor
with the lighting time from 1 to 40 s; (c) electrochemical impedance spectroscopy (EIS) curves and
(d) CV curves at 100 mV s~ of mucilage gel supercapacitor (the initial and after 10,000th cycle of the
charging/discharging time); (e-h) biodegradability test of the mucilage film from 0 to 30 days.

The mucilage gel electrolyte can exhibit biodegradability because it is derived from
a natural polymer. The electrolyte layer was put on the soil in a 3D printed container at
room temperature. The layer began to decompose after 10 days and completely degraded
after 30 days without applying mechanical input, as shown in Figure 6e-h. Table 1 displays
the summarized electrochemical performance of the proposed device. The mucilage gel
electrolyte can be used to fabricate a sustainable supercapacitor with an environmentally
friendly approach.

Table 1. The summary of output results with the proposed device.

Potential Highest Input Energy Power OutPl.lt
. Output Current ; . Stability
Window R Density Density
W) Current Density (Wh kg~ 1) W kg 1) (10,000
(mA) Ag™ Cycles) (%)
1.6 8.898 0.06-0.36 2.158-2.763 48-287.7 94

4. Conclusions

In summary, the chia mucilage gel was prepared and characterized for its rheological,
thermal, and electrochemical properties. The chia mucilage gel was obtained via hydration
and centrifugation. The chemical structure of the dried chia mucilage gel was verified via
the FT-IR spectrum. The mucilage gel electrolyte exhibited high thermal stability and shear
thinning behavior, as shown by TGA and the rheological study. An EDLC with symmetric
AC electrodes was fabricated and tested for its electrochemical performance. The mucilage
gel electrolyte had a more rectangular shape in the CV curve, longer discharging time,
and lower charge transfer resistance than the salt-based electrolyte. The electrochemical
properties were further investigated by varying the potential window, scan rate, and
input current. A maximum specific capacitance of 7.77 F g~! and an energy density
of 2.76 Wh kg1 were achieved with a potential window of 1.6 V and an input current
density of 60 mA g~!. The highest power density of 287.7 W kg~! was obtained with
input current density of 360 mA g~!, and the results with the two density values were
within the range of symmetric supercapacitor in the Ragone plot. To demonstrate the
applicability of the chia mucilage gel electrolyte, stable capacitance retention of 94% after
10,000 cycles of high-input-current condition and similar CV /EIS results before and after
the stability test were observed. In addition, an orange-colored LED was powered by
the EDLC for 40 s after charging. The biodegradability of the mucilage film was also
confirmed by the degraded image after 30 days in a soil environment. This study suggests
that plant-driven gel materials can be used to enhance the applicability of the flexible gel
electrolyte-based supercapacitor.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /batteries9100512 /s1: Figure S1: Digital camera images of chis
mucilage gel after 2 and 3 days; Figure S2: Images for activated carbon electrode; Figure S3: Magnified
Nyquist plot for the fabricated supercapacitor after stability test.
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