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Supercapacitors with carbon electrodes derived from biomass and utilizing gel polymer electrolytes are currently
a focal point in the development of highly efficient, environmentally friendly, and cost-effective energy storage
devices. In this study, we present porous activated carbon derived from asparagus waste, prepared through
chemical activation with ZnCly followed by physical activation with CO2, as a high-performance electrode
material for supercapacitors. The performance of electrodes has been discussed in comparison with super-
capacitors employing both gel polymer electrolytes and conventional liquid electrolytes i.e. 7 M KOH. The
flexible film of the gel polymer electrolyte exhibits noteworthy characteristics, including a high ionic conduc-
tivity of ~6.3 mS cm ™}, and a high electrochemical stability window of ~4.5 V. Supercapacitors prepared with
this gel polymer electrolyte outperform supercapacitors with liquid electrolytes thanks to a broader electro-
chemical stability window, showing optimal charge-discharge performance, a specific capacitance of 160 F g1, a
specific energy of 31 Wh kg’l, and an effective power of 0.56 kW kg’l. The superior rate performance is
demonstrated by powering a LED for a substantial duration, highlighting the exceptional capabilities of the
system. Additionally, the supercapacitor employing the gel polymer electrolyte displays an extended stability,
sustaining approximately 10,000 charge-discharge cycles with only a modest initial fading of ~16 % in specific
capacitance and maintaining a high coulombic efficiency of ~100 %.

1. Introduction

Supercapacitors, also known in literature as ultracapacitors or elec-
tric double layer capacitors (EDLCs), are electrostatic charge-storage
mechanism-based devices with numerous applications in electronic,
engineering, and medical devices as well as in electric and hybrid ve-
hicles (HEVs) [1-3]. EDLCs possess higher power density compared to
Li-ion batteries, but lower energy density. Both the electrodes and the
electrolyte, having fast ion movement, contribute to the high power
capabilities of supercapacitors, while the large surface area and unique

electrochemical characteristics of the electrodes contribute to the high
specific energy [4-10]. Even though batteries have been used for charge
storage applications for a long time thanks to their high energy storage
capabilities, current demand is related to high-rate energy delivery,
environmental friendliness, cost, size, and weight, characteristics
adequately provided by supercapacitors [2]. Many carbonaceous ma-
terials are generally used as electrode materials in supercapacitors due
to their many appealing characteristics, mainly consisting of their low
cost and ease of availability, high conductivity, large surface area, and
resilience to corrosion. Examples of these materials include activated
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carbons (ACs), carbon nanofibers/aerogels/flakes, graphene, and car-
bon nanotubes (CNTs) [11-20]. Across the world, efforts are still being
made to modify electrodes and electrolytes to increase the energy den-
sity of such energy storage devices [21]. Recent findings claim that in
order to increase the energy density of supercapacitors, electrolytes are
also crucial in the production of high-performance supercapacitors
[22-24].

Waste biomass resources are reportedly used to manufacture AC
electrodes for supercapacitors, in order to make affordable and “green”
energy storage devices [25]. Biopolymers mostly made of celluloses,
lignin and hemicelluloses are commonly used as raw materials for ACs,
and value-added products for a variety of expanding carbon-based ap-
plications can be obtained from them [3]. Studies indicate that biochar
derived from biomass precursors (i.e. manure, wood residue, and agri-
cultural waste) through pyrolysis is characterized by a hierarchical
porous structure, suitable for supercapacitors [26,27]. Coconut shells,
coffee grounds, almond shells, tea leaves, rice husks, poplar wood,
poultry litter, and other biomass-based materials can be used to syn-
thesize ACs for high-performance electrodes in EDLCs [28-34].

AC is typically obtained by pyrolysis of waste materials, possibly
followed by various chemical or physical activation steps, which allow
tuning the porosity of materials [3]. According to literature, the pres-
ence of large cations and/or anions restricts the use of typical highly
porous AC electrodes since those ions either cannot fit inside smaller
pores or have limited diffusion at the required scan rates [16,35]. Hence,
in order to obtain properly sized pores, physical activation (such as
steam or CO3), capable of producing pores with a wide range of sizes, is
indicated [36]. In general, higher microporosity and substantial amount
of mesoporosity present in the carbon electrodes promotes greater per-
formance of the EDLCs [25]. In order to tailor various properties
including porosity, microstructure, and surface area, carbon materials
are typically chemically activated, and subsequently physically acti-
vated [25]. Typically, chemical activation methods involve different
activating reagents, such as H3POy4, ZnSOy4, ZnCly, K;CO3, NayCO3, KOH,
NaOH, CaCl, [28,37]. In comparison to physical activation, chemical
activation typically occurs at lower temperatures, requiring less energy
and displaying higher yield [3].

In this work, a highly porous activated carbon (AC) was synthesized
from asparagus waste. Regarded as the “king of vegetables,” asparagus
ranks among the ten most well-known foods in the world [38,39]. It is
widely consumed because of its pleasant flavor and comparatively
higher quantity of vitamins, protein, and amino acids than other fruits
and vegetables [38,39]. Asparagus has traditionally been utilized both
as food and as a medicine. Recently, there has been an upsurge in de-
mand for asparagus, which is now widely grown around the world [38].
China is the world’s largest producer of asparagus, and its asparagus
cultivation area has expanded by 46.5 % between 2001 and 2011, from
901,538 hm? to 1,320,597 hm? [38]. A total of 7,252,903 tons of
asparagus were produced in China in 2011, making up 88.0 % of the
total world production [38]. In Europe, Germany is the largest producer
of asparagus, and >100,000 tons of special white asparagus are har-
vested during the “Spargelzeit” or asparagus season [40]. After Ger-
many, Spain is the second-largest producer of asparagus in Europe,
producing and collecting >21 % of the continents total production [41].
According to the Spanish Ministry of Agriculture, Fisheries, and Food
(2020), asparagus is one of the most popular stem vegetables farmed in
Spain [42,43]. In 2018, its national production amounted to nearly 68
thousand tons, or 4 % of all vegetables grown [43]. As only the young
shoots of the asparagus are edible, an enormous amounts of asparagus
stems are left as byproduct of the asparagus life cycle [38,42]. As a
lignocellulosic biomass resource, the asparagus stem can be used as
potential feedstock for the application of biomass-derived carbon based
electrochemical energy storage devices.

Supercapacitors commonly employ liquid electrolytes (LEs), which
can be either aqueous or organic. LEs are the most used ones because
they are inexpensive, show good ionic conductivity, and are easy to
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manufacture [44-46]. However, when employed in devices, LEs have
several drawbacks, including leakage, corrosion, limited trans-
portability, a limited electrochemical stability window for aqueous
electrolytes, rapid volatility, and flammability of organic electrolytes
[45,47]. The quick volatility and flammability of LEs can be reduced or
eliminated by using ionic liquids (ILs) in pure form or their salt solu-
tions, although a few other problems still exist [45,48-51]. A particular
class of electrolytes, known as gel polymer electrolytes (GPEs), is a
promising substitute for LEs because of their excellent interfacial
compatibility with electrodes, strong ionic conductivity that is almost
equal to that of LEs, and great flexibility. In general, host polymers like
PEO, PVA, PVdF, PVdF-HFP, are used to trap LEs to form GPEs [52].
Incorporation of ionic liquid in GPEs have proven an excellent choice for
GPEs to have outstanding thermal stability, broad electrochemical sta-
bility window, and corrosion- or leakage-free characteristics [53].
Conductivity and other electrochemical properties of GPEs can be
further improved by adding Li, Mg, and Na ion salts.

In this work, we report the analysis of AC derived from asparagus
waste as high performance carbon electrode for supercapacitors. The
synthesis of highly porous ACs involved the activation of asparagus
waste using varying amounts of the chemical activating agent ZnCl,,
which was then followed by physical activation with CO,. The AC
powder was characterized via BET surface area and porosity analysis,
XRD, SEM-EDS and Raman spectroscopic measurements.

AC powder was tested as high-performance capacitive electrode with
aqueous electrolyte (KOH) and high working voltage window GPE in
two electrode configurations. Through many cycles of galvanostatic
charge-discharge (GCD), cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS), the relative performance of super-
capacitors has been evaluated. The results of the experiment demon-
strate the higher performance of supercapacitors made using liquid/gel
electrolyte, in terms of specific capacitance, specific power and energy
upon cycling.

2. Experimental
2.1. Materials and device preparation

2.1.1. Preparation of ACs

The graphical representation of AC powder preparation is shown in
Fig. 1. Stems obtained from organic asparagus cultivation in a private
yard in Pavia province were cut in pieces and dried in a furnace for 8 h at
45 °C. Subsequently, the dried pieces were washed with deionized (DI)
water followed by drying and mortar crushing to obtain a fine dry
powder. ZnCl, (Merck KGaA, 99 % purity) was employed as a “green”
activating agent. To perform the activation of the asparagus waste,
ZnCl, was dissolved in DI water, then raw asparagus waste powder was
mixed in both asparagus:ZnCly 1:2 and 1:3 ratios, to carry out different
chemical activations. After 6-7 h of constant stirring, the ZnCl,-biomass
suspension was dried overnight at about 70 °C in an oven. The dehy-
drated powders were moved into an alumina boat and heated to
approximately 800 °C, with a steady flow of Argon gas. The heating
process was carried out at a rate of 5 °C per minute. After the furnaces
temperature reached 800 °C, the Ar gas flow was changed with CO3, gas,
and maintained for two hours to allow the CO, physical activation. It is
in fact known that an enlargement in ACs pore size can be achieved by
CO, physical activation at high temperature [54]. After 2 h at 800 °C
under continuous CO; gas flux, the atmosphere was again switched to
Ar, and the furnace was allowed to naturally cool to room temperature.
The carbonaceous product was then recovered and washed with DI
water to remove zinc and chloride ions from the samples, and subse-
quently filtrated on a Buchner funnel. The sample was then recovered
and suspended in a 1 M HCI (Merck KGaA, 37 % water solution) solution
to remove all possible contaminants. The HCI residues were then
removed by washing with DI water until pH was neutral. Lastly, the AC
products were vacuum dried for 12 h at a temperature of 60 °C and then



N. Ahmad et al.

.ﬁ:\

Cut into pieces

Raw powder (Biomass waste)

Asparagus

Activated Carbon powder

Journal of Energy Storage 99 (2024) 113267

Y
/e

Activating agent and raw
powder impregnation

Carbonization

Fig. 1. Preparation steps of Activated carbon form Asparagus waste.

characterized and used as electrode material of a supercapacitor.

The carbon electrodes for supercapacitors were obtained by mixing
the AC with the conductive additive (carbon black, TIMCAL Super-P)
and polymer binder poly(vinylidene fluoride-co-hexafluoro propylene
(PVAF-HFP), (purchased from Merck KGaA, Mw ~ 400,000). The
conductive additive was added to obtain a good electrical conductivity,
and to increase electron-transfer, due to the catalytic capability of car-
bon black [21]. At first, a smooth slurry was made by mixing AC (80 wt
%) in a mortar with carbon black (TIMCAL Super C65, 10 wt%) and
PVdF-HFP (10 wt%), and adding a proper amount acetone (Merck
KGaA, HPLC grade, >99.8 %). The resulting slurry was then drop-casted
onto circular flexible graphite discs (16 mm diameter). Before using the
obtained electrodes in the fabrication supercapacitors, they were vac-
uum dried for 8-12 h at a temperature of about 80 °C. The resulting
driedzactive material mass on the disks was ranging from 0.88 to 1.1 mg
cm "4

2.1.2. Preparation of electrolytes

Two different electrolytes, namely 7 M KOH (A.C.E.F., 99 %)
aqueous electrolyte, and lithium salt/ionic liquid integrated gel polymer
electrolyte (GPE), were used to investigate the capacitive performance
of AC powders. In order to prepare ILGPE, solid pellets of the host
polymer PVAF-HFP (1 g) were first dissolved in 20 ml of acetone while
being constantly stirred for 12 h. To fully immobilise IL in the host
polymer, 4 g of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
(Merck KGaA, anhydrous, 99.99 %) in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMPTFSI) (Merck KGaA, >99 %,
<500 ppm H20) were added to the PVdF-HFP solution. The mixture was
then stirred again for 8-10 h. GPE film was formed by gradually
allowing the evaporation of acetone after pouring PVdF-HFP/1 M LiTFSI
in BMPTFSI into a glass petri dish. A free-standing, highly flexible GPE,
with thickness ~ 400-500 pm, was obtained in four to five days
following the full evaporation of the acetone. The gel film was kept in a
dry environment for further use, to prevent moisture and contamination.
In the preparation of the GPE all steps have been performed at room
temperature (27 °C) in ambient conditions.

Ionic conductivity and electrochemical stability window (ESW) have
been evaluated in order to analyse the electrochemical performance of
the GPE. The cell configuration SS|GPE-film|SS and SS|GPE-film|Ag has
been selected to measure the ionic conductivity and ESW of the GPE
film, respectively. SS was the stainless-steel sheet and Ag was silver foil.
In the SS|GPE-film|Ag configuration, SS and Ag acted respectively as a
working and counter/reference electrode.

2.1.3. Fabrication of EDLCs

Supercapacitors were assembled with GPE and liquid electrolyte (7
M KOH). The GPE/liquid electrolyte (glass microfiber separator soaked
in aqueous electrolyte i.e. 7 M KOH) was placed between the two
symmetric carbon electrodes. The GPE/glass fiber (Whatman 1825 bo-
rosilicate glass microfiber, 0,7 pm) separators were cut circularly of
appropriate size for electrodes slightly larger than the two symmetric
electrodes to avoid the sort-circuit between the two symmetric elec-
trodes. Therefore, the carbon electrodes and GPE films/liquid electro-
lyte were stratified in the geometry of AC| electrolyte |AC. The EDLC
cells were fabricated in the following configurations:

Cell-1: AC | GPE-film | AC.
Cell-2: AC | 7 M KOH | AC.

Both the cells were electrochemically analysed by EIS, GCD and CV
in the two electrode configurations. An alternate current signal with an
amplitude of 10 mV was applied in the frequency range from 10° Hz to
10 mHz to perform the EIS measurements. A 1010E Interface Poten-
tiostat (Gamry Instrument, USA) electrochemical workstation was used
for EIS and CV measurements, while the Landt CT2001A charge-
discharge unit was employed for GCD and cyclic tests.

2.2. Material characterization techniques

2.2.1. Structural and morphological characterization

The analysis of nitrogen adsorption and desorption was carried out at
liquid nitrogen temperature with a 3Flex analyzer (Micromeritics,
Norcross, Georgia, USA). Before the measurement was performed,
samples underwent pretreatment in nitrogen flux (4 h at 120 °C) using a
FlowPrep apparatus (Micromeritics, Norcross, Georgia, USA), and then
degassed in situ (2 h at 120 °C under vacuum), directly on the 3Flex
ports: these steps enabled the removal of impurities and humidity from
the surface. BET (Brunauer Emmett Teller) method was employed to
estimate the total specific surface area of the samples, upon verification
that the measurements met the Rouquerol criteria [55], while t-plot
analysis was performed to calculate the external specific surface area,
utilizing the carbon black Statistical Thickness Surface Area (STSA)
equation [56].

Both the BJH (Barrett-Joyner-Halenda) protocol and the Non-Local
Density Functional Theory (NL DFT) calculation were used to investi-
gate the pore size distribution. The NL-DFT calculation was performed
using the NLDFT(SD3), N2-77-Carbon Slit model, specific for carbon
materials with infinite slit geometry [57,58].



N. Ahmad et al.

The examination of the structure of ACs and the identification of
impurities were conducted utilizing Powder X-ray diffraction (PXRD)
analysis. PXRD assessments were carried out on powdered AC samples
utilizing a Bruker D2 Phaser diffractometer, operating in Bragg-
Brentano geometry with a 10°- 60° 20 range. The diffractometer oper-
ated with a copper filament (Cu Ka). The sample was placed onto a zero-
background specimen holder, which was spun during the measurement
to reduce preferred orientations, and a LYNXEYE detector was
employed. Data were analysed with GSAS-II and Match! software.

The investigation of AC structures also involved micro-Raman
analysis, executed using a confocal Horiba Jobin Yvon LabRam micro-
spectrometer (HORIBA Scientific, Kyoto, Japan) featuring a 300 mm
focal length. Excitation was achieved using the 473.1 nm line of a double
Nd:YAG laser, spanning a spectral range of approximately 100 to 2000
cm L. The calibration of the system was performed using the silicon
Raman peak (at 520.6 cm ) as a reference. The apparatus was equipped
with an Olympus BX40 microscope (Olympus, Tokyo, Japan), a grating
with 1800 grooves/mm, a motorized XY stage, and a silicon CCD cooled
by Peltier module. Employing a ULWD 50x objective, the laser beam
was focused onto the sample, and scattered photons were collected.
System calibration incorporated the use of density filters to diminish the
potential beam damage by the laser, thereby preventing adverse thermal
effects on the carbon-based sample. Spectra were recorded with stan-
dard exposures of 30 s, accumulating a minimum of 4 times each.
Fluorescent background subtraction was executed through a polynomial
curve and AC contributions in the spectra were deconvoluted using
Gaussian-Lorentzian curves.

Morphological and elemental analysis of the ACs were performed by
means of a Hitachi TM4000Plus II tabletop scanning electron micro-
scope equipped with AztecOneXplore EDS detector. Loose powders have
been laid on carbon tape and glued on the sample holders. Typical
accelerating voltage of electrons was set at 15 kV and the morphology
analysis was performed analyzing both secondary and backscattered
electrons, to get a more precise rendering of the sample surface.

2.2.2. Electrochemical characterization

A Gamry electrochemical workstation, stated above, was used to
perform electrochemical measurements. The analyses were carried out
on both the as-prepared electrolyte and the final assembled device i.e.,
EDLCs. EIS measurements were carried out between 10 mHz to 10° Hz
frequencies, by applying the AC signal of 10 mV. Linear Sweep Vol-
tammetry (LSV) was conducted in a two-electrode system, applying a 10
mV s~! constant rate, to evaluate the GPE stability window. The CV tests
of EDLCs were carried out trying different voltage ranges, to test the
electrolyte window (0 to 2.5 V for GPE based EDLC and 0 to 1.3 V for
liquid electrolyte based EDLC) at a constant 10 mV s~! scan rate. Then,
the optimized voltage was kept constant and different scan rates were
tested (from 10 to 300 mV s 1).

GCD analysis was performed to measure the capacity, the efficiency
and the capacity retention of the supercapacitors produced with
asparagus-derived activated carbon. The measurements were performed
using a Landt CT2001-A and a Neware BTS-4008 (5 V50 mA) battery
testing system. GCD measurements were carried out both at constant
current (chronopotentiometry) and at constant voltage. In order to
optimize the working voltage ranges, the EDLCs were cycled at different
voltages (0 to 2.5 V for GPE based EDLC and 0 to 1.3 V for liquid elec-
trolyte based EDLC) at constant current 1 A/g. Thereafter, the EDLCs
were cycled at the optimized voltage, using different current densities.
The EDLCs were also cycled at constant current density for 10,000 cy-
cles, using 1 mA cm ™2 current.
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3. Results and discussion
3.1. Study of AC

3.1.1. Sorption analysis

The isotherms obtained by nitrogen sorption analysis are reported in
Fig. 2 (A). Their shape is typical of complex porous systems, which are
mainly microporous, but with a mesoporous portion, as testified by the
presence of the small hysteresis. According to the IUPAC classification
[59], the shape of the hysteresis can be categorized as H3, which is
indicative of a complex system of pores, mostly slit-like. The analysis of
the curve obtained on Asparagus:ZnCl; (1:2) gave a BET specific surface
area of 1516 m2/g and pore volume of 1.24 cm>/g, while the analysis of
Asparagus:ZnCl; (1:3) resulted in BET specific surface area of 1472 m?/ g
and a pore volume of 1.69 cm>/g, as mentioned in Table 1.

Pore size distributions obtained by BJH model applied to the
desorption brand (see Fig. 2 B and C) are in the 2-400 nm range.
Asparagus:ZnCl; (1:2) shows a narrower distribution peaked around 4
nm, while Asparagus:ZnCl, (1:3) has a broader distribution with a
higher fraction of large pores. These results are supported by the NL-DFT
pore size distributions, reported in Fig. S1{. Both materials show strong
evidence of hierarchical porous structure with a sizeable micro- and
meso-porosity, thanks to the chemical activation by ZnCl, followed by
the physical activation with CO2. These distributions showed that the
specimen Asparagus:ZnCl, (1:3) contains slightly larger pores than
Asparagus:ZnCl; (1:2). The STSA and the micropore surface area for the
two samples are reported in Table 1. The detailed discussion about STSA
is reported in the supporting information. Since Asparagus:ZnCl; (1:2)
has a higher BET surface area and higher microporosity, the rest of the
studies have been performed on Asparagus:ZnCl; (1:2) activated carbon
powder.

3.1.2. Scanning electron microscopy

SEM images of optimized AC powder are shown in Fig. 3 (A-D) at
three different magnifications (from x100 to x5000). The material
appeared in form of flakes and grains with typical size of hundreds of
micrometres. Some grains still preserved the tubular architecture,
reminiscent of the presence of sieve vascular bundles in the starting
material, even after the carbonisation. The presence of small granules in
ACs helps to expose most of the carbon material to the outer atmosphere
[25]. EDS analysis highlighted that most of the material is carbon
(approx. 90 wt%), with traces of heteroatoms, such as S and P. Data have
been reported in the supplementary information.

Fig. 3 (E) shows the X-ray pattern of the optimized AC powder, which
shows two distinct broad peaks at 20 ~23° and at 26 ~43°, a disordered
structure bearing similarities with graphite, in which peaks are typically
found at 20 ~26 and at 20 ~42°, corresponding to (002) and (100)
planes, respectively. The broad and distinct peaks show that the acti-
vated carbon powder, which is produced by the carbonisation process at
about 800 °C, is primarily amorphous and has less developed intra-
graphitic layers (i.e., a lower fraction of crystalline graphitic do-
mains). Under these circumstances, it’s possible that the graphitization
either doesn’t start or doesn’t finish [60]. The majority of the carbonized
structure is comprised of bent aromatic units that are translated and
rotated in relation to one another [61] or nano-sheets. Therefore, the
(002) peak broadens in the AC structure as opposed to being narrow and
well-defined in pure graphite due to the disorganised arrangement
[61-64]. Rotation of the planes relative to one another and an increase
in the interplanar distance are the main factors influencing the position
and intensity of the (100) peak [65]. The peak in this case is at a
comparatively smaller angle (43.7°) than in ordinary pure graphite
(44.3°), indicating that the curvature and rotation about the perpen-
dicular axis lead to the arrangement of the aromatic planes towards a
slightly larger spacing [65].

The structural properties of the optimized AC powder have been
investigated by using micro-Raman spectroscopy, as shown in Fig. 4.
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Table 1
Surface area and pore volume values.
Sample Biomass: BET Pore STSA Micropore
ZnCl, surface volume (m?/g) surface area”
area (m?%/ (em®/g) (m%/g)
8)
Asparagus:
ZnCl, 1:2 1516 1.24 1443 73
1:2)
Asparagus:
ZnCl, 1:3 1471 1.69 1518 47
1:3)

" By calculating the difference between the total and external surface areas,
the micropore surface area was calculated: Syjcropore = SpeT-STSA.

The carbon material shows the expected spectrum of amorphous carbon,
with two major bands at ~1360 cm™* and ~ 1600 cm™!, known as D-
band and G-band respectively (shown by red lines). The G-band corre-
sponds to in-plane vibrations of sp? hybridized carbon [66,67], whereas
the D-band is related to the presence of defects and disorder in the
imperfect crystalline structure (e.g. carbon vacancies, sp° hybridized
carbon) [68]. Other contributions in the spectrum were highlighted by
the band deconvolution and the results are reported in Fig. S21.

The in-plane average crystallite size (sometimes referred to as Lg)
may be related to the ratio of the integrated areas of the D-band and G-

band (Ip/Is) [69]. For the AC powder, a value of ~1.3 is compatible with
a nanometric size of the crystallites.

3.2. Electrochemical properties of GPE

The GPE film has superior mechanical and electrochemical stabil-
ities, and its ionic conductivity (c) at room temperature is approximately
1072 S em™!. The ionic conductivity of the GPE has a major impact on
the supercapacitors performance, specifically on the internal resistance
and therefore the power density of the device. GPE used in this article
comprising of 1 M LiTFSI in (ionic liquid) BMPTFSI, immobilized in
PVAF-HFP, is a semi-transparent, flexible, free-standing thick film of
thickness 0.35-0.54 mm, as shown in Fig. 5 (A). Multiple mechanical
stresses, including twisting, bending and stretching, have been applied
to the film. This indicates that the GPE films can be easily deformed,
twisted, stretched, and bent into a spiral shape Fig. 5 (B-E) which can be
very useful in developing flexible supercapacitors [21,46]. Additionally,
it has been shown that the GPE can return to its initial shape very quickly
following the elimination of external stresses [46]. At room temperature
(~ 27 °Q), the calculated ionic conductivity of GPE film is found to be
~6.3 x 1072 S em ™!, which was calculated by using the equation; 6 = 1/
(R x A), where 1 and R are the thickness and bulk resistance of the GPE
respectively, while A is the area of the GPE.

Another significant parameter directly associated with the perfor-
mance of EDLCs is the ESW of electrolytes [46]. Electrolytes having high
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Fig. 3. SEM images of optimized AC powder at different magnifications (A) x100 (B) x500 (C) x1000 (D) x5000 (E) Powder X-ray diffraction pattern of AC powder.

ESW help devices attain higher operating voltage windows, and conse-
quently higher specific energy [46]. The ESW of the GPE was measured
with LSV in two-electrode configuration. Fig. 5(F) displays the LSV
pattern at a scan rate of 10 mVs ™}, from —2 V to 3.2 V vs Ag/Ag" of the
GPE. The GPE exhibit high ESW of ~4.5 V, which is a quite wide
working voltage stability window for EDLC applications. The GPE is
stable up to —1.5 V and 3 V versus Ag/Ag" in the cathodic and anodic
range, respectively. This wide stability range indicates that the GPE can
be used not only in supercapacitors, but also and in other electro-
chemical energy storage devices [21].

3.3. Performance studies of supercapacitors/EDLCs

3.3.1. Electrochemical impedance spectroscopy (EIS) studies

The supercapacitors/EDLCs comprised of both GPE and liquid elec-
trolytes have been characterized with EIS analysis (Cell-1 and Cell-2
respectively) in the frequency range from 10 mHz to 100 kHz. EIS
analysis provides useful information about charge-transfer resistance,
bulk resistance, diffusion of ions at electrode/electrolyte interface and
capacitive behaviour of the EDLC cells. EIS (Nyquist) graphs for Cells 1
and 2 (i.e., Z’ vs Z" plot with varied frequencies) are displayed in Fig. 6
(A-B), respectively. The low frequency section of the impedance spectra
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Fig. 4. Raman spectrum of optimized AC powder.

of both cells exhibits a rapidly increasing straight line character, indi-
cating the capacitive behaviour of the cells. The zoomed plots of EIS
spectra in high/mid frequency region show different features (combi-
nation of semi-circular and curved nature) for the EDLCs, as shown in
the insets of Fig. 6 (A-B), which is the union of electric double layer
capacitance and faradic charge-transfer resistance in parallel, repre-
senting the bulk resistance in a series [21]. As shown by arrows in the
insets of Fig. 6 (A-B) and stated in Table 2, the values of bulk and charge-
transfer resistance, Ry, and R, for both cells are computed from the
intercepts of the semicircular arcs with the Z’-axis for Z" = 0. The bulk
resistance (Rp) can be attributed to a combination of electrode and
electrolyte resistances, while charge-transfer resistance (R.) generally
does not appear in carbon electrodes-based supercapacitors because of
the electrostatic charge storage mechanism and no redox (Faradaic)
reactions are expected at the electrode/electrolyte interfaces [70].
However, in the cells under consideration, a well-defined semicircle can
be observed, and hence a finite value of R¢; can be observed. This effect
may be caused by redox interactions between electrolyte ions and the
functional groups at the porous carbon surface, such as -OH, -C=0,
-COOH [70].

Both the cells have comparable resistive values including charge-
transfer resistance (R¢) which implies that the electrode/electrolyte
interface exhibits appropriate development of an electric double layer. A
significant difference in the bulk resistance (R},) value between the two
cells can be explained as easy access of liquid electrolyte ions to the
pores of the electrode material, whereas in the case of GPE the acces-
sibility of the AC pores is hindered. Further comparison shows that both
cells have comparable values of specific capacitance (Cp), calculated
from the formula: Csp = 2/(2nf x m x |Z*|), where (m) is the mass of the
active material employed in the single electrode, (f) is the frequency (10
mHz in this case), and (|Z"|) is the magnitude of the imaginary
component of the impedance [46]. The comparative values of C), for the
supercapacitors, including the resistive parameters (Rp, Rct), have been
listed in Table 2. The actual values of specific capacitance and energy
densities were evaluated from the GCD measurements by obtaining the
equivalent series resistance (ESR) from the discharge curves.

Further analysis reveals that the GPE-based cell (Cell-1) has a broad
linear region of EIS pattern observed in the mid-frequency band between
the semi-circular arc and the sharply increasing, capacitive-typical
straight line, as shown in the inset of Fig. 6 (A). In the case of the
liquid electrolyte, this region is almost negligible as compared to GPE
based cell as shown in the inset of Fig. 6 (B). The electrolyte resistance in
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the porous interiors of the carbon electrodes, which is known as internal
resistance, has an impact on these narrow or wider regions [70]. War-
burg impedance, which is primarily associated with the regulated pas-
sage of electrolyte ions through the pores of the carbon material, is
represented by the sharply increasing curve in this area [2,54,70,71].

Additionally, to better understand the electrochemical processes in
the EDLCs across a variety of frequency ranges, the EIS data (for each
cell i.e., Cell-1, and Cell-2) has been fitted with a common equivalent
circuit in the mid to high frequency area by simulating the necessary
circuit components, as shown in the insets of Fig. 6 (A-B). Different
circuit elements, such as the constant phase element (CPE), Warburg
elements (W and Wol), and resistive values (R; and Ry), are employed to
fit the curves to assess the nature of the Nyquist behaviour; fitting pa-
rameters are listed in Table S17. The fitted parameters R; and R; of the
circuit elements of both cells are consistent with the obtained experi-
mental EIS curves values bulk resistance (Rp) and charge transfer values
(Rep), respectively listed in Table 2. The close values of fitted parameters
to the experimental values show the goodness of fit of the equivalent
circuit model. Here, the constant phase element (CPE), a circuit element
representing a double layer in the form of an imperfect capacitor, is
represented by Zcpg (0) = Q! x (jo)™, where Q represents the capac-
itance for n = 1 [2,46,70]. The finite value of Warburg (W) for each cell
represents the finite diffusion of electrolyte ions through the carbon
electrodes pores. The Warburg open element (W,;) represents the
impedance of finite-length diffusion which is denoted by equation
[46,72];

Zw, = Wf” coth (Woc X ja)) €))
Vie
where, W, represents the Warburg coefficient, Wo. = d/D%® (d = Nernst
diffusion layer thickness and D = diffusion coefficient of the electro-
active species), and o is the frequency of the applied signal [46,72].
Fig. 6 (C) shows the real and imaginary capacitances (C' and C*)
variation with respect to the frequency change (10 mHz to 100 kHz) for
Cell-1, which helps understand the ion diffusion mechanism in the
carbon electrodes pores with respect to the frequency variation. The C’
and C" versus frequency plots for Cell-2 are shown in the inset of Fig. 6
(C). The values of C' and C’, related to the real and imaginary imped-
ances (Z and Z") which are obtained from the Taberna approach, are
expressed here in terms of following equations [21,73];

T ()
¢ O = awP @
o Z)
¢ =P @

Both the supercapacitors (Cells 1 and 2) show rapidly decreasing
behaviour of real capacitance (C) in low frequency region below ~1 Hz,
with values comparable to the capacitance values obtained from gal-
vanostatic discharge tests, discussed later. Additionally, each cell ex-
hibits a nearly zero slope of real capacitance (C) in the 10-10° Hz high
frequency band, confirming the supercapacitors comparatively low
capacitive contribution to the high frequency area. Furthermore, below
10 Hz, by decreasing the frequency the C' values rapidly increase to-
wards a maximum in the capacitance. The variation of the imaginary
capacitance (C") versus frequency shows a peak type of behaviour in the
frequency domain 0.01-10% Hz and after that it tends to zero, which
indicates that the supercapacitors (Cell-1 and Cell-2) display a
relaxation-type nature [2,70]. As frequency increases, the observed
peaks in the C" versus frequency graphs indicate the general behaviour
of porous carbon electrode-based supercapacitors, which is the transi-
tion from the capacitive to the resistive domain [46,74].

The phase angle variation for EDLC cells (Cells 1 and 2) vs frequency
is displayed in Fig. 6(D). The horizontal line in Fig. 6 (D) represents the
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Fig. 5. (A-E) Images of GPE films during bending, twisting, and stretching tests, and (F) LSV measurement of the GPE film for the evaluation of ESW.

phase angle of 90° for an ideal capacitor over the whole frequency range.
In this particular case, the EDLC cells Cell-1 and Cell-2 exhibit lower
frequency range phase angles of 85.2° and 88.3°, respectively. This
highlights the lower frequency range-limited capacitance behaviour of
EDLC cells, which has been addressed before in the Nyquist plot Fig. 6
(A-B).

In order to obtain additional insight into the rate performance of the
EDLC cells (Cell-1 and Cell-2), real and imaginary impedance values (2’
and Z") have also been recorded and plotted against frequency (Bode
plots), as shown in Fig. 6 (E). The characteristic frequency (fp) values for
Cell-1 and Cell-2 have been determined from the Z’, Z" Bode plots to be
0.25 Hz and 0.49 Hz, respectively (indicated in Fig. 6 (E) with arrows).
The characteristic frequency, also referred as response frequency, is the
value of the frequency at which the real and imaginary impedance (Z’
and Z*) intersect each other, and at which the phase difference between
the Z* and Z" is ~45°. The pulse-power, or “figure of merit,” of super-
capacitors has been used to assess the rate performance of the cells [75].
The expression Py = Eg / 79, where Ey is specific energy evaluated at fy
and Tt is response time, which is the reciprocal of the response frequency
(to = 1 / fy), has been used to evaluate the pulse power at the

characteristic frequency fy. Energy and pulse power densities have been
listed in Table 2 for the supercapacitors. Specific energy has been
evaluated from the equation:

1
Eo = — x CuV?

4m )

where m is the active mass employed in the single electrode, V is the
rated voltage of the cells (V = 2.3 V for GPE-based cell, and Cy is the
capacitance of the single cell at fp) [54]. Further comparison shows that
Cell-1 shows higher pulse power density value in contrast with the Cell-2
(Table 2). This indicates that GPE based cell has higher rate capability as
compared to liquid electrolyte-based cell. The explanation for the GPE-
based cell for having higher rate capability is possible that charge-
transfer via electrolyte ions of quasi-solids, such as GPE, is limited to
the shallower extent of the electrode interior pores, whereas liquid
electrolyte ions have deeper access to bulk electrodes [54].

3.3.2. Cyclic voltammetry
Cyclic voltammetry in a two-electrode system has been used to assess
the electrochemical performance of the EDLC cells (Cell-1 and 2). As



N. Ahmad et al.

Journal of Energy Storage 99 (2024) 113267

s00 ] Cell- 1 A)] | Cell-2 (B)
o —RLF—TWo1— 9 —Ry{F——Wo1—
250 4
- 150 a G
NE 200 4 1{—— Experimental ﬁg —— Experimental
5 12{— Fitted é 4+{—— Fitted Rp*+Rct
S 150 =100 - T
: /° 1 Ry Rp*Ret Y 100 ! .| Bo
¥ 8 b 1
100 4 e R 14 2]
s 0y §
50 - ) ) 1
2
0 o
o _-j 4 6 8 10 12 14 0 _j 6
T T T T T T T T T T T T
0 30 60 20 120 150 180 0 30 60 20 120 150 180
Z' (Qcm?) Z' (Qcm?)
100 -
200 - Cell1 200 Cell-2 (C) Ideal capacitor (D)
150 80
—C — —o— Cell1
1901 o $ —o— Cell-2
—_ c" S &0
E’ 50 3 7
=100 - o
o o o
zy < 40
© [
0
©
3
20 4
T T T T T T ™ 0 i I SRR - l
102 107 10° 10! 102 10° 10 10° 102 10" 10° 10" 102 10°  10*  10°
Frequency (Hz) Frequency (Hz)
300 {Cell-1 200{Cell-2 (E)
K
250 - 150
i 100 f,=0.49 Hz
& 200 0 ——Z
(3] *
e /
1
o
N
1072 10" 10° 10' 102 10° 104 10°
Frequency (Hz)

Fig. 6. (A-B) EIS (Nyquist) plots of EDLC cells in the frequency range from 10 mHz to 100 kHz (the corresponding circuit and extended EIS plot in the high frequency
region are displayed in the corresponding inset), (C) real and imaginary capacitance (C' and C") versus frequency of both cells, (D) phase angle as a function of
frequency for both the cells, (E) real and imaginary impedance compared to the frequency graphs (Bode plots) of the cells.

Table 2
Electrical parameters of supercapacitors calculated from EIS studies.
EDLCs Rp/Qcm? Ry/Qcm? Cyp /F Eo/Whkg !  Py/kWkg!
gfl
Cell-1 51+1.1 6.7 +1.3 123.3+ 4 16.1 +£1.1 145+ 2.2
Cell-2 0.5+0.8 42+09 136 + 3 4.1 +0.9 7.2+1.8

shown in Fig. 7 (A-B), the CV curves for various voltage ranges have
been acquired at a constant scan rate of 10 mV s™! to evaluate the
appropriate voltage window of the EDLC cells. The CV curves

substantially deviate from their regular box-like rectangular nature
beyond 2.3 V for Cell-1, while the deviation can be observed beyond 1.2
V for Cell-2 Fig. 7 (A-B). This suggests an ideal voltage range of 0 to 2.3 V
for Cell-1 and 0 to 1.2 V for Cell-2. Although a slight current increase can
be observed at 1.2 V, the choice of the 1.2 V voltage window is supported
by the galvanostatic charge-discharge (GCD) results, which will be dis-
cussed later. Therefore, in subsequent experiments, both cells have been
electrochemically tested for the optimal window of 0-2.3 V for the GPE-
based cell and 0-1.2 V for the liquid electrolyte-based cell. These ideal
voltage ranges for both cells have also been verified by GCD in-
vestigations, which will be addressed later. The lower potential window
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Fig. 7. (A-B) CV pattern of EDLC cells Cell-1 and Cell-2, for varying potential at a scan rate 10 mV s*, (C—D) CV responses of Cell-1 and Cell-2 recorded at different
scan rates from 10 to 300 mV s}, (E) shows the EDLC cells specific capacitances scan rate dependence.

of Cell-2 as compared to Cell-1 is due to the water electrolysis reaction
since Cell-2 is fabricated with aqueous electrolyte i.e. 7 M KOH. At
higher potential, water molecules can undergo electrolysis that leads to
the production of oxygen and hydrogen gas which limits the electro-
chemical stability of the SC.

As shown in Fig. 7(C—D), the scan rate dependent CV curves have
been acquired for both Cell-1 and Cell-2 in order to assess the rate
capability of the EDLC cells up to the maximum scan rate of 300 mV s~ _.
Up to 200 mV s}, the voltammograms of the EDLC cells (Cell-1 and Cell-
2) exhibit an essentially rectangular shape; nevertheless, there is a
noticeable variation in shape after that. This points out that the liquid
electrolyte-based and GPE-based cells have a moderate rate capability.
The well-connected, hierarchical porous nature of the activated carbon
powder produced from asparagus waste, which enables easy electrolyte
ion switching through the pores, contributes to the improved rate

10

capability of the capacitor interfaces between the activated carbon
electrode and electrolyte [60].

The specific capacitance variation for the EDLC cells (Cell-1 and Cell-
2) as a function of scan rate is illustrated in Fig. 7(E). The values of
specific capacitance (Cgp) have been calculated by using the equation:

2xj
CSp_s><m

)

where m is the mass on a single electrode (per cm?) in the cell, s is the
scan rate (mV s’l), and j is the current density in the centre of the
voltage range. Comparing Cell-1 to Cell-2, Cell-1 exhibits greater
capacitance values and maintains superior performance throughout all
scan-rates. The Cs, values in both Cell-1 and Cell-2 of the EDLC exhibit a
sharp initial decline, which is followed by a steadier decline in values at
higher scan rates. The following explanation is proposed. Reduced scan
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rates cause the ions to adsorb at electrode-electrolyte interfaces more
slowly and consequently all of the ions to fully diffuse inside the pores,
increasing specific capacitance values and charge storage [21]. On the
other hand, at higher scan rates the diffusion layer may have formed
over a shorter distance [21]. The decrease in specific capacitance is
likely due to the inability of the ions to reach the deeper region of the
carbon materials pores [21].

3.3.3. Galvanostatic charge-discharge

Cells-1 and 2 have undergone GCD experiments to assess the specific
discharge capacitance (Csp) at various current densities, power and
specific energy, rate performance, and cyclic efficiency. First, to opti-
mize the maximum voltage window, the EDLCs have been subjected to
varying applied voltage ranges as mentioned in Fig. 8 (A-B). Clearly, it
can be seen that Cell-1 shows almost triangular shape of GCD curve in
the potential window 0-2.3 V while Cell-2 has almost linear charge-
discharge GCD profile in the voltage range 0-1.2 V after that, the
curves significantly depart from their linear characteristics. Also, the
coulombic efficiency of the cells reduces significantly from ~92-94 % to
~85-88 % beyond the optimum voltage window range. The charge
storage in the EDLC cells is mostly due to a suitable electric double layer
at the electrode/electrolyte interfaces, as demonstrated by the linear
charge-discharge pattern in GCD curves up to a particular voltage [21].
Thus, in additional GCD investigations of EDLCs, Cell-1 and Cell-2 have
been charged-discharged in the potential range of 0 to 2.3 Vand 0 to 1.2

.5 | Cell-1 (A)
2.0
)
o 1.54
=]
8
)
> 1.0
0.5 4
0.0 T T T T
0 100 200 300 400 500
Time (sec)
25
Cell-1  (C)
2.0
—1 Alg
— —2 Alg
218 , ——3Alg
: —"
° ¢}
S 1.0 / 8 Alg
10 Alg
051/
o-o L] L] L] L] L] L] L] L] L]
0 50 100 150 200 250 300 350 400
Time (sec)

Journal of Energy Storage 99 (2024) 113267

V, respectively. This optimal voltage window have been confirmed from
CV measurements, especially for Cell-1. For Cell-2, GCD analysis
demonstrated that the coulombic efficiency maintained approximately
94 % up to 1.2 V. Beyond this threshold, efficiency starts to decline
below 90 %. Therefore, 1.2 V was chosen as the top limit to ensure high
efficiency and excellent performance of the supercapacitor.

Using the following formula, the equivalent series resistance (ESR)
values of the EDLC cells have been calculated from the abrupt voltage
drop upon current reversal, or when the cell transitions from a charging
to a discharging profile [60,76]:

ESR:ﬂ

2 il
where j is the steady current and AV is the abrupt voltage drop that
occurs when the current reverses polarity at the start of the discharge
step [60]. The following formula has been used to determine the specific
discharge capacitance (Csp) due to the fact that the discharge curve is not
completely linear [70]:

(6)

_4jfvadt

C
me?w{

)

sp

where [V dt is the area under the discharge curve; V is the maximum
operating voltage; j is the current density; m is the mass of active ma-
terial on a single electrode (excluding the mass of the binder and
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conductive additive); and V; and V¢ are the initial and final voltage on
the GCD curves [70]. ESR and Cg, for each of the cells are shown in
Table 3.

Both the cells show comparable values of ESR and specific discharge
capacitance (Csp), as mentioned in Table 3, indicating that AC powder
has sufficiently higher content of microporosity and a higher specific
surface area. Along with the microporosity, the carbon powder has
mesoporous contribution which acts as a transport route for faster ion
mobility. Cell-1 is characterized by a substantially higher capacitance as
compared to Cell-2, which is expected, as the ions in GPE has restricted
accessibility to deeper region of the pores of the carbon material, while
liquid electrolyte ions have access to deeper pores in the AC. Hence, the
lower capacitance in Cell-2 can be explained with a partial blocking of
the inner pores by a fraction of the ions in the liquid electrolyte, so they
cannot exploit the entire specific surface area present in the AC to the
deeper extent.

The GCD curves of the Cell-1 at various current densities (ranging
from 1 to 10 A g~!) in the voltage range of 0 to 2.3 V are depicted in
Fig. 8(C). The graph of the GCD curve shows that even at a high current
density of 10 A g7, the ideal triangular shape has been retained,
demonstrating that, up to a high current density of 10 A g, the charge-
discharge mechanism is steady. The specific discharge capacitance (Csp)
for both cells, which have also been assessed at various current densities,
are shown in Fig. 8(D). This can be directly related to the EDLC cells rate
performance. As the current density for both Cell-1 and Cell-2 increases,
it can be observed that the specific discharge capacitance (Csp) decreases
gradually. This is because the ions at the electrode-electrolyte interfaces
are forced to move more rapidly, causing a faster rate of adsorption-
desorption at the interface. Hence, ions cannot exploit all the acces-
sible surface area at higher current densities in comparison to the slower
current densities. The Cgp slowly decreases at increasing scan rates for
values greater than ~6 A g~!, which is explained by the increased
contribution of carbon material mesopores for quicker ion movements.
Across the whole current density range, nearly parallel curves are seen
for both cells, suggesting that the GPE-based cell performs well at a
higher rate. Several more reasons could justify a higher capacitance in
Cell-1, such as uniform and intimate contact with electrode materials,
increasing ion accessibility and effective surface area for charge storage.
Additionally, GPEs maintain mechanical stability and prevent electro-
lyte leakage or evaporation, ensuring consistent performance and sus-
tained high capacitance over long cycles.

The maximum and effective power densities, as well as specific
discharge energy/specific energy, have all been computed in relation to
the EDLC cells. The specific energy (Esp) of the supercapacitors have
been calculated from the non-linear discharge curve, using the following
expression [70,77]:

_jxfvadt

Esp = 2m

(8
where [V dtis the area under the discharge curve, V is the highest
voltage of charge-discharge, j is the constant current, and m is the mass
of the active carbon in a single electrode [25,70]. Additionally, the
following formulae have been used to calculate the effective power
density (Peff) and maximum power density (Ppax) of both cells [25,70]:

V2

8m x ESR ®

Prnax =

Table 3
Parameters assessed using EDLC cells GCD analysis at a constant current density
of 1 mA cm 2

EDLCs ESR / Q cm? Cop/Fgt Ep/ Whkg! Pess / kW kg™!
Cell-1 16-20 151-160 28-31 0.54-0.56
Cell-2 4-7 141-153 6-7 0.18-0.19
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Pesf = — 10)

where, ESR is the equivalent series resistance and tgy;s is the discharge
time of the EDLC cells [70,77]. The parameters namely Pesf and Egp have
been assessed at a typical current 1 mA cm 2 for both the cells and listed
in the Table 3. The Cell-1 exhibits higher energy density by ~4 times as
compared to the Cell-2, which confirms the advantage of gel polymer
electrolyte over liquid electrolyte since GPE based cell has approxi-
mately ~2 times larger voltage window in comparison to the liquid
electrolyte-based cell.

Further, the effective power (Peg) of Cell-1 is higher than Cell-2,
mentioned in Table 3. As was previously indicated, the GPE-based cell
has a greater rate capability and greater effective power because its
interface allows faster ion switching motions than the liquid electrolyte-
based cell [54].

The obtained key parameters such as specific capacitance, specific
power, and specific energy of the current study have been compared
with those reported for recently published supercapacitors that utilize
various biomass-derived carbon electrodes, as summarized in Table 4.
Furthermore, comparison with many other documented systems reveals
that current EDLCs made with carbon electrodes produced from aspar-
agus waste exhibit equivalent or even greater values of specific capaci-
tance, power, and energy Table 4 [78-92].

Fig. 9(A) displays Ragone plots for both cells, showing the specific
energy (Egp) against effective power density (Pefr). It has been found that
both cells show similar nature of Ragone plots of other EDLCs/super-
capacitors reported in literature [46]. In particular, both the cells show
similar behaviour, with an increase in the effective power at cost of
decrease in the specific energy values. In comparison to Cell-2, Cell-1
performs better thanks to higher specific energy values for each effective
power value Fig. 9(A). The exceptional quality of an EDLC is demon-
strated by the specific power increase of 11 times, from ~0.56 to ~6.1
kW kg%, and a specific energy variation of ~29 to ~23 Whkg ™. A LED
with a power output of about 38-50 mW was used to rate the device as a
power source. To achieve this, as illustrated in Fig. 9(B), three optimized
GPE-AC cells were connected in series, completely charged, and con-
nected to the red LED, which flashed for about 90 s before fading. This
demonstrates the cells effective capacity for energy storage.

A lengthy cyclic test, with respect to specific discharge capacitance
(Csp) and coulombic efficiency 1 (%) as a function of number of charge-
discharge cycles Fig. 9(C), was performed on both Cell-1 and Cell-2. The
coulombic efficiency 1 (%) has been assessed from the following
equation:

e

x 100% an

where, t¢ and tp are the constant current discharging and charging time,
respectively. The cycling performances for long charge-discharge cycles
have been evaluated between 0 and 2 V and 0 to 1.2 V for Cell-1 and
Cell-2, respectively at 1 mA cm ™2 (1 A/g and 0.7 A/g for Cell-1 and Cell-
2, respectively) to keep their GCD curve in close to ideal conditions [46].
It is clear from Fig. 9(C) that Cells 1 and 2 exhibit a rapid fading in
specific capacitance of approximately 16 % and 18 %, respectively, for
the first approximately 1000 cycles. After that, a progressive fading is
observed up to 10,000 cycles. When it comes to discharge capacitance as
a function of cycle number, Cell-1 performs better here as well. The
rapid fading observed in both cells during the first ~1000 cycles may be
attributed to irreversible interactions with the surface functionalities
deposited on carbon electrodes and the development of a passivation
layer at the interfaces between the electrode and electrolyte [21,46].
Once the numerous electrochemical reactions balance with one another,
the cells stabilise after around ~1000 cycles, and the capacitance fading
is quite slow [21]. This slow fading also indicates that few small pores/
micropores in the carbon material are getting slowly blocked as the
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Table 4
Comparing carbon electrodes for EDLCs made from biomass.
Biomass Pre-activation Activating Activation Surface Electrolyte Specific Specific Specific power Ref.
Precursor treatment agents temperature/°C area capacitance energy (kWkg™)
/(m%/g) (Fg " (Whkg ™)
Wheat Straw Pre- KOH 800 1486 PVA/KOH solid 294 at 14 0.44 [78]
Carbonisation electrolyte 1Ag!
Corn Stover Pyrolysis KOH 800 2441 1 M H,SO4 398 at 5.01 0.1 [79]
05Ag!
Cottonseed Hydrothermal K>CO3 800 2361 6 M KOH 71.8 at 34.4 0.225 [80]
meal treatment 05Ag"
Bamboo NA K,CO3 800 1802 - - - - [81]
Banana stem NA ZnCl, 900 788.09 1 M H,SO4 179 6.19 0.044 [82]
fibers
Onion Husk NA K2CO3 800 2571 1 M TEABF4/ 188 at 35.4-47.6 0.675-20.25 [84]
AC 1Ag!
Peanut shell NA ZnCl, 550 1549 1 M H,S0,4 333 at 8.5-4.6 0.1-6.56 [83]
05Ag!
Rice Bran Pyrolysis KOH 850 2475 6 M KOH 323 at 70 1.223 [85]
01Ag!
Pinecone NA ZnCl, 800 1781 GPE (PVdFHFP/ 255 at 20 0.055 [86]
SN/EMITF/ 1mAem™ 2
LITFSI)
Pollen cone Pre-carbonized KOH 800 2314 GPE (PVAFHFP/ 146 at 21 0.19 [54]
EMITFSI) 05Ag 1!
Rice straw Pre-carbonized KOH 800-900 2651 6 M KOH, EMITFSI 324 at 48.9 0.75 [88]
05Ag !
Tabacco Hydrothermal KOH 800 1875.5 6 M KOH 356.4 at 10.4 0.3 [89]
waste treatment 05Ag 1!
Corncob NA Steam 850 1210 6 M KOH 120 at 5.3 8.276 [90]
1Ag !
Coffee bean NA H3PO4 800 742 1 M H,SO4 l160at1Ag 1 15 0.075 [91]
Cotton stalk NA H3PO4 800 1481 1 M TEABF,/ AN 114 at - - [92]
05Ag !
Asparagus NA ZnCl, 800 1516 GPE (LiTFSI/ 153 atl1 A g’1 31 0.56 This
waste BMPTEFSI) work
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Fig. 9. (A) Comparative Ragone plots of cells (Cell-1 and Cell-2), (B) demonstration of LED glow by connecting three Cell-1 in series, (C) dependence of specific

capacitance and coulombic efficiency on cycle number, (D) comparative EIS plot of GPE based cell (Cell-1) after 1st and 5000 cycles.

electrolyte ions are being inserted or removed. The columbic efficiency
has been observed to be in the range of 99 % to 100 %, indicating long
charge-discharge cycling stability Fig. 9(C). Owing to Cell-1 (GPE-

based) optimal performance, EIS was performed on Cell-1 after 5000
cycles. The EIS pattern demonstrated the nearly steady performance for
higher numbers of charge-discharge cycles. This pattern is displayed in
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Fig. 9(D), which indicates that there is not much divergence across
higher cycles.

4. Conclusions

By employing both chemical (ZnCl,) and physical (CO, gas) activa-
tion procedures, asparagus biomass waste has been converted into
porous activated carbon powder. The optimized carbon powder showed
high BET specific surface area and hierarchical porous structure/
network with appropriate content of micro-and meso- porosity as indi-
cated by BET surface area/porosity analysis. PXRD and micro-Raman
measurements confirmed the amorphous nature of the carbon powder.
The hierarchical porosity of the activated carbon and the presence of
heteroatom traces in the carbon matrix were shown by the SEM/EDS
analysis. It has been determined that the GPE film is a superior EDLC
electrolyte due to its broad electrochemical stability window of around
4.5 V vs Ag/Ag" as well as significant ionic conductivity of approxi-
mately 6.3 x 1073 S cm™! at ambient temperature. Using EIS, GCD, and
CV measurements, the symmetric configuration of EDLCs has been
constructed and characterized. The GPE based supercapacitor has
almost 2 times larger electrochemical stable voltage range in compari-
son with the liquid electrolyte-based supercapacitor i.e., from 0 to 2.3 V
voltage range for GPE based EDLC. Comparing the GPE-based EDLC to
the liquid electrolyte-based EDLC, the former has marginally better
capacitive performance. The Ragone plots demonstrate that the GPE-
based EDLC provides the highest specific energy (e.g., 28-29 Wh kg~!
at specific power of 550 W kg™!). The GCD and CV analyses clearly
demonstrate the superior rate capability of the GPE-based EDLC. An
EDLC cell based on GPE with 99-100 % coulombic efficiency and 16 %
initial capacitance fading performs steadily in long-term cycling tests up
to about 10,000 charge-discharge cycles. The optimal EDLC assembly
with GPE and a ~ 50 mW LED light shows that the EDLC has sufficient
energy storage capacity and is suitable for real-world applications.
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