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The adoption of renewable energy for mitigating climate change has intensified the demand for energy
storage solutions. Embracing the circular economy, the valorisation of agricultural or forest biomass into
electrode materials for energy storage systems provides a sustainable and environmentally friendly
pathway. Herein, we synthesised an electrode material from dead Ficus benghalensis (Banyan tree)
leaves by a thermochemical activation process at 700 °C. Systematic structural and morphological
characterisation of the resulting Ficus benghalensis leaf-derived activated carbon (BLC_KOH) exhibited
a hierarchical porous structure with a specific surface area of 49556 m? g~! Electrochemical
measurements of the BLC_KOH electrode performed in Na,SO4 (1 M) electrolyte in a two-electrode
symmetric configuration demonstrated a specific capacitance of 561.22 F g~* at a current density of
0.2 A gL Surface-controlled charge storage was found to be the dominant mechanism at a scan rate of
100 mV s7* based on Dunn analysis. Exceptional cycling stability with ~99.99% capacity retention was
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electrode material. This study demonstrates that Ficus benghalensis leaves can serve as an abundant and

DOI: 10.1039/d5ra09628f renewable precursor for electrode materials, offering a pathway for sustainable and eco-friendly energy
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1 Introduction

The growing embrace of renewable energy sources has fostered
the global shift towards a future of sustainable energy, which is
exerting an unprecedented demand for innovative energy
storage solutions." Although solar and wind energies are
promising clean energy sources, their fluctuating output
hampers grid performance, which necessitates a strong energy
storage infrastructure.>’ Traditionally, batteries are a promising
solution, but their limitations in delivering high power density
and long cycle life requirements have opened the door for
complementary technologies. Thus, supercapacitors, with their
promising abilities, have emerged as the best fit for the evolving
landscape.*

Supercapacitors are specifically used in applications that
demand instantaneous power supply and involve very high
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charge-discharge cycles, and these requirements cannot be met
by conventional batteries.” Among their various applications,
the transportation sector holds a major share due to the adop-
tion of electric vehicles (EVs). Electric vehicles use super-
capacitors to capture and store braking energy, provide rapid
power during acceleration, thereby reducing strain on the main
battery pack. Additionally, the ability of supercapacitors to
perform at low temperatures helps to improve the responsive-
ness and reliability of EV vehicles.*” In manufacturing and
automation systems, they are used to start high-torque motors
and actuators, maintain emergency stop functionality during
breakdown and store energy from decelerating machinery,
thereby improving system efficiency.® Their critical roles in
high-power applications, fast-charging systems, and high-cycle
applications drive the growth and technological advancement
in the energy storage ecosystem.

The development of electrode materials has undergone
a significant evolution over time. Initially, research was
centered on producing activated carbon through straightfor-
ward physical and chemical activation techniques. A subse-
quent paradigm shift led to the exploration of high-
performance metal oxides, notably using sol-gel synthesis to
create materials like ruthenium oxide and other transition-
metal oxides. The discovery of carbon nanotubes in 1991°
marked a major turning point, which introduced high-surface-
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area electrode materials with exceptional performance for
energy storage applications. This was followed by the ground-
breaking discovery of graphene in 2004," which accelerated
and paved the way for development of advanced two-
dimensional materials such as MXenes." In the current land-
scape, influenced by the principles of green chemistry, there is
a growing emphasis on developing sustainable electrode
materials derived from biomass.

In the journey from waste to energy storage (bio-inspired
electrode materials), many waste or unutilised biomass
resources are tapped to prepare activated carbon. Among the
great wealth of biomass resources, this research reports the
preparation of activated carbon from banyan tree leaves. Ficus
benghalensis, commonly known as the banyan tree, is indige-
nous to the Indian subcontinent. Its main feature is its exten-
sive canopy, which can spread across a large area, supported by
its aerial roots that later develop into thick, woody trunks. The
large oval or elliptical leaves have a lignocellulosic composition
that is optimal as a primary precursor for activated carbon.*>*?
In this study, Ficus benghalensis leaves were transformed into
highly porous activated carbon for supercapacitor electrodes
through a carbonisation and KOH chemical activation strategy.
The physicochemical properties of the resulting material were
obtained from characterisation techniques such as XRD,
Raman and FTIR spectroscopy, EDX, FESEM, XPS, and N,
adsorption-desorption analysis. Its electrochemical perfor-
mance was evaluated by conducting cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) analysis and electro-
chemical impedance spectroscopy (EIS) in a two-electrode
symmetric configuration.

2 Experimental study
2.1 Materials

Naturally fallen leaves of Ficus benghalensis (banyan tree) were
stockpiled from the campus of the National Institute of Tech-
nology Karnataka, and used as a precursor to develop the acti-
vated carbon material. Potassium hydroxide pellets (KOH) and
hydrochloric acid (HCI) were sourced from Loba Chemie Pvt.
Ltd. Ethanol (absolute) was procured from Changshu Hon-
gsheng Fine Chemicals. Potassium phosphate monobasic
(H,KO4P), polyvinylidene fluoride (PVDF), and N-methyl-2-
pyrrolidone (NMP) were procured from Sigma-Aldrich. C-
NERGY SUPER C65 carbon black (TIMCAL) and Grafoil sheets
were used as received. Ultrapure water (Type 1) was used to
prepare all the solutions.

2.2 Synthesis of banyan tree leaf-derived activated carbon
(BLC)

Naturally fallen Ficus benghalensis leaves were collected, thor-
oughly rinsed with ultrapure water, and sun-dried for a week
before being pulverized into a fine powder. The pulverised
biomass was homogeneously mixed with potassium phosphate
monobasic (H,KO4P) in a ratio of 1:1 (w/w) using ultrapure
water as the medium. The resulting slurry underwent thermal
treatment under continuous stirring until a paste formed. The
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dried paste was subjected to carbonization in a tube furnace
under an argon gas atmosphere at 450 °C for 30 minutes. The
carbonized sample was subjected to different procedures to
obtain two types of activated carbon. The first type of activated
carbon material was synthesised by pyrolyzing the sample at
700 °C for 30 minutes at a ramp rate of 20 °C min~* under
a constant argon gas flow rate of 150 mL min . The second type
of activated carbon material was synthesised by impregnation
with aqueous KOH solution in a 1: 1 ratio, followed by thermal
treatment under continuous stirring to yield a homogeneous
paste. The paste underwent pyrolysis at 700 °C for 30 minutes
under argon flow. After pyrolysis, both materials were subjected
to identical post-synthesis purification. The purification steps
involved treating with 30% HCI solution to eliminate inorganic
and other impurities, followed by washing with ultrapure water
to achieve neutral pH. The final step involved rinsing with
ethanol and drying in an oven at 110 °C for 24 hours. The
resulting material was named as BLC and BLC_KOH and stored
in a desiccated environment before characterisation.

2.3 Structural and morphological characterisation

Thermal gravimetric analysis (TGA) and derivative thermog-
ravimetry (DTG) were carried out in TGA 4000 at a heating ramp of
10 °C min~" to determine the thermal stability of the material. X-
ray diffraction studies were performed with an Empyrean 3rd Gen,
Malvern Panalytical (Netherlands) instrument, with a Cu-Ko
source with a wavelength of 0.154 nm, to determine the structural
characteristics of the materials. Further confirmation of the
structural properties was obtained by Raman spectroscopy using
a confocal Raman microscope (Renishaw, UK) with an excitation
wavelength of 532 nm. The morphologies of the samples were
analysed using HR-FESEM (GEMINI 300, Carl Zeiss, Germany),
and the elemental composition was obtained by energy-dispersive
X-ray (EDX) analysis. FTIR studies were conducted with a Spec-
trum 2 FT-IR Spectrometer (PerkinElmer, Singapore), and XPS was
performed to establish the presence of various functional groups.
N, adsorption-desorption measurements (Autosorb IQ-XR-XR,
Anton Paar, Austria) were conducted to analyse the sample's
pore size distribution and specific surface area by outgassing the
samples under vacuum for 3 hours at 300 °C.

2.4 Electrode fabrication and electrochemical evaluation of
BLC_KOH

The working electrode was fabricated by grinding the active
material (80 wt%), C65 (10 wt%), and PVDF binder (10 wt%) in
NMP solvent. The homogenised black paste was uniformly
drop-casted on the Grafoil substrate (1 cm?), yielding electrodes
with an active loading mass of 2 mg cm™ 2. The electrode was
further processed under vacuum conditions at 60 °C overnight.
The electrochemical performance of the resulting electrode was
measured in a symmetric electrode configuration with filter
paper as a separator in 1 M Na,SO, as the electrolyte. With an
Autolab electrochemical workstation, cyclic voltammetry and
galvanostatic charge-discharge were conducted in a potential
window of 0-1 V at scan rates of 5 mV s~ to 100 mV s~ and
a current density from 0.2 Ag ' to 1 A g™ ', respectively. EIS was

RSC Adv, 2026, 16, 11864-11873 | 11865
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conducted in the frequency range of 0.01 Hz to 1 MHz with an
amplitude of 10 mV. The electrochemical performance param-
eters were calculated from the following equations:**

. . _ 1 At
Specific capacitance (Cyy, F g™') =2 x X (ﬁ)

Energ density (Eq, Wh kgfl) = x Cep(A vy

2x3.6

3600 x Ey

Power density (Pg, W kg™) .

where AV, I, At, and m are the potential change within At, the
current (A), the discharge time (s), and the active material
loading mass (g), respectively.

3 Results and discussion
3.1 Physicochemical characterisation

Thermogravimetric analyses (TGA, argon (Ar) atmosphere, heat
rate = 10 °C min ') and derivative thermogravimetry (DTG)
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were carried out on the precursor material after pulverisation.
The multi-step thermal decomposition is observed in Fig. 1a.
The initial weight loss can be attributed to moisture loss up to
110 °C. The second stage of decomposition involves rapid
weight loss from ~175 °C to ~420 °C, which is confirmed by
a DTG minima at ~320 °C. This stage can be attributed to the
breakdown of cellulose and hemicellulose present in the
biomass.* In the third stage (~420-700 °C), a slower decom-
position is observed, as evident from the DTG curve with a less
intense minimum in this zone, which can be assigned to the
breakdown of lignin and char formation. At ~700 °C, the DTG
curve approaches near zero, and the TGA curve flattens until
900 °C.' X-ray diffraction (XRD) analysis was conducted to
understand the structural properties of the material. Fig. 1b
confirms the predominant amorphous nature of both the
materials, which is characterized by broad diffraction peaks at
20 = ~22° and ~42°; these peaks correspond to (002) and (100)
planes for turbostratic carbon, respectively. Compared to BLC,
BLC_KOH shows a shoulder peak at (100) plane, reflecting
increased structural orderliness."”

The degree of graphitisation and structural defects in the
activated carbon were systematically evaluated using Raman
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Fig. 1 (a) TGA and DTG plots, (b) XRD spectra, (c) Raman spectra and (d) FTIR spectra of BLC and BLC_KOH.
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Fig. 2 (a) and (b) TEM images of BLC_KOH at different magnifications.

spectroscopy. As shown in Fig. 1c, the Raman spectra of both
samples exhibit characteristic D and G bands at ~1359.41 cm ™"
and ~1589.45 cm™?, respectively, for BLC_KOH, and at
~1352.62 cm™ "' and ~1587.27 cm ™" for BLC, respectively. The
degree of disorder was quantified using the intensity ratio (Ip/
1), which was calculated as 0.85 for BLC and 0.86 for BLC_KOH.
The Raman spectra were deconvoluted to provide a detailed
analysis of vibrational modes using Lorentzian line shapes,
consistent with the reported literature for similar carbonaceous
materials. The deconvoluted Raman spectra were characterised
by multiple first-order bands (D1, D2, D4, and G) and a broad
second-order band (2D). The D1 band arises from the defect-
activated A,y breathing mode of sp® aromatic rings, which
serves as a primary indicator of structural disorder and lattice
imperfections in the carbon framework."”® The G band corre-
sponds to the in-plane stretching vibration of C-C bonds (Epg
mode) in graphitic sp> carbon materials.? The D2 band is
associated with lattice vibrations that correspond to the G band
in the bulk sp* carbon framework. The D4 band arises as
a result of lattice vibrations corresponding to mixed sp*-sp®
bonds.*® A broad, weak second-order band appeared in the 2D
region.

Molecular functional groups were identified by using FT-IR
spectroscopy, as shown in Fig. 1d. Both samples exhibit
a broad adsorption band between 3200 cm ™' and 3600 cm ™,
which is typically attributed to stretching vibrations of hydroxyl
groups (O-H), and peaks at ~1640 cm™ ' show the presence of
stretching vibrations of C=C and C=O0 bonds. The peaks at
~650 cm™ " can be attributed to the C-H bending vibrations.**
KOH-activated carbon shows a decrease in the intensity of the
broad O-H band, which implies the removal of surface oxygen
functional groups during KOH chemical activation owing to its
dehydrating nature.?>*

TEM analysis, as shown in Fig. 2a and b, was performed to
study the topographical and morphological characteristics of
the KOH-treated activated carbon (BLC_KOH). The TEM images
indicate a hybrid carbon framework comprised of amorphous
regions and localised graphitic domains within the sample. The
high-resolution image shows that the lattice fringes are not

© 2026 The Author(s). Published by the Royal Society of Chemistry

continuous over long distances. Such fragmented fringes are
associated with a turbostratic carbon structure, where graphene
layers are misaligned and lack long-range stacking order.
Overall, the TEM analysis corroborates the structural conclu-
sions derived from XRD and Raman spectroscopy, supporting
the presence of a partially graphitized yet defect-rich carbon
framework in BLC_KOH. The morphologies of both materials,
as shown in Fig. 3a for BLC_KOH and Fig. 3c for BLC, show
a porous nature, which plays an important role in energy
storage systems. This honeycomb porous framework can be
attributed to the carbonisation and chemical activation
processes, which help to increase specific surface area (SSA).
EDX analysis (as shown in Fig. 3b and d) reveals an increase in
the carbon and a decrease in the oxygen content with KOH
activation.

N, adsorption-desorption isotherm studies were conducted
to understand the surface properties of the materials. Both
materials exhibit a Type IV isotherm shape with a H4 hysteresis
loop (as shown in Fig. 4a), which is characteristic of materials
featuring both micropores and mesopores with a narrow slit
shape.?*?® At very low relative pressures, a sharp rise in adsorbed
volume is observed, which can be attributed to micropore
filling. In the relative pressure range from 0.1 to 0.4, a gentle
slope is observed, which signifies multilayer adsorption on the
mesopore walls. The KOH-activated material shows a higher
uptake, indicating enhanced surface area and pore accessibility.
At a relative pressure (P/P, > 0.4), both samples exhibit a H4
hysteresis loop, confirming the presence of slit-shaped meso-
pores, narrow pore channels where capillary condensation
occurs, and an interconnected pore network. This is further
confirmed by the pore-size distribution curve shown Fig. 4b.
Compared with the BLC material, the KOH-activated material
(BLC_KOH) at 700 °C exhibits a drastically increased specific
surface area (Sgpr) from 332.314 m”> g~ ' to 495.56 m> g,
micropore area from 194.068 m> g~ to 385.924 m” g *, total
pore volume from 0.355 cm® g™* to 0.397 cm® g, and micro-
pore volume from 0.118 em® g~ to 0.215 cm® g7, as shown in
Table 1.

RSC Adv, 2026, 16, 11864-11873 | 11867
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Fig. 3 (a) FESEM image of BLC_KOH, (b) EDX analysis of BLC_KOH, (c) FESEM image of BLC and (d) EDX analysis of BLC.
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Fig. 4 (a) N, adsorption—desorption isotherms and (b) pore-size distribution curves of BLC_KOH and BLC.

XPS analysis was conducted to study the elemental compo-
sition and surface functional groups present in the BLC_KOH
material. The XPS spectra, shown in Fig. 5a, confirm the pres-
ence of carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s) in the
derived material. The C 1s spectra is deconvoluted into four
peaks at 284.5 eV (atomic conc. 54.7%), 286.0 eV (atomic conc.
22.3%), 288.7 eV (atomic conc. 17.4%), and 291.2 eV (atomic
conc. 3.3%), as shown in Fig. 5b. The peak at 284.5 eV denotes
the presence of sp>-hybridised graphitic carbon (C-C) groups.>®

11868 | RSC Adv, 2026, 16, 11864-11873

The peak at 286.0 eV can be assigned to C-O (alcohol/ether) or
C-N groups. The peak at 288.7 eV can be assigned to O-C=0
groups, and the peak at 291.2 eV (w-1t* satellite peak) indicates
the presence of aromatic or graphitic domains in the carbon
material.?” The O 1s spectrum (Fig. 5c¢) is deconvoluted into
three components at 532.1 eV (atomic conc. 81.2%), 533.36 eV
(atomic conc. 12.7%) and 535.1 eV (atomic conc. 5%), each
denoting different surface functional groups. The peak at
532.1 eV is attributed to carbonyl and quinone (C=0) groups,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Textural properties of BLC and BLC_KOH
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Micropore area® Total surface area”

Micropore volume® Total pore volume® Average pore

Material (m*>g™) (m>g™) (em® g™ (em® g™ size (nm)
BLC 194.068 332.314 0.118 0.3552 2.137
BLC_KOH 385.924 495.562 0.215 0.3971 1.603
“ t-plot method. * BET method. ¢ BJH method.
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Fig. 5 XPS spectrum of BLC_KOH: (a) full spectrum and (b) C 1s, (c) O 1s and (d) N 1s spectra.

the peak at 533.6 eV is assigned to C-O-H or C-O-C groups,*®
and the peak at 535.1 eV is associated with chemisorbed water.>
The N 1s spectrum is deconvoluted into two components, as
shown in Fig. 5d: peak 1 at 400.3 eV (atomic conc. 42.3%) and
peak 2 at 401.0 eV (atomic conc. 57.7%).* Pyrrolic N (N-5, 400.3
eV), found at the edges and defective sites in carbon layers, may
provide additional active sites, which help in the adsorption of
electrolyte ions, and graphitic N (N-Q, 401.00 eV) contributes to
the wettability and electrical conductivity of the material.>"**

3.2 Electrochemical performance

Electrochemical performance was evaluated in the two-
electrode symmetric configuration using 1 M Na,SO, as the

© 2026 The Author(s). Published by the Royal Society of Chemistry

electrolyte with BLC_KOH as the electrode material. The charge-
storage mechanism was studied using cyclic voltammetry (CV)
with a scan rate of 5mV s~ to 100 mV s~ . Fig. 6a shows a quasi-
rectangular shape, which is characteristic of EDLCs with
pseudocapacitive contributions. EDLCs store energy through
ion adsorption at the electrode—electrolyte interface, creating
a double layer.*

The CV curves were analysed further using the power law and
Dunn method. The power law relationship, which relates
current and scan rate (as shown in eqn (1) and (2)) in electro-
chemical analysis, reveals the wunderlying charge-storage
mechanisms in energy storage materials:

i=a®

(1)

RSC Adv, 2026, 16, 11864-11873 | 11869
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log(i) = blog(v) + log(a) 2)

where i is the peak current, » is the scan rate, and ‘a’ and ‘b’ are
constants. The slope of log(i) vs. log(v) provides a b-value. A b-
value equal to 1 represents the ideal surface (capacitive)
controlled charge-storage mechanism, and a b-value equal to
0.5 indicates a pure diffusion-controlled charge-storage mech-
anism. A b-value between 0.5 and 1.0 represents mixed charge-
storage mechanisms.** From Fig. 6b, the observed b-values lie
between 0.5 and 1, which indicate a mixed charge-storage
mechanism. As the b-value is closer to unity, surface-
dominated mixed behaviour can be observed. Additionally,
Dunn analysis was performed using mathematical eqn (3) and
(4) > to understand the contribution from different types of
charge-storage mechanisms:

l(V) = klll + kz\/lj

i(v)

—==kivr+k

= ki ko
where 7 is the current, k;» implies the capacitive current, and

i) vs. /v

k,+/v implies the diffusive current. The plot of —=
provides k; (slope) and k, (y-intercept) values. The values of k,

(3)

4)

NG
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(a) Cyclic voltammograms, (b) b-value at a potential of 0.05 V, (c) current contribution at 0.05 V, and (d) deconvoluted CV profile at

and k, were used to calculate capacitive current and diffusive
current contributions, respectively. Fig. 6¢c and d show the
capacitive and diffusive current contributions across different
scan rates and the deconvoluted CV curve at a scan rate of
100 mV s~ ', respectively. It can be inferred that with increasing
scan rate (5 mV s~ to 100 mV s~ '), the contribution from the
surface-controlled mechanism increases from 42% at 5 mv s "
to 76% at 100 mV s '. The transition from the diffusion-
controlled mechanism to the surface-controlled mechanism
can be attributed to the kinetic and mass-transport limitations
that arise at higher scan rates.*

Galvanostatic charge-discharge (GCD) testing was per-
formed to understand the practical performance of the super-
capacitor at different current densities (0.2 Ag~" to 1A g~ ") with
the potential range of 0-1 V. Fig. 7a reveals a deviation from the
triangular shape that is characteristic of ideal capacitive
behaviour, indicating mixed EDLC and pseudocapacitive
behaviour.’” At a current density of 0.2 A g~*, the BLC_KOH
electrode showed a specific capacitance of 561.22 F g~ '. The
electrochemical performance observed for BLC_KOH electrode
is benchmarked against that observed for existing biomass-
derived activated carbon supercapacitors, as summarized in
Table 2. This higher specific capacitance can be attributed to
the specific surface area and hierarchical and interconnected

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pore size distribution, which facilitate ion transport, while
pseudo-capacitance contribution can be attributed to the pres-
ence of heteroatom species such as oxygen and nitrogen. An
increase in current density (0.2 A g ' to 1 A g ') results in
a reduction of the specific capacitance, as depicted in Fig. 7b.
This declining capacitance at higher currents arises from
kinetic and mass transport limitations that restrict ions from
accessing the electrode's micropores and mesopores, which
lead to incomplete utilisation of specific surface area and to
ohmic (Ig) drop increases that reduces the usable potential
window and discharge time.**

The Ragone plot (Fig. 7c) was obtained by calculating the
energy density and power density for the BLC_KOH electrode,
which illustrates a good electrochemical performance. It was
observed that energy density decreases as the power density
increases, which is a universal feature for all practical electro-
chemical energy storage devices that can be attributed to kinetic
and mass transport limitations and an Iz drop. Fig. 7d shows
the energy density-power density relationship, which demon-
strates the fundamental trade-off characteristic of super-
capacitor performance, where the energy density decreases
from 75 to 17 Wh kg™ while the power density increases from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electrochemical performance comparison of biomass-
derived activated carbons

Current Specific

density capacitance
Biomass Electrolyte  (Ag™") (Fg™h Ref.
Acacia tree bark 1 M Na,SO, 1 191 39
Cashew nut 1M Na,SO, 1 214 40
shells
Tea waste 1M Na,SO, 1 138 41
Empty fruit 6 M KOH 0.1 346 42
bunches
Juncus effuses 6 M KOH 0.5 233 43
Chinese date 1 M Na,SO, 0.5 164 44
Bamboo 6 M KOH 0.5 179 45
Rice husk 6 M KOH 0.1 315 46
Bacillus subtilis 1 M H,SO, 0.2 305 47
Popcorn 6 M KOH 0.2 348 48
Pistachio shells 1 M H,SO, 0.5 188 49
Ficus 1 M Na,SO, 0.2 561.22 This work
benghalensis 0.5 208.98

(banyan tree)
leaves
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196 to 915 W kg ' as the current density rises from 0.2 to
1.0 A g '. An electrochemical impedance spectroscopy (EIS)
study was conducted to obtain the Nyquist plot (0.01 Hz to 1
MHz, amplitude 10 mV), as shown in Fig. 8a. The EIS data were
fitted to the equivalent circuit model, shown in the inset of
Fig. 8a, using the ZSimp software to quantify resistive compo-
nents. The fitted parameters correspond to a total resistance of
9.459 Q, an R, of 7.959 Q, and a charge-transfer resistance (R.)
of 0.002 Q. The nearly vertical linear pattern in the low-
frequency region indicates good capacitive behaviour with
rapid ion diffusion and efficient charge transfer, and the pres-
ence of a small semicircle in the high-frequency region indi-
cates a very well-formed double-layer capacitance, which
reflects rapid interfacial kinetics in the BLC_KOH electrode.*®
Finally, the BLC_KOH electrode was subjected to long-term
GCD testing at a current density of 4 A g¢”' to understand the
durability of the electrode. The results (as shown in Fig. 8b)
reveal an outstanding ~99.99% capacity retention even after
1000 cycles and a coulombic efficiency of 83.2%, which
demonstrates their superior cycling stability and reliability. The
findings obtained through different electrochemical character-
isation techniques collectively validate a better electrochemical
performance, highlighting their potential application in high-
performance devices such as electric vehicle regenerative
braking, grid frequency regulation, and consumer electronics.

4 Conclusions

This current research work successfully synthesised activated
carbon from Ficus benghalensis leaves by employing a dual
approach of physical activation and chemical activation using
KOH at 700 °C. Physicochemical and morphological charac-
terisations revealed the amorphous nature of the activated
carbon (BLC_KOH), with a well-connected hierarchical porous
structure, a specific surface area (Sggr) of 495.56 m?> gfl, and the
presence of several functional groups. These combined features
promote ion transport and charge accumulation, which leads to
better electrochemical performance. Electrochemical charac-
terisation revealed a b-value of 0.82 at 0.05 V, a surface-

1872 | RSC Adv,, 2026, 16, 11864-11873

View Article Online

Paper
120 T T T T 120
c —@— Capacitance Retentlon
—@— Coulombic Efficiency
100hp—@—F 9 —0 90— —9 _{,,
= 804 8o
o )
=3 <
= @
2 >
3 °
r g0 60 E
8 o
o —
< o
= £
= S
8 40 40 3
3 o
204 20
0 T T T 0
0 200 400 600 800 1000

Cycle Number

(a and b) Electrochemical impedance spectra and (c) cyclic stability of BLC_KOH.

controlled mechanism (76%) at a scan rate of 100 mV s,

and a specific capacitance of 561.22 F g~ ' at a current density of
0.2 A g '. An outstanding cycling stability was achieved, with
a capacity retention of ~99.99% and a coulombic efficiency of
83.2% after 1000 charge-discharge cycles at a higher current
density of 4 A g . Together, these results demonstrate that
BLC_KOH is a promising electrode material for high-
performance and sustainable energy storage solutions.
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