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The remarkable microstructural characteristics of porous carbons make them attractive as electrode materials for supercapacitors. The
production of porous carbon from biowaste materials has gained considerable attention because of their affordability and natural abundance. |
This work approaches the preparation of porous carbon using the bark of wood apple tree precursor. The X-ray diffraction analysis,
Fourier transform infrared spectroscopy and scanning electron microscopy techniques were performed to evaluate the physico-chemical |
parameters of prepared activated carbon material. In three-electrode electrochemical tests, the activated carbon WABAC3 provides the |
specific capacitance of 345 F g™ at a current density of 1 A g™ in 1 M Na,SO. electrolyte with remarkable rate capability. It provides the |
cyclic stability of 91% of initial capacitance after 5000 continuous GCD cycles at a current density of 5 A g™'. |
|

Keywords: Activated carbon, Energy storage, Supercapacitors, Electrochemistry.

INTRODUCTION

In view of energy shortage and environmental problems
brought on by an over-reliance on fossil fuels, society must
progressively transition to sustainable and clean energy sources
[1,2]. To preserve and utilize the captured energy wisely, renew-
able energies must store electric power using effective energy
storage devices like batteries and supercapacitors. Supercapaci-
tors and other cutting-edge energy storage technologies are
necessary to meet the increasing requirement for portable elect-
ronics and electric cars [3]. Supercapacitors are thought to be
a possible supplement for batteries because of their unique
benefits, which include ultrahigh power density, exceptional
cycling stability and environmental friendliness [4]. Super-
capacitors exhibit potential in the automobile industry, as they
provide qualities like rapid charge-discharge and high energy
capacities that are essential for regenerative braking systems
[5]. However, the primary drawbacks of supercapacitors are
their high cost and low energy density, which severely restrict
their vast range of applications. Supercapacitors with high
capacitance, improved rate capability and balanced energy and

power density are urgently required to fulfill the growing
demands for energy storage applications.

Based on their distinct energy process, supercapacitors
can be divided into two categories viz. electric double-layer
capacitors (EDLCs) and pseudo-capacitors. Activated carbon,
carbon nanotubes, graphene, carbon aerogels and carbons gene-
rated from carbides are examples of conductive carbon with
high specific surface area properties, which are frequently used
as electrode material for EDLCs and thus store charges via
electrostatic interactions [6]. Metal oxides, hydroxides, sulfides
and conducting polymers are used as active electrode materials
in pseudocapacitors, which store electrical energy through quick
redox processes [7]. For energy storage uses, carbon materials
have several benefits, including their environmental friendli-
ness, structural and morphological diversity, chemical stability
against strong acids and bases and affordability. Moreover,
the amphoteric features of the carbon materials lead to their
natural strong electrochemical behaviour at the acceptor and
donor phases. Due to their high surface area and porosity, activ-
ated carbons are regarded as the optimal choice for attaining
superior capacitive and cycling performance in supercapacitors
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[8]. It is now essential to produce eco-friendly alternatives to
current carbon-based technology due to growing concerns about
unsustainable production techniques for high-demand commo-
dities like activated carbon [9].

Biocarbons are the solid carbon compounds made through
the process of pyrolysis using biomasses as the carbon source,
which have drawn more interest lately due to their potential
for use in supercapacitors and other possible applications [10].
The biocarbon electrodes’ porous structure and functional groups
offer active sites and areas for ion storage and redox potential,
significantly enhancing capacitive ability. Pyrolysis is a process
that entails heating biomass to elevated temperatures in an inert
atmosphere, resulting in the volatilization or decomposition
of lighter components and the formation of high-carbon residues
[11]. Recently, various biocarbon materials have been used as
supercapacitor electrode materials. For example, the hierarchical
porous activated carbon material was prepared from the cumin
plant using microwave pretreatment synthetic route [12]. The
resultant activated biocarbon provides a specific surface area
of 1472 m*/g and thus provides the highest specific capacitance
value of 155 F g™ at a current density of 0.5 mA cm™ [12].
Similarly, the other activated carbons were also prepared in
various biomass such as Borassus flabellifer flower [13], sakura
flower [14], Sapindus trifoliatus nut shells [15], butnea mono-
sperma [ 16], baobab fruit shell [17], daylily [18], aloe vera [19],
willow wood [20], cabbage leaves [21] and A. auriculiformis
tree [22] also revealed their better supercapacitor properties.
Motivated by the above mentioned works, the present work
demonstrates the preparation of activated carbon from the bark
of wood apple tree (Limonia acidissima) biomass and thus
used for supercapacitor application.

In this work, an activated carbon based on the biomass of
tree bark of Limonia acidissima plant was prepared and charac-
terized. The cyclic voltammetric (CV) and galvanostatic charge/
discharge (GCD) studies were conducted to examine the super-
capacitor properties.

EXPERIMENTAL

The tree bark of Limonia acidissima plant was collected
from Mayiladuthurai district, India. Phosphoric acid (H;PO.)
and hydrogen chloride were purchased from Sigma- Aldrich,
India. N-methyl-2-pyrrolidone (NMP), potassium hydroxide
and sodium sulfate were procured from SRL (India), whereas
polyvinyl alcohol (PVA with molecular weight-88,000 to
97,000) was purchased from Alfa Aeser. China’s Baoji Along
with Filtration Material S&T Co., Ltd. was the source of the
nickel foam. Deionized (DI) water was used in all of the studies
in this investigation.

Methods: The freshly collected bark of wood apple tree
(25 g) was washed with water several times and then dried for
2 weeks. The pieces were first dried in an oven at 100 °C for 1 h
to eliminate moisture. Afterward, they were crushed and ground
to achieve the desired particle size. Phosphoric acid (50% v/v)
was used as the activating agent in a chemical activation process
to treat the air-dried samples. The well-dried sample was carb-
onized in a muffle furnace at 300 °C for 4 h and then washed

with 0.5 M HCI, followed by rinsing with hot distilled water
and finally with cold distilled water until the pH of the solution
become neutral. The solid carbon was then filtered and dried
at 150 °C. For doping nitrogen into the activated carbon, urea
and carbon (after eliminating the acid content) were taken in a
4:1 ratio in a mortar and ground well with 10 mL of deionoized
water. The obtained blend was subjected to heating at 80 °C
for 1 h. Subsequently, the mixture underwent filtration and
dried at 100 °C for 1 h. The calcination process was conducted
according to the activated carbon synthesis procedure [23].
The resulting powder was referred as nitrogen-doped activated
carbon. A similar process was employed for sulfur doping into
activated carbon, with thiourea serving as sulfur source. The
resultant activated carbon, N-doped and S-doped carbon
activated materials were referred to as WABAC1, WABAC2
and WABACS3, respectively.

Characterization: A powder X-ray diffraction (XRD)
study was performed on the activated carbon to investigate its
crystalline characteristics. The PAN Analytical X Pert PRO
model X-ray diffractometer, which was fitted with CuKot radi-
ation (o0 = 1.5418 A) and covered a 10°-80° range, was used.
Using KBr as an internal standard and the pellet method, the
functional groups in activated carbon were evaluated using a
Perkin-Elmer FTIR spectrometer in the range of 4000-400 cm™.
Utilizing the Zeiss ULTRA PLUS scanning electron micro-
scopy (SEM), the morphological examinations were carried
out.

Electrode preparation for supercapacitor analysis: The
as-prepared carbon sample and PTFE were ground into a fine
powder in an agate mortar at a 4:1 weight ratio in N-methyl-
2-pyrollidine solvent and the resulting powder was constantly
ground to obain a uniform paste. Then the paste was coated
onto nickel foam (1 cm x 1cm) under the pressure of 10 MPa
for 1 min. The resultant electrode was dried in a vacuum oven
at 80 °C for 12 h. Moreover, a three-electrode configuration in
a 1 M Na,SO, electrolyte using a CHI workstation was used
to examine the electrochemical characteristics of the as-derived
activated carbon electrode. Here, the carbon electrode, Ag/AgCl
and platinum foil were used as active, reference and counter
electrodes, respectively. To investigate the characteristics of
the supercapacitor, the CV and GCD tests were carried out.

RESULTS AND DISCUSSION

XRD studies: Fig. 1 shows the XRD patterns of the prepared
WABAC1, WABAC?2 and WABACS3 activated carbon materials,
recorded 20 values from O to 50°. It is clearly observed that
the two peaks have appeared in the XRD patterns. The peak at
25°1s due to the (002) plane of carbon whereas the peak at 43°
is due to the (100) plane of the activated carbon, respectively.
The resultant two peaks are characteristic peaks of activated
carbon [24]. The other peaks appeared above 40° are due to
the crystalline graphitic structure of carbon, whereas the remai-
ning peaks in the entire XRD spectra indicate the breakage of
primary bond in carbon [25]. The intensities of the XRD patterns
increase from WABAC1 to WABACS3 activated carbon materials,
suggesting that the calcination temperature may enhance the
crystalline structure of the activated carbon materials.
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Fig. 1. XRD patterns of the (a) WABACI, (b) WABAC?2 and (c) WABAC3
materials

FTIR studies: Fig. 2a-c shows the FTIR spectra of three
WABACI1, WABAC2 and WABAC3 activated carbon mate-
rials. The distinctive peaks of activated carbon, O-H bond defor-
mation vibration and C-H stretching of aromatic compounds
are confirmed in the FTIR spectra, which shows the peaks from
the frequency range from 880 to 550 cm™, respectively. The
functional groups detected in the activated carbon prepared
from the bark of wood apple tree, closely resemble those obser-
ved in previously conducted studies for activated carbons [26].
The broad and strong peak appeared in the range between
3670 and 3200 cm ™' is attributed to the OH vibration. The C-H
stretching of -CH,— and —CHj; appeared as a wide peak in the
3200-2600 cm™ frequency region. These findings verified that
the broad peak is formed by the joining of the peaks from the
OH and C-H stretching of the —CH,- and —CHj3 functional
groups. The peaks in 1600-1400 cm™ region are due to the
C=0 of the aromatic ring in the activated carbon and O-H
stretching vibrations, respectively. The frequency ranges from
1200 to 1000 cm™ indicating the C-O group and C-O stretching
vibrations [27-30].
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Fig. 2. FTIR analysis of the (a) WABACI, (b) WABAC?2 and (c) WABAC3
materials

Morphological studies: The surface morphological
images of the WABAC1, WABAC2 and WABAC3 activated
carbon materials are shown in Fig. 3a-c. The WABACI (Fig.
3a) material shows a wrinkled and rough morphology on the
surface, which is due to surface shrinkage brought on by water
evaporation, volatile substance vaporization and decomposed
gaseous material decomposition during the high-temperature
carbonization process. The similar pattern is also observed in
the the SEM image of WABAC?2 material (Fig. 3b). However,
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Fig. 3. SEM analysis of the (a) WABACI, (b) WABAC?2 and (c) WABAC3 materials

the size of the activated carbon materials is reduced in WABAC2
material compared to WABACI material, which is further
reduced in WABAC3 material (Fig. 3¢). This factor is attributed
to the increased calcination temperature, which enhances the
wrinkled and rough morphology on the surface of the activated
carbon while reducing the size of the materials.
Electrochemical studies: The electrochemical properties
of WABACI1, WABAC2 and WABACS3 electrodes were tested
using CV and GCD studies in 1 M Na,SO, electrolyte. The
cyclic voltammograms of all electrodes are shown in Fig. 4a-c.
The CV curves are recorded using the potential window from
-1to 0V at various sweep rates from 5 to 100 mV s™'. Before
the CV analysis, all the electrodes undergo 50 CV cycles at a
sweep rate of 50 mV s™' to activate the electrode materials.
Without any Faradaic redox peaks, all the CV curves exhibit a
quasi-rectangular shape, suggesting that the electrode materials
store charges using the EDLC energy storage mechanism [31].
The fact that the area under the CV curves of WABAC3 electrode
(one complete cycle) is higher than the other WABACT1 and
WABAC?2 electrodes, suggested that the WABAC3 electrode
delivers a higher specific capacitance. Maintaining a rectangular
form for high scan rates implies high rate capability of cells,
whereas the rectangular CV shape indicates their capacitative
behaviour. Several factors could contribute to the rectangular
shape observed at high scan rates. For example, tiny diffusion
distance of electrolyte ions from mesopores to micropores,
quick ionic transport channels inside the mesopores and the

ElaTin made ¥ [

Fiemia s 1

numerous sites available at the electrode surface for adsorption-
desorption within micropores [32].

The GCD analyses were carried out at various current
densities and are displayed in Fig. 5a-c to further validate the
EDLC behaviour three electrodes viz. WABAC1, WABAC2 and
WABACS3. The study found that compared to WABACI1 and
WABAC?2 electrodes, WABAC3 electrode delivers a substanti-
ally longer charge/discharge time. The GCD plots are typically
shown to be triangular in pattern for EDLCs and samples with
quasi-isosceles triangular GCD curves in the -1 to 1 V potential
window region are indicative of a double-layer capacitance.
The quasi-isosceles triangle shape observed in this case, rather
than a purely triangular form, may have originated from the
oxygen moiety of electrode materials, which markedly enhanced
the wettability of electrode surfaces and electrochemical active
sites [33]. The specific capacitance of all the GCD curves was
calculated using eqn. 1:

Ix At {
mXxAV )
where I refers to the input current density; At denotes discharge
time; m corresponds to active material weight and AV denotes
the current density (A g™'), respectively.

The WABAC1, WABAC2 and WABACS3 electrodes show
the specific capacitances of 179,268 and 345 F g, respectively
at a current density of 1 A g”'. The WABAC3 provides high
specific capacitance compared to WABACI and WABAC2
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Fig. 4. CV analysis of the (a) WABACI, (b) WABAC2 and (c) WABAC3 materials



Activated Carbon from Wood Apple Tree as Electrode Material for Supercapacitor Application 97

Specific capacitance (F g‘1)

Vol. 37, No. 1 (2025)
0=

~ 02+
(@)
(o))
<
< 04+
%
>
2
T 061
T
i)
(o)
L 08+

_1 O -

0 100 200 300 400 500
Time (s)
O -
()

~ -02+ —
6 0 1A g !
(o)) —1
< -04 9 P
gi 3Ag
> —1
< 4A
T 0.6 1 ¢
S 5Ag"
(o)
T 084

_1 O -

0 200 400 600 800 1000
Time (s)

-02+

-0.4 1

-0.6 1

Potential (V vs. Ag/AgCl)

-0.8 1

-1.0 9

100 200 300 400 500 600 700 800
Time (s)

3509

(d) == WABAC1
—#— WABAC2
el \WWABAC3

3001
2509
2009
150 9

100 4

50 9

2 3 4
Current density (Ag™)

(&3]

Fig. 5. GCD analysis of (a) WABACI, (b) WABAC?2 and (c) WABAC3 materials, and (d) specific capacitance vs. current density graph

materials. Also, the attained high specific capacitance is higher
than previous literature based on biomass-derived activated
carbon, as shown in Table-1.

Fig. 5d shows the specific capacitance vs. current density
graph of WABACI1, WABAC2 and WABACS3 electrodes. It is
significant to note that the specific capacitance decreases with
increasing current density, which is due to the time-limiting
factor. The particular capacitance behaviour is enhanced by an
electrochemical process that can easily occur at a low scan rate
in both the inner and exterior electrode materials. However, the

short time frame makes it impossible for an electrochemical
process to proceed smoothly; as a result, the outer layer of the
electrode material only participates in the electrochemical pro-
cess at high scan rates, which lowers the specific capacitance
values.

Lastly, to assess the prepared electrode’s usefulness during
extended cycle usage, their cyclic stability was also examined.
The cyclic stability of the WABAC1, WABAC2 and WABAC3
electrodes was evaluated using 5000 GCD cycles at a current
density of 5 A g”' as shown in Fig. 6. It is observed that the

TABLE-1
PERFORMANCE COMPARISON TABLE

Activated carbon from the biomass Electrolyte Specific capacitance (F g") Ref.
Borassus flabellifer flower 1 M KOH 2344at1Ag' [13]
Lotus seedpod shell 3 M KOH 165at0.5A g [33]
Sunflower seed shell 1 M KOH 311 at 125 mA g [34]
Waste newspaper 6 M KOH 340at1 Ag' [35]
Human hair 6 M KOH 305at1 A g’ [36]
Pomegranate rind 1 M H,SO, 268 at 0.1 A g [37]
Durian shell 1 M KOH 178 Fg'at 1 mA g [38]
Wood apple tree bark 1 M Na,SO, 345at1 Ag’ This work
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WABACI1, WABAC2 and WABACS3 electrodes retained 84,
88 and 91% of initial capacitance after 5000 GCD cycles, con-
firming that the WABAC3 electrode delivers superior cyclic
stability. The reduction in capacitance retention of the electrode
sample during continuous cycling is due to the blockage of
micropores. Reduced ion adsorption may result from such pore
obstruction and thereby decrease the values for capacitance
retention. These results implied that the prepared WABAC3
material has a wide range of potential uses in low-cost energy
storage device applications.

Conclusion

In summary, the activated carbon was prepared using the
bark of wood apple tree at varying temperatures. The physico-
chemical properties were analyzed through various character-
ization techniques such as XRD, FTIR and SEM analysis. The
specific capacitance and other parameters for different gene-
rated activated carbon materials were investigated and the impact
of temperature was also observed. Sulfur doped activated carbon
(WABAC3) yields a specific capacitance of 345 F g'at a
current density of 1 A g™ in 1 M Na,SO, electrolyte with remar-
kable rate capability in three-electrode electrochemical experi-
ments. At a current density of 5 A g™, it offers cyclic stability
of 91% of the initial capacitance after 5000 continuous GCD
cycles.
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