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ABSTRACT

Biomass-based porous carbon is an exceptional material with unique nano-morphological
properties and a high surface area, making it an ideal candidate for improving the performance of
supercapacitor electrodes. Herein, activated carbon derived novel areca-nut waste (ANW) as
electrodes materials were successfully produced using a simple method. The process involved
drying the ANW using pre-carbonization, chemical activation, and high-temperature pyrolysis.
The zinc chloride was selected as chemical catalytic in 1 m/l solution. Subsequently, porous
carbon was produced at different physical activation temperatures of 800°C, 850°C, and 900°C.
The activated carbon was converted into coin-like design with an additional adhesive of PVA. The
electrochemical properties were assessed using a two-electrode system in a 1 M H,SO, electrolyte.
The ANW-based supercapacitor demonstrated good electrochemical performance, with an optimal
specific capacitance of 94.6 F/g at 850°C. Additionally, it exhibited an optimal energy density of
12.8 Wh/kg and a power density of 245.516 W/kg. These results suggest that porous carbon
derived from ANW biomass holds promise as a sustainable working electrode for green-

supercapacitor.
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INTRODUCTION

The growth of the human population and the
development of the global economy have led to
an increasing demand for energy worldwide. It
is estimated that by 2026, the demand for
energy will double. Therefore, it is important to
study the development of new and sustainable
energy sources. Supercapacitors have attracted
attention because they are a new type of energy
storage device that has high power density, long
service life, good cycle stability, and large
capacity [1]. In addition, supercapacitors are
efficient, green, and environmentally friendly
energy storage devices [2]. However, the low
energy density of supercapacitors is a weakness
that limits their widespread application. To
overcome these problems, the development of
electrode materials is necessary because they
are a key factor in improving the performance
of high-performance supercapacitors [3].

Activated carbon is commonly used as an
electrode material due to its affordability,
stability, and good conductivity [4]. It's
typically derived from coal, petroleum, and
biomass. Biomass-derived activated carbon
offers advantages such as abundant availability,
unigue porosity, sustainability, and
environmental friendliness [5]. Previous studies
have highlighted the exceptional properties of
natural waste-based carbon materials, including
their nano morphology, hierarchical pores, and
hydrophilicity supporting heteroatom elements
[6, 7]. For example, hierarchically porous
carbon from biomass plane tree fruit fluffs
achieved an energy density of 46.3 Wh/kg [8].
Porous carbon obtained from biomass garlic
peels exhibited an energy density of 9.07
Wh/kg and a specific capacitance reaching
396.25 F/g [4]. Additionally, porous carbon
from the jujube shell demonstrated a high
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specific capacitance of 535 F/g with an energy
density of 13.97 Wh/kg [9]. However, not all
biomass can exhibit these characteristics
through simple and environmentally friendly
methods, requiring further intensive studies to
identify potential biomass and environmentally
friendly approaches. On the other hand, the
areca-nut (AN) is a major horticultural crop in
Indonesia, occupying 147,890 hectares and
supplying 80% of the global AN demand [10].
The substantial area of AN plantations
generates significant waste, including areca-nut
waste  (ANW), which contains 66.08%
cellulose, 7.40% hemicellulose, 19.59% lignin,
and other minor components [10, 11]. Given
these contents, ANW holds promise as a raw
material for activated carbon production.

Furthermore, one of the main ways to
convert biomass into activated carbon is by
using the thermochemical transformation
method [12]. This method consists of two steps,
namely  carbonization and  activation.
Carbonization is the process of converting
organic matter into carbon through low-
temperature pyrolysis [13]. This process
focuses on removing volatile compounds, and
hydrocarbons and breaking down precursors
until charred residue remains. Furthermore, the
activation process involves the addition of
appropriate activating agents to obtain a high
surface area with its unique porosity. The
activation process is divided into two, namely
chemical activation and physical activation.
The chemical activation process is a common
method used to produce carbon-based activated
carbon derived from biomass [14]. In this
process, biomass carbon material is mixed with
chemicals and carbonized using inert gas.
While the physical activation process uses
oxygen-containing gases such as CO, and water
vapor. This process takes place at high
temperatures  (800°C -  1000°C) by
decomposing carbon materials so that they form
many pores and cracks [15].

In this study, a simple and cost-effective
synthesis is reported to obtain biomass-based
activated carbon. Conversion of ANW into
carbon through drying, pre-carbonization,

chemical activation, carbonization, and physical
activation processes. Chemical activation was
carried out using 1 M ZnCl, as an activating
agent. Carbon samples were prepared in powder
form which were then carbonized and
physically activated. Carbonization was carried
out up to a temperature of 600°C with an inert
gas environment (N,). Physical activation was
applied using different temperatures, namely at
800°C, 850°C, and 900°C with a CO, gas
environment. Furthermore, the electrochemical
performance of the activated carbon obtained
was evaluated in a 2-electrode configuration
with a specific capacitance of 94.6 F/g with an
energy density of 12.8 Wh/kg and a power
density of 245.516 W/kg. Therefore, this study
proves that ANW biomass can be utilized as
activated carbon to be used as an electrode
supercapacitor.

MATERIALS AND METHODS

Material

Samples of ANW were collected from
plantations in Solok Regency, Indonesia. We
used ZnCl, from Merck KgA as the chemical
activator. The gases N, and CO, were obtained
from PT. Aneka Gas Industri Tbk, Indonesia.
The electrolyte material H,SO, was supplied by
Panreac Quimica Sau. Duck eggshell
membranes were used as separators, and DI
water was produced on the laboratory scale.

Preparation of Sample Powder

The ANW was initially cleaned and cut into
small pieces measuring 3 x 2 cm. Afterward, it
was dried using sunlight for 2 days and then in
an oven at 110°C for 48 hours. The drying
process was then continued using a vacuum
oven at a temperature range of 50°C — 250°C.
Subsequently, the sample was ground using a
mortar and ball milling. After grinding, the
sample was sieved to obtain a uniform powder
size of < 60 pm.
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Preparation of Porous Carbon from ANW

The ANW sample powder was chemically
impregnated using 1 M ZnCl, with distilled
water and carbon. This process involved using a
hotplate set to a rotation of 300 rpm and a
temperature of 80°C. After impregnation, the
sample was dried in an oven and then ground
into powder again. The obtained carbon powder
was  subjected to  pyrolysis  through
carbonization and  physical  activation.
Carbonization was carried out at temperatures
ranging from 30°C to 289°C and from 289°C to
600°C, with a N, gas flow rate of 1°C/min and
3°C/min, respectively. Physical activation was
performed using CO, gas at temperatures of
800°C, 850°C, and 900°C, with a gas flow rate
of 10°C/min. The resulting porous carbons were
labeled as ANW-800, ANW-850, and ANW-
900. The pyrolysis products were neutralized
using DI water until the pH reached 7 and then
dried in an oven at 110°C.

Material Characterization

Phase and degree of crystallinity of ANW
were evaluated using X-ray diffraction (XRD)
with a Shimadzu type MAXima_X, within the
angle range (20) 10° — 60°, with plate number 1
No. BMN: 3.08.02.01.027.1. The
electrochemical properties of the supercapacitor
cell were evaluated in a two-electrode system
using additional adhesive. The electrodes, with
a diameter of 8 mm and a thickness of 0.2 mm,
were prepared in a 1 M H,SO, electrolyte
solution and separated using a duck eggshell
membrane. The electrochemical performance
was measured using cyclic voltammetry (CV)
and galvanostatic charge discharge (GCD)
techniques. The CV method was carried out
using a CV UR Rad-ER 5841 physics
instrument, testing at a maximum voltage
window of up to 1 V at scan rates of 1, 2, 5, and
10 mV/s. The GCD method was carried out
using a CD UR Red-ER 2018 with a current
density of 1 AJ/g. Specific capacitance,
resistance, energy density, and power density

were obtained from the CV and GCD methods,
and calculated using standard equations.

RESULTS AND DISCUSSION

The XRD pattern of ANW at different
physical activation temperatures is
characterized in Figure 1. This pattern shows
two diffraction peaks at 26 values of 22.424° —
23.496° and 42.013° — 44.714° which are
related to the crystal planes (002) and (100).
This characteristic indicates low graphitization
so that the activated carbon electrode has an
amorphous nature [16]. Therefore, this structure
can form more developed pores which results in
high electrical conductivity values. High
conductivity values can support better
electrochemical properties. This study is in line
with previous studies using different biomass,
namely  Mangifera indica leaf [17],
Phyllostachys edulis [18], and paddy straw
[19]. Furthermore, the XRD pattern also shows
several sharp peaks which confirm the presence
of crystalline compounds in each sample.
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Figure 1. XRD pattern of ANW samples.

Table 1 shows the interlayer d-spacing and
microcrystalline dimensions for the three ANW
samples. The dgy, and dig values of ANW
based on the Bragg equation 2dsinf = nA have
values ranging from 3.783 — 3.962 A and 2.025
—2.148 A, respectively. The dgo, value obtained
is higher than the dy, value of graphite
confirming that the ANW-activated carbon
sample has high porosity due to weak
graphitization so that the sample has better
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amorphous properties. Furthermore, the layer
height value (L.) is related to the specific
surface area according to the empirical formula
(SSAq 2/pxdle),  where  pyg =
(dooz(graphite)/dooz) X Pgraphite [20]. Based on the
empirical formula, it can be concluded that the
L. value is inversely proportional to the specific

surface area value. If the L. value is small, the
surface area is large. From Table 1, it can be
seen that ANW-850 has the smallest Lc layer
height value, which is 8.606 A, so ANW-850
has the highest specific surface area which can
improve the performance of supercapacitor
electrodes.

Table 1. Lattice parameters and interlayer spacing for ANW activated carbon samples.

26002 26001 d002 leO LC I—a

Samples code ) O A& A A A
ANW-800 22.424 44714 3.962 2.025 8.982 15.619
ANW-850 23.496 44.128 3.783 2.050 8.606 36.752
ANW-900 22.913 42.013 3.878 2.148 9.177 10.505

The electrochemical properties of ANW
were evaluated through a two-electrode system
in 1 M H,SO, electrolyte using CV and GCD.
Figure 2 depicts the CV curves for the three
electrodes at a scan rate of 1 mV/s with a
voltage range of 0 — 1 V. The curves have a
distorted rectangular shape, indicating the
characteristics of the electrical double-layer
capacitance derived from the porous carbon
material [21]. The sample ANW-800 shows a
fairly large hysteresis curve, which indicates a
specific capacitance value of 60 F/g. Increasing
the physical activation temperature significantly
increases the current density of ANW-850, with
its specific capacitance reaching 76 F/g.
However, further increasing the physical
activation temperature to 900°C reduces the
current density in the hysteresis loop,
confirming that the specific capacitive property
of the third electrode decreases to 14 F/g.
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Figure 2. CV profile of ANW sample at a scan
rate of 1 mV/s.

Furthermore, the electrode potential of
ANW-850 was evaluated at different scan rates
ranging from 1 to 10 mV/s, as shown in Figure
3. The figure illustrates that at high scan rates,
the ANW-850 sample displays a good
rectangular curve, which indicates ideal
capacitive  behavior characteristics  [22].
However, at higher scan rates, the ions have
enough time to diffuse into the electrode pores,
the electrolyte ions are unable to access the
interior of the active material, leading to a
decrease in capacitance [23, 24].
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Figure 3. The CV profiles of ANW-850 at scan
rates of 1, 2, and 5 mV/s.

The electrochemical performance of ANW-
850 was thoroughly analyzed through GCD
measurements. The GCD curve of ANW-850
was assessed at a current density of 1 A/g, as
depicted in Figure 4. The results showed an
isosceles triangle shape, confirming the normal
double-layer electrochemistry [25]. In addition,
the straight line on the discharge curve
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indicated the ohmic resistance of the electrode
[26]. The resistance value for ANW-850 was
determined to be 0.27 Q, with a specific
capacitance of 94.6 F/g. Furthermore, the
charge and discharge times on the GCD curve
validated the coulombic efficiency value of the
ANW-850 sample, which was found to be 87%
[27]. These findings confirmed the superior
electrochemical performance of the ANW-850
sample. In particular, the electrochemical
performance of ANW-850 showed a specific
capacitance of 94.6 F/g, accompanied by an
energy density of 12.8 Wh/kg and a power
density of 245.516 W/kg. The electrochemical
performance of ANW was compared with that

of other biomass-based activated carbon
supercapacitor electrodes, as shown in Table 2.
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Figure 4. The GCD profiles of ANW samples.

Tabel 2. Comparison of the electrochemical performance of activated carbon-based supercapacitor

electrodes derived from biomass.

Csp Esp Psp
sources (Flg) (Whikg)  (W/kg) References
Jack wood tree 147 8.02 68.5 [28]
Asparagus waste 160 31 560 [29]
Cashew nut shells 106 2.43 1002 [30]
Palm waste 135.1 3.4 202.6 [31]
Areca-nut waste 94.6 12.8 245.51  In this study

CONCLUSION

Porous carbon based on areca nut waste
biomass has been successfully obtained through
a simple method. The method begins with
drying, pre-carbonization, chemical activation
using 1 M ZnCl,, and high-temperature
pyrolysis  (carbonization and  physical
activation). Physical activation was carried out
with different temperature treatments, namely
800°C, 850°C, and 900°C. The activated carbon
obtained has an amorphous structure with a 20
angle of 22.424° — 23.496° and 42.013° —
44.714°. ANW-850 has the smallest L. value of
8.606 A, indicating a larger surface area than
the other two samples. The electrochemical
performance of ANW was also evaluated
through a CV with specific capacitances of 60,
76, and 14 F/g for ANW-800, ANW-850, and
ANW-900, respectively. Further
electrochemical performance of ANW-850 was
also evaluated using GCD which obtained a
specific capacitance of 94.6 F/g with an energy

density of 12.8 Wh/kg and a power density of
245.516 W/kg at a current density of 1 AJg.
Thus, it can be concluded that the areca nut
waste is suitable to be used as a carbon source
for application in high-performance
supercapacitor electrodes.
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