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Abstract

This study presents the fabrication of activated carbon (AC) electrodes derived from natural materials for high-
performance supercapacitor applications. Five types of biomass were used as carbon precursors: bamboo, rain tree wood, tiger
grass, redwood, and litchi wood, respectively. The activated carbon was prepared via physical activation at 800 °C for 2 h.
under an argon atmosphere. Structural, morphological, and elemental properties were characterized using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX). Electrochemical performance
was evaluated through charge—discharge testing. The results reveal that the synthesized carbon exhibits an amorphous structure
with characteristic peaks at (002) and (101) planes. SEM images show irregular porous structures with rough surfaces,
contributing to high surface area. EDX analysis confirms high carbon purity (~99 wt%). The electrochemical measurements
demonstrate a maximum specific capacitance of 50.50 F g™! at a constant current of 20 mA.
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1. Introduction

Currently, the demand for electricity is extremely high and continues to increase rapidly. However, electricity generation
sectors are still insufficient to meet this demand, and traditional energy sources are rapidly depleting and non-renewable, such
as petroleum, coal, and natural gas. Consequently, both research and industry have been actively developing and exploring
alternative energy sources, including hydropower, wind energy, geothermal energy, biomass, and solar energy. Research
efforts have advanced technologies and innovations to efficiently generate electricity from these sources, but production costs
remain high, and continuous generation is not always feasible. Therefore, electrical energy storage systems or devices play a
crucial role by storing the produced electricity. Currently, there are two main types of electrical energy storage devices: 1)
batteries and 2) supercapacitors. Batteries tend to have drawbacks such as high cost, heavy weight, insufficient storage capacity,
short lifespan, and environmental pollution from toxic waste that is difficult to manage. Hence, this research focuses on
supercapacitors as an alternative to batteries due to their superior charge storage properties. The electrode materials used in
supercapacitors have surface areas 100 — 10,000 times greater than conventional capacitors. They can charge rapidly
within 1 — 10 s compared to lithium-ion batteries that require 10 — 60 min. Supercapacitors support 500,000 charge-discharge
cycles, which is 100 times more than lithium-ion batteries and 1,000 — 10,000 times more than lead-acid batteries. Their cost
per watt is also lower, around US$25-50/kW, compared to lithium-ion batteries which cost US$75-150/kW. Additionally,
supercapacitors have a longer lifespan because their operation depends on electrolyte ion separation rather than electrochemical
reaction kinetics. They also offer higher power density compared to batteries. Given these advantages, supercapacitors have
wide-ranging applications, such as stabilizing voltage in power transmission, replacing batteries in uninterruptible power
supplies (UPS), complementing batteries in electronic devices, aiding fuel cell vehicles, powering portable tools, and storing
energy from renewable sources like solar and wind. Their deep charge-discharge cycle life can reach up to 20 years, comparable
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to solar panel systems. Key components of supercapacitors include electrode materials like graphene, manganese
nanomaterials, and conductive polymers like polyaniline, though some of these are costly. Previous studies, such as those by
Yang et al. (2014) [1] and Huang et al. (2015) [2], demonstrated that carbon synthesized from bamboo pyrolysis, activated by
potassium hydroxide, exhibits extremely high surface area and specific capacitance.

This research aims to develop supercapacitor electrodes using activated carbon derived from natural materials such as
bamboo, rain tree wood, tiger grass, redwood, and litchi wood, respectively. These materials have high carbon content and
porous structures similar to graphene, enhancing their surface area for electrolyte interaction and improving charge storage
efficiency. Bamboo, in particular, has a naturally porous vascular structure favorable for this purpose. The activated carbon
will be produced by pyrolyzing the natural materials in an argon atmosphere at 800°C for 2 h and characterized using X-ray
diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). The electrodes
will then be fabricated and tested for charge-discharge performance using battery testers and cyclic voltammetry techniques.

This research expects to reduce the production cost of supercapacitors by using locally abundant natural materials, thereby
increasing scientific competitiveness through advances in science, technology, research, and innovation for the country’s
foundational knowledge development.

2. Materials and Methods

2.1 Preparation of Natural Materials and Synthesis of Activated Carbon

Activated carbon was synthesized from five types of natural materials: Bamboo, rain tree wood, tiger grass, redwood, and
litchi wood, respectively. The preparation process was carried out as follows: The natural materials were cut into small pieces
and immersed in ethanol. The samples were then cleaned using an ultrasonic cleaner for 1 h. After that, the samples were
placed on aluminum foil and dried in an oven (annealing process) at 80 °C for 12 h, as shown in Fig. 1. The dried samples
were carbonized in a furnace under an argon atmosphere at 400 °C for 2 h with a heating rate of 5 °C min™'. The obtained
carbon materials were chemically activated using potassium hydroxide (KOH). The carbon and KOH were mixed at a weight
ratio of 1:1 in a 25 mL beaker. Subsequently, 10 mL of deionized (DI) water was added together with a magnetic bar, and the
mixture was stirred continuously for 2 h using a magnetic stirrer. The resulting carbon solution was dried in an oven at 100 °C
for 12 h to remove moisture. The dried samples were then activated under an argon atmosphere at 800 °C for 2 h with a heating
rate of 5 °C min™! to obtain activated carbon.

Fig. 1 Extraction of activated carbon from five natural materials: bamboo, rain tree wood, tiger grass, redwood, and litchi
wood.

Fig. 1 Extraction and synthesis process of activated carbon derived from five natural materials: bamboo, rain tree wood,
Siam weed stem, redwood, and Lin Fa wood.

2.3. Fabrication of Supercapacitors

Approximately 4.50 g of activated carbon powder from each material was mixed with 16 mL of Polyvinyl Acetate Resin
(PVA 7%) binder solution. The prepared slurry was coated onto nickel foam to serve as the electrode material. The electrolyte
solution was prepared by dissolving 52.80 g of tetracthylammonium tetrafluoroborate in 100 mL of acetonitrile. In addition,
24 g of polyethylene glycol was dissolved in 100 mL of acetonitrile. The electrolyte solution was coated onto a carbon film,
and a separator paper was used between the electrodes. The supercapacitor cells were assembled by rolling the electrode
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structure and connecting the cell terminals. The electrochemical performance of the fabricated supercapacitors was evaluated
using charge—discharge testing with a battery tester. Cyclic voltammetry (CV) measurements were also performed to
investigate the electrochemical behavior of the devices.

3. Results and Discussions

3.1 Morphological Characteristics of Activated Carbon Synthesized from Different Natural Materials

Activated carbon materials synthesized from different natural sources were successfully prepared using a chemical
activation process under an argon atmosphere. The synthesis process was carried out in a closed system to prevent oxygen
from reacting with the carbon precursor during thermal activation. The activation process was performed at 800 °C for 2 h
under continuous argon gas flow, which promoted the formation of highly porous carbon structures.

(a) (b) ' (©) ()

(e)

Fig. 2 The natural materials were cut into small pieces and immersed in ethanol. The samples were then cleaned using an
ultrasonic cleaner for 1 h. After that, the samples were placed on aluminum foil and dried by an annealing process at 80 °C for
12 h.

The obtained activated carbon samples derived from bamboo, rain tree wood, tiger grass, redwood, and litchi wood
exhibited different physical appearances, particle sizes, and surface textures, as shown in Fig 2. After grinding into fine
powders, all samples appeared as black carbon materials; however, differences in fineness and texture were clearly observed
depending on the precursor material. Among all samples, the activated carbon derived from tiger grass exhibited the finest
texture and the highest degree of porosity compared with the other materials.

3.2 Analysis of Natural Materials
3.2.1 Structural properties of Natural materials by X-ray diffraction (XRD)

(002)

(101)

litcht wood

bamboo

) u,,\‘ redwood

M"———\W

tiger grass

~

Intensity (abs.)

ramn tree wood

10 20 30 40 50 60 70 80
2Theta

Fig. 3 X-ray diffraction (XRD) patterns of activated carbon synthesized from bamboo, rain tree wood, tiger grass, redwood,
and litchi wood for structural characterization analysis using the X-ray diffraction (XRD) technique.
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The crystal structures of activated carbon particles synthesized from different natural materials, including bamboo, rain
tree wood, tiger grass, redwood, and litchi wood, were investigated using X-ray diffraction (XRD). The samples were
physically activated in a closed system under an argon gas atmosphere for 2 h at an activation temperature of 800 °C. The
obtained XRD patterns, showing the relationship between intensity and diffraction angle, are presented in Fig 3. By comparing
the obtained diffraction data with the JCPDS database, the results revealed the formation of graphite-like carbon phases.
However, the crystallization was not fully developed, as indicated by the broad diffraction peaks appearing at approximately
20 = 26° and 44°, corresponding to the characteristic graphite planes of (002) and (101), respectively. These findings are
consistent with the studies reported by Kim et al. (2021) [9] and Nilanka et al. (2021) [10]. In addition, the relatively low-
intensity diffraction peaks indicate a low degree of crystallinity, suggesting that the carbon materials mainly possess an
amorphous structure. The broad peak widths also imply that the synthesized carbon particles have small crystallite sizes. Such
structural characteristics are highly suitable for use as electrode materials in supercapacitor applications due to their potential
to provide high surface area and enhanced electrochemical performance.

3.2.2 The surface morphology of Natural materials by scanning electron microscopy (SEM)

The surface morphology of the synthesized activated carbon was further investigated using scanning electron microscopy
(SEM), as presented in Fig. 3. The SEM results revealed that each carbon material possessed distinct surface characteristics,
including differences in pore distribution, particle size, and structural roughness. These variations are strongly related to the
intrinsic structure and composition of each natural precursor. Some samples showed highly porous and interconnected
structures, while others exhibited denser and less porous morphologies.

The porous structure of activated carbon plays an important role in electrochemical energy storage performance. Materials
with higher porosity provide a larger specific surface area, allowing greater ion adsorption and charge accumulation on the
electrode surface. Therefore, activated carbon samples with highly porous structures are expected to exhibit improved electrical
conductivity and enhanced specific capacitance performance in supercapacitor applications.

tiger grass

Fig. 4 SEM images showing the surface morphology of activated carbon were analyzed to investigate the morphological
properties using Scanning Electron Microscopy (SEM).
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Table 1 Shows the quantitative elemental analysis using Energy Dispersive X-ray Spectroscopy (EDX) revealed that all wood-

derived activated carbons.

The activated carbons synthesized

from different types of wood Elemental distribution mapping

Bamboo

Rain tree wood

Tiger grass

Redwood

Litchi wood

%C %S %Cu Si%
99.40 0.40 0.10 -
99.40 0.50 0.10 0.00
99.40 0.40 0.10 -
99.50 0.40 0.10
99.50 0.40 0.10 -
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3.2.3 Elemental of Natural materials by Energy Dispersive X-ray Spectroscopy (EDX)

Table 1, the quantitative elemental analysis using Energy Dispersive X-ray Spectroscopy (EDX) revealed that all wood-
derived activated carbons, including carbon black, contained trace distributions of several elements, namely C, Cu, S, and Si.
However, the dominant element in all samples was carbon, with a carbon content as high as 99 Wt%, while other elements
were detected only in very small amounts. These results indicate that the activated carbons synthesized from different types of
wood and carbon black possessed a very high carbon purity. The EDX results were consistent with the X-ray diffraction (XRD)
analysis, which identified these minor elements in the form of oxide and compound phases such as CuCN, CaSOs, CaO, Fe;Oa,
and SiO.. Therefore, the synthesized activated carbons are considered suitable for application as electrode materials in
supercapacitors due to their high carbon content and purity. Furthermore, the elemental mapping images of all wood samples
and carbon black demonstrated a uniform elemental distribution across the surface, which corresponded well with the
morphological characteristics observed from Scanning Electron Microscopy (SEM) analysis. The elemental mapping
confirmed that the detected elements were distributed throughout the surface region of the activated carbon materials.

3.2.4 Capacitance and Specific Capacitance Measurements of Supercapacitors

3.2.4.1 Charge—Discharge Performance of Supercapacitors at a Constant Current of 20 mA

The charge—discharge behavior of the synthesized supercapacitors derived from different types of wood was
investigated by applying a constant voltage and current. The charging voltage was set at 1 V, while the discharging voltage
was fixed at 0.20 V, and a constant current of 20 mA was maintained throughout the experiment. The results revealed that the
material derived from redwood exhibited much slower charge and discharge behavior compared to the other materials, which
is consistent with the characteristics expected for an ideal supercapacitor according to capacitor theory as shows in the Fig 5.
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Fig. 5 Charge—discharge profiles of the synthesized supercapacitors activated at 800 °C under a constant current of 20 mA for
5,000 cycles.
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3.2.4.2 Measurement of Capacitance and Specific Capacitance of Supercapacitors at a Constant Current of 20 mA

The capacitance and specific capacitance of supercapacitors fabricated using activated carbon materials synthesized
from different types of wood were investigated under a constant current of 20 mA. The activated carbon materials were derived
from bamboo, rain tree wood, tiger grass, redwood, and litchi wood. All samples were physically activated by carbonization
in a closed system under an argon gas atmosphere for 2 h at an activation temperature of 800 °C.

Table 2 presents the capacitance and specific capacitance values of the supercapacitors fabricated from activated carbon
materials synthesized from different wood species at an activation temperature of 800 °C under a constant current of 20 mA.

Constant current throughout the test (mA) Type of wood Specific capacitance (F g™)
20 Bamboo 40.50

20 Rain tree wood 26.60

20 Tiger grass 11.30

20 Redwood 50.50

20 Litchi wood 6.46

The results showed that bamboo and redwood exhibited higher specific capacitance values than litchi wood, tiger
grass, and rain tree wood. These findings are consistent with the charge—discharge performance results as well as the physical
properties related to surface morphology and specific surface area.

4. Conclusion

The activated carbon materials synthesized from bamboo, rain tree wood, tiger grass, redwood, and litchi wood were
successfully prepared by physical activation in a closed system under an argon atmosphere for 2 h at an activation temperature
of 800 °C. The XRD analysis revealed the formation of graphite-like carbon structures with characteristic diffraction peaks
observed at approximately 20 = 26° and 44°, corresponding to the (002) and (101) planes of graphite. However, the diffraction
peaks were relatively broad and of low intensity, indicating low crystallinity and predominantly amorphous carbon structures
with small particle sizes. These structural characteristics are considered suitable for supercapacitor electrode applications due
to their ability to provide effective ion transport and charge storage behavior. Morphological investigation using SEM at
magnifications ranging from x5,000 to x10,000 showed irregular fractured particles with different surface textures and porosity
depending on the wood precursor. Activated carbon derived from tiger grass exhibited highly porous structures with numerous
small pores distributed throughout the surface, while redwood- and litchi wood-derived activated carbons also displayed porous
morphologies, although with slightly lower porosity. The porous structures and surface characteristics of the activated carbon
materials significantly influenced the electrochemical performance of the supercapacitors by enhancing the accessible surface
area for electrolyte ion adsorption. Elemental analysis confirmed that all activated carbon samples, including carbon black,
contained predominantly carbon with a purity of approximately 99 wt.%, while only trace amounts of impurity elements such
as Cu, S, and Si were detected. The impurity elements were mainly present in oxide forms, including CuCN, CaSQa, CaO,
Fes0a, and SiOz, which is consistent with the XRD analysis results. In addition, elemental mapping demonstrated a uniform
distribution of the elements across the surface of the activated carbon materials, corresponding well with the FESEM
observations. Electrochemical measurements revealed that the activated carbons derived from bamboo and redwood exhibited
superior supercapacitor performance, providing specific capacitance values of 40.50 F g ! and 50.50 F g !, respectively, which
were higher than those obtained from litchi wood, tiger grass, and rain tree wood. The enhanced electrochemical properties
were closely related to the favorable surface morphology, porosity, and specific surface area of the activated carbon materials,
which contributed to improved charge—discharge behavior and energy storage capability.
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