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The 3D hierarchical pore structure with tunnel-like pores is essential to the
performance of porous activated carbon (AC) materials used in symmetric
supercapacitors. This study aimed to effect of adding (0.3, 0.5, and 0.7) M
KOH reagent and heat treatment on the formation of 3D porous, tunnel-like
AC derived from yellow bamboo (YB) through N2-CO2 pyrolysis at 850 °C.
The AC produced had a high concentration of nanopores, becoming a valuable
storage medium with favorable physical-electrochemical properties. The
results showed that 0.5-YBAC had the best physical and electrochemical
properties, with a carbon purity, 89.16%, micro crystallinity of 7.374 A, and
excellent amorphous porosity. Furthermore, 3D hierarchical pore structure,
enriched naturally occurring heteroatoms, dopant of oxygen (10.14%) and
sulfur (0.10%). A maximum surface area of 421.99 m? g, along with a

Supercapacitor
Yellow bamboo

dominant combination of micro-mesopores. The electrochemical performance
test of the 0.5-YBAC electrode showed a Csp of 214 F g™!, with Esp 24.7 Wh
kg and Psp 19.2 W kg'. In conclusion, this study showed the potential of
YB stems to enhance the development of supercapacitors, offering superior
porosity characteristics for efficient energy storage applications.
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1. INTRODUCTION

The threat of an impending electricity crisis is becoming more apparent. As electrical energy is
fundamental to all human necessities and equipment, its availability poses several issues that significantly
influence the environment, particularly through global warming. The issues have captured the attention of the
community, prompting the advancement of science and technology to intensively focus more on developing
solutions [1]-[3]. In response, the development of new and sustainable energy storage devices has become more
important, driven by the pressing need for large-capacity electrical energy storage [4]. Rechargeable batteries
and supercapacitors have developed as key forms of energy storage, attracting significant global study
interest [5]. Although rechargeable batteries provide high-energy storage, they face challenges related to specific
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power and cycle life, requiring further reviews to identify optimal solutions [6]. Conversely, supercapacitors
offer significant advantages, including high specific power and long cycle life, making these devices well-suited
for energy storage in electronic technology. The advancement of supercapacitors signifies substantial progress
in energy storage technology [7]. Currently, numerous investigations are focusing on the potential of biomass,
with its diverse natural characteristics, as a raw material for environmentally friendly and cost-effective
supercapacitors. The performance of supercapacitors is also highly influenced by the types of materials used [8].

Biomass materials can generate nanoporous activated carbon (AC), which serves as an electrode
material for supercapacitor cells due to its numerous benefits. These benefits include high porosity with varied
morphology, a large specific surface area (SSA), excellent conductivity, thermal stability, and low production
costs [9], [10]. Additionally, AC derived from biomass is believed to introduce natural heteroatoms into the
carbon matrix. The heteroatoms in electrochemical test materials can trigger redox reactions, leading to pseudo-
capacitance effects that enhance the electrochemical performance of supercapacitors. Consequently, this
feature has become a focus in the study and development of supercapacitors, with the aim of enabling functional
redox reactions in electrochemical processes [11]-[13]. The redox reactions can be facilitated by the availability
of dopants such as oxygen (O), zinc (Zn), boron (B), sulfur (S), chlorine, and phosphorus (P), which are
naturally occurring in biomass. Previous investigations, including those reported by Liu et al. [14],
Jeloo et al. [15], and Zhang et al. [16], have documented the production of biomass-derived supercapacitors
from garlic peels, barley straw, and coconut shell, indicating the use of nitrogen (N), O, and B heteroatoms
doping. However, the dopants were sourced from external additives, resulting in more extended procedures,
longer processing times, increased chemical use, and higher costs [17].

Selecting electrode materials that enhance the performance of supercapacitors as energy storage
devices requires identifying optimal material characteristics through precise and accurate synthesis methods
[18], [19]. In this study, bamboo was selected as a base material for supercapacitor electrode production due
to its abundant availability and renewable nature [20], [21]. Additionally, the base material is widely distributed
across tropical regions, with approximately 1500 species, making it a significant natural resource, particularly
in Indonesia. Bamboo is traditionally used in the manufacture of furniture (chairs and tables) and as a fuel
source. The flexibility and strength of the bamboo stem also make the material suitable for building
construction [22]. With the modernization of technology and a growing demand for sustainable products, this
base material is being developed for environmentally friendly technologies, such as renewable energy
solutions. Bamboo stems can be carbonized at high temperatures to produce nanoporous carbon materials
useful for energy storage devices, particularly supercapacitors [23]-[25]. However, AC derived from the stems
has unique morphological structures, such as interconnected pores and high porosity. The high porosity is
expected to achieve maximum Cs, values, making it a suitable raw electrode material [8], [26]. Previous
investigations have reported that bamboo stems could be processed into supercapacitor electrodes using NaOH
chemical treatment at varying concentrations [27]. The results showed that the optimal electrode condition was
achieved with a 0.5 M activator concentration, resulting in a Csp of 92 F g%, Yue et al. [25] and Jalalah et al.
[28] reported that bamboo-based supercapacitor electrodes had Csp 0f 236.35 F gt and 456 F g%, respectively,
after being activated with CHsCOOK and KOH. These investigations used a conventional 3-electrode system
to achieve superior electrochemical performance. They also adopted non-conductive materials that were
detrimental to green synthesis and environmentally friendly supercapacitor technology. The use of chemical
activators during the preparation of AC from biomass waste has a significant influence on the characteristics
of the final carbon. Various chemical activators, including KOH, ZnCl, NaOH, and HsPOs, significantly impact
the properties of AC [23], [29]-[31].

This study investigates the impact of different KOH concentrations (0.3, 0.5, and 0.7 M) on the
production of yellow bamboo activated carbon (YBAC) with high amorphous porosity and a 3D hierarchical
pores structure suitable for efficient energy storage as well as improved supercapacitors performance, using a
simple, non-template method that does not require additional chemical reagents. KOH was selected as the
activating agent because it had the ability to increase the surface area of AC to generate more micro-
mesopores [32]. Additionally, the chemical activator is considered to be cost-effective and readily available.
YBAC was produced using a modified furnace equipped with smokeless and energy-efficient technology,
which allowed for larger quantities and reduced processing time. The addition of KOH catalyst at an optimal
concentration during chemical activation facilitated the formation of nanopores and supported the natural
doping of O and S heteroatoms into the YBAC framework at appropriate levels. These factors contributed to
the superior supercapacitor performance observed in 0.5-YBAC electrodes, which had a high Csp of 214 F g,
The testing parameters were set within a potential window of 1-1000 mV, with a current density of 1 A g! in
an aqueous 1 M H,SO; electrolyte, using a symmetric 2-electrode solid system. The energy and power density
obtained were 24.7 Wh kgt and 192 W kg%, respectively. Therefore, this study aims to examine the significant
influence of pre-carbonization heat treatment in the furnace, varying low-scale KOH concentrations, and high-
temperature N2-CO-, pre-activation combustion on the amorphous porosity, 3D hierarchical nanopores structure
formation, chemical composition, and electrochemical performance of YBAC. The study becomes the 1st to
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report the synthesis of YBAC waste using various KOH concentrations (0.3, 0.5, and 0.7 M) in order to produce
AC as electrodes material for high-performance supercapacitors.

2. METHOD
2.1. Conversion of YB stem waste into AC

To ensure the quality of the samples, the condition of YB stems needed to be properly checked, with
a focus on their physical appearance, size, and cleanliness. Dirty stem waste was washed using running water
before being sliced into 5-10 cm pieces to speed up the drying process. A total of 5 kg of dry YB stem samples
were converted into C using a modified furnace, a combustion method with heat distribution for 1 hour. The C
produced was washed using distilled water with a soaking method for 1 week, with the water changed every
day. To achieve a neutral pH and thorough cleaning, the C was dried in the sun for 3 days before being dried
in a low-temperature oven at 110 °C for 2 days. The dried C particles were then crushed to a micro-scale with
a mortar and ball milling tool for 1 day. Furthermore, the carbon powder was manually sieved to guarantee
uniform particle size, using a 56 um mesh size. The conversion of YB stem into AC began with the chemical
activation treatment of KOH at different concentrations (0.3, 0.5, and 0.7 M). Initially, 30 g of carbon powder
was mixed with KOH solutions of the requisite concentrations (2.52, 4.4, and 5.88 g), with the provision that
the ratio of C and distilled water was 1:5. The mixture was homogenized on a hot plate with a magnetic stirrer
at 80 °C and 300 rpm for 3 hours.

2.2. Physical and electrochemical characterization

The morphology of YBAC samples was observed using the field emission scanning electron microscope
(SEM) method along with a Jeol JSM-1T200 equipment (No. BMN 3.08.03.07.001) after platinum spraying
treatment. The analysis of X-ray diffraction (XRD) using a Rigaku SmartLab instrument with Cu Ko radiation
(36 kV, 30 mA) showed the amorphous-crystalline structure. The elemental composition test of the sample was
carried out using energy dispersive spectroscopy (EDS) with a Hitachi SU-3500 instrument. The N
adsorption/desorption was tested through the use of a Mack ASAP2460 adsorbent meter at a temperature of 77
K. Furthermore, the SSA and pores size distribution of the material were calculated using the Brunauer-Emmett-
Teller (BET) and the density functional theory (DFT) methods, respectively. The research scheme for converting
yellow bamboo stems into activated carbon for supercapacitor electrode material is shown in Figure 1.
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Figure 1. Research scheme for converting YB waste into YBAC as a basic material for supercapacitors

Gas cylinders

The characterization of electrochemical properties was tested using the cycle voltammetry (CV) and
galvanostatic charge-discharge (GCD) methods. The test was conducted through the use of the physics CV UR
Rad-ER 5481 and GCD UR Er 2018 instruments. Additionally, PVA adhesive was used to create symmetrical
monolithic coin electrodes with a diameter of 7-8 mm and a thickness of 0.2-0.3 mm. Each electrode variant
was immersed in 5 ml of 1M H,SO4 liquid electrolyte for 2 days to ensure that there was perfect absorption.
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The test was carried out within a potential window of 0-1000 mV/, with scan rate variations of (1, 2, and 5) mV
st for the CV test as well as current density variations of 1, 2, and 5 A g™* for the GCD test.

3. RESULTS AND DISCUSSION

The microcrystalline structure of YBAC samples was validated by XRD, which assessed the degree
of crystallinity and amorphous-crystalline nature, shown in Figure 2. In general, XRD pattern showed 2 sloping
peaks and several sharp peaks in the 20 scattering angle, within the range of 10-60°. The sloping peaks were
correlated with the hkl 002 and 100 planes, signifying good amorphous and graphite-like carbon
structures [33]. On the other hand, several sharp peaks were validated from the availability of non-carbon
elements [34]. The data for XRD was processed using Microsoft Origin software to obtain the lattice parameter
values. XRD pattern for 0.3-YBAC samples, with a lower activator concentration had higher intensity and less
amorphous nature [35], [36]. The sloping peaks occurred at 22.08° and 44.02° (20), while a sharp peak at
36.26° was attributed to ZnO compounds (JCPDS No. 086-2339 and 047-1373), and another at 47.53°
indicating the presence of CaCO3z (JCPDS No. 82-1690). When the optimal KOH concentration treatment at
0.5-YBAC produced a more sloping diffraction pattern, there would be high amorphous porosity. Finer particle
sizes and increased porosity caused a change in the diffraction angle to 22.96° and 43.69° (20), respectively.
This analysis was supported by SEM measurements and N. gas absorption through the appearance of
morphology and high surface area [37]. Furthermore, the activator treatment at 0.7-YBAC caused the X-ray
intensity to further increase, reducing the amorphous nature of the sample. The presence of crystalline elements
in YBAC samples was verified in small amounts, as evidenced by the EDS results in the following discussion.
Table 1 presented the lattice parameters, including variations in 26 due to the addition of KOH concentration.
The dooz value of YBAC samples was greater than that of graphite (3.33 A), suggesting a better amorphous
structure. The height (L¢) and width (L) of the microcrystalline layer were inversely proportional to each other,
with a small L value resulting in a larger SSA, which supported the high capacitance value of AC [38], [39].
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Figure 2. Patterns of the XRD curves for each variation of the YBAC sample

EDS analysis of YBAC samples found extensive information about the availability of chemical
elements, as evidenced by intensity peaks at various energy levels. As detailed in Table 1, the results showed
that natural elements such as C, O, S, potassium (K), Zn, sodium (Na), and silica (Si) were present in different
percentages. These elements were obtained from the content of natural biomass materials and chemical-physical
activation treatments through the use of KOH reagents, N, and CO, gas [40], [41]. YBAC samples were
dominated by the presence of C elements, followed by lower amounts of other elements. For instance, the 0.3-
YBAC sample comprised 82.94% C and 4.23% O, which acted as self-doping heteroatoms. A small percentage
of K (0.2%) was found, originating from the addition of KOH reagents in the chemical activation process. The
C content of the 0.5-YBAC sample increased to 89.16%, while natural O heteroatoms increased to 10.14%, and
S was optimized at 0.10%. The addition of KOH reagent to the 0.7-YBAC sample resulted in an increase in C
content of 89.89% but a decrease in O heteroatoms to 9.45%, as well as the loss of S. Furthermore, the
availability of K increased to 0.31% due to the addition of extra KOH used during chemical activation.

In AC electrodes, O has been identified as a natural doping heteroatom that could produce a pseudo-
capacitance effect in the electrochemical process in supercapacitors [42]. This was proven through
electrochemical testing of the CV method with deviations in the electric double-layer capacitance (EDLC)
produced from 0.5-YBAC electrodes, resulting in a higher Cs, [43]. Moreover, the S element in the 0.5-YBAC
sample verified its wettability properties, indicating the sample’s ideal circumstances.

SEM analysis showed the morphological structure of YBAC samples at the nanometer scale with a
dark-light pattern visible at a resolution of 5000x and 15000x as shown in Figure 3. The characterization results
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were processed using IC measure software to obtain the size of the surface pore diameter. 0.3-YBAC had a
morphological structure similar to the distribution of a black hole, with a larger particle size (273-743 nm),
which was classified as a pore, see Figures 3(a) and 3(b). Conversely, 0.5-YBAC samples had a surface
structure with smaller particles (18-229 nm) and pores with particle sizes ranging from 45-176 nm, Figure 3(c).
This indicated that the smaller particle size and higher pore density resulted in enhanced SSA, Csp, and specific
energy [30]. When examined at 15000x magnification, 0.5-YBAC samples had a 3D hierarchical pore structure
with tunnel-like pores. The presence of abundant hierarchical pores at a nanometer scale was suitable for
efficient charge storage [44]. Figure 3(d) clearly provided the tunnel-like pore shape, with the presence of holes
leading into the surface of carbon samples, indicating that electrolyte ions would have smooth access to the
electrode pores. It was observed that improved ion accessibility resulted in higher power output [45]. The
morphology of the 0.7-YBAC sample showed the presence of irregular carbon particles with fewer pores and
larger particle sizes ranging from 213-416 nm. Additionally, the SEM appearance of the sample showed the
collapse of pores due to the addition of activator concentrations that exceeded the optimum conditions. This
high concentration eroded and collapsed the previously optimal pore structure, as provided in Figure 3(e) and
Figure 3(f), resulting in fewer accessible pores and reduced physical-chemical characteristics.

Table 1. Microcrystalline dimension data and chemical element composition of YBAC samples for each
variation of chemical activating agent concentration
Sample 20002 20100  dooz  dioo L. L, Chemical compound (%)

@) @) A A A A C o] S K Zn  Na _ Si
0.3-YBAC 22.08 4405 402 205 973 2967 8294 423 536 020 728 - -
0.5-YBAC 2296 43.69 387 207 737 1899 8916 1014 010 029 - 031 -
0.7-YBAC 2227 4308 3.99 209 10.86 2191 89.89 9.45 - 031 - 025 010

Figure 3. SEM morphological view of (a) 0.3-YBAC at 5000x resolution, (b) 0.3-YBAC at 40000x
resolution, (c) 0.5-YBAC at 5000x resolution, (d) 0.5-YBAC at 40000x resolution, (e) 0.7-YBAC at 5000x
resolution, and (f) 0.7-YBAC at 40000x resolution
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A more detailed analysis of the porosity of the YBAC sample, including the SSA, pore volume, and
distribution, was thoroughly examined using the characterization of N gas absorption. The analysis of porosity
was critical in the prediction of increasing Csp, energy density, and power density. The SSA of YBAC was
determined using the BET method, while its pore distribution was determined through the DFT. N2 gas
adsorption-desorption measurements were visualized through the isotherm curve of the relationship between
the STP absorption volume (cm? g%) and the relative pressure (P Po?) for each sample, as shown in Figure 4.
The isotherm measurement results showed that the BET curve matched the IUPAC categorization of Type IV
hysteresis (H1 and H4). This was in accordance with the analysis of N2 gas absorption shown at low relative
pressure (P Py <0.3), signifying the availability of dominant micropores. The absorption at higher pressures
(0.4< P Py <0.9) and the production of a significant H4 hysteresis loop indicated the presence of mesopores.
Meanwhile, adsorption at relatively higher pressure (P Po >0.9) indicated the presence of macropores.

The adsorption volume corresponded to the number of pores that supported the availability of higher
SSA, as presented in Table 2 [28]. The test results of the 0.3-YBAC sample showed an adsorption volume of
63.28 cm® g with an SSA of around 367.55 m? g1. After the addition of KOH reagent to the 0.5-YBAC sample,
there was a significant increase in adsorption volume, reaching 93.97 cm? g%, as indicated by the higher pressure
produced. This increase resulted in an SSA of 422 m? g* for the 0.5-YBAC sample. Adding more KOH to the
0.7-YBAC sample reduced the adsorption volume to 92.29 cm® g and the SSA to 350.10 m? g*. The pore
distribution in YBAC samples was dominated by micro and mesopores that were uniformly distributed across
the surface of the material. Micropores dominated the 0.3-YBAC sample, accounting for 0.35 cm3nm~g?, while
mesopores contributed less than 0.1 cm®nmtgt. The SSA of micropores reached 335 m? g2, whereas mesopores
contributed 32.54 m? g%, It was also observed that the 0.5-YBAC sample showed a significant increase in micro
and mesopores. The micropore volume reached 2.8 cm®nmg?, while the mesopore volume increased to 0.5
cm®nm-1gl. These results correlated with the increasing SSA of micropores and mesopores, which were 377.3
m? g and 44.72 m? g1, respectively. In the 0.7-YBAC sample, micropores and mesopore volumes decreased to
2.3cm®nmg?and 0.2 cm®nmg? with the SSA of 304.3 m? g* and 45.82 m? g2, respectively. The optimization
of micropore formation in YBAC samples was supported through the use of chemical reagents. Under high
temperatures, C reacted with KOH, causing the release of K bonds in the carbon chain and facilitating the
production of micropores in the carbon particle structure. This analysis was in line with the isotherm curve data,
which showed the availability of dominant micro-mesopores. The presence of optimal micro-mesopores in the
0.5-YBAC sample supported the performance of supercapacitor cell electrodes [46]. Moreover, the existence of
smaller micropores facilitated ion storage, resulting in higher energy density in the 0.5-YBAC sample. The
availability of mesopores helped increase the speed of ion transport by reducing the distance between pores and
the surface of C electrodes, leading to higher power density [47].

Table 2. Pores structure parameters of N, gas absorption on biomass-based AC

Sample Activating agent pyrolysis Morphology SeetT Shic Shnes Viot Dave Ref.
(m’gh) (m’g) (m’fg) (cmlg) (nm)
Shea butter 1:0.5 KOH N, Hierarchical 1016.2 846.3 1699 0.42 44 [48]
Candlenut shells NaOH - Diverse pores 60.88 - - 033 2563 [36]
Hippophae KOH N, Hierarchical 787.05 - - 0.38 1.35 [49]
rhamnoides fruit
Turmeric leaves KOH Ar Hierarchical 541 418 123 047 - [50]
mushroom substrate KOH N, Roughness 2169 - - 1.65 - [51]
Marigold flower ZnCI2 N Smooth and layered ~ 664.6 505.6 158.91 0.35 - [52]
texture

0.3-YBAC 0.3 M KOH Hierarchical 367.55 335.00 3254 0.243 2.64 This
0.5-YBAC 0.5 M KOH N2-CO, 422.00 377.30 44.72 0.287 2.70  research
0.7-YBAC 0.7 M KOH 350.10 304.30 45.82 0.253 2.88

The electrochemical properties of YBAC samples were evaluated using CV to determine Csp, energy,
and power. The test data were processed using the SigmaPlot 1.5 application to visualize the relationship curve
of current density and voltage at scan rate variations of 1, 2, and 5 mV s, with a potential window of 0-1000
mV. The CV curve, which resembled an imperfect rectangle, showed the electrode charging-discharging
process, verifying the EDLC nature with pseudo-capacitance of 0.5-YBAC electrodes [53]. During the
charging process, the current increased as the voltage moved toward the maximum state (0-1000 mV), forcing
ions from the decomposed electrolyte to move toward the opposite pole to fill the pores in YBAC electrodes
[54]. The discharge process occurred when the voltage reached zero (1000-0 mV), causing the ions stored in
the pores to leave the electrodes. The area under the CV curve represented the size of the Cs, value. Figure 5
provided that 0.3-YBAC sample had the lowest Cs, value due to the small influence of the 0.3 M KOH reagent
concentration. In contrast, the 0.5-YBAC sample had the highest Cs, and slightly prominent peaks in the CV

Oxygen/sulphur self-doped tunnel-like porous carbon from yellow bamboo ... (Erman Taer)



2036 O ISSN: 2088-8694

curve, indicating the presence of pseudo-capacitance, which increased the maximization of capacitance in
testing electrochemical properties. Pseudo-capacitance was generated from the availability of self-doping of O
and S heteroatoms, which supported the occurrence of redox reactions during electrochemical testing, as shown
by EDS analysis. This method presented the Cs, values for the 3 YBAC electrodes with varying KOH reagent
concentrations. 0.3-YBAC, 0.5-YBAC, and 0.7-YBAC samples had a Cs, value of 20 F g2, 175 F g* and, 139
F g%, respectively. The resulting Cs, value decreased with the addition of KOH concentration due to the
collapse of the previously optimal pores. The reduction was supported by a decrease in O and S content in the
electrode material, as evidenced by SEM, EDS, and N gas adsorption characterizations. Moreover, the EDLC
properties of the YBAC supercapacitor sample were reviewed at different scan rates using the CV method. The
results showed that the scan rate greatly affected the shape of the EDLC. At high scan speeds, all 3 electrodes
showed almost perfect rectangular curves, indicating a more dominant EDLC property. However, the
application of high scan rates could reduce the Cs, of each electrode by reducing the opportunity for ions to fill
the pores of the electrode. The best scan rate (1 mV s) provided an extended time for ions to fill the pores
spread on the electrode surface, indicating a higher Csp value [55].
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Figure 4. N, gas absorption capacity for (a) 0.3-YBAC isotherm curve, (b) 0.3-YBAC DFT curve, (c) 0.5-
YBAC isotherm curve, (d) 0.5-YBAC DFT curve, (e) 0.7-YBAC isotherm curve, and (f) 0.7-YBAC DFT curve

The electrochemical activity of YBAC samples was further examined using the GCD method to
validate the CV results with more complex measurement parameters. Figure 6 presents the visualization of the
comparative GCD output at a current density of 1 A g*. It was observed that the 0.5-YBAC sample had the
highest charge-discharge time response, with the curve shape creating an imperfect isosceles triangle and non-
linear characteristics of the voltage time [56]. This resulted in the highest Cs, of 214 F g (Figure 6(a)) in an
acidic electrolyte (1 M H,SO.). Meanwhile, the electrodes of 0.3-YBAC and 0.7-YBAC samples had lower
Csp values of 73 F gt and 157 F g%, respectively. The lower values were due to the suboptimal pore formation
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and collapse of the porous structure, as well as the presence of natural doping elements O and S that were not
suitable for increasing the Csp value.
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Figure 5. CV curves at the same and different scan rates for (a) all samples, (b) 0.3-YBAC, (c) 0.3-YBAC,
and (d) 0.3-YBAC

The GCD profiles of supercapacitor cells assembled with symmetric electrodes shaped at various
current densities, Figures 6(b)-6(d), indicated an isosceles triangle shape with an extended time, which could
be maintained properly to a high current density of 10 A g. The highest Cy, for the 0.5-YBAC sample of
214 F g was achieved at 1 A g due to the maximization of the fast ion transport time through the 3D
hierarchical nanopores structure, such as the pore tunnel. The rapid voltage drop when entering the discharging
process represented the internal resistance of the electrode material. Additionally, the 0.5-YBAC sample
showed the smallest IR drop, indicating the best conductivity. The R values for 0.3-YBAC, 0.5-YBAC, and
0.7-YBAC were calculated for electrode materials as 3.62, 2.72, and 4.95 Q, respectively. Based on the results
of each characterization, 0.5-YBAC samples showed the availability of charge distribution access by H* and
S0O42 ions, which were smoother across the electrode interface pores with a 3D hierarchical micro-meso
structure [57]. The existence of optimal self-doping of S and O heteroatoms bound in the C framework could
induce pseudo-capacitance of electrode materials. This resulted in a current increase at a certain voltage during
the electrochemical process, leading to the enhancement of Csp, conductivity, and wettability of the material
[58]. In addition, amorphous porosity with a structure such as a pore tunnel supported the SSA and the amount
of pore volume to reduce the resistance of the material on the electrode's surface. It was reported that 0.5-
YBAC supercapacitor cell electrodes had a Cs, value competitive with other biomass waste-based electrodes,
Figure 6(e) and Table 3. YB played a crucial role in making C electrodes for supercapacitor cells that were
influenced by KOH reagent with a concentration of 0.5 M, suggesting a capacitance performance reaching 214
F g. The analysis was also strengthened by the output of SEM and EDS characterization. Furthermore, a
review of the Ragone plot, Figure 6(f) provided the maximum Esp of 24.7 Wh kg and Psp of 119.2 W kg*.

Table 3. Comparison of Cy, values of C electrodes from various biomasses

Sample Doping  Electrolyte  Current Csp Esp Psp R (Q) Ref.
(Agh) (Fgh) (Whkg') (Wkg?)

Distiller’s grains N,O 6 M KOH 1 345.2 12.2 348.8 1.837 [59]
Coconut shell N,B 2M ZnSO, 0.25 72 139.46 355.81 3.02 [16]
Garlic peels N,0 6 M KOH 25 283.13 9.07 309.2 0.681 [14]
Faidherbia Albida N,P,S 3 M KOH 1.4 109.1 54.7 1080 - [60]
Wood waste - 6 M KOH 3 183.4 4.2 137 - [39]
Fabaceae-Plants - 6 M KOH 0.5 279 14.15 50 1.13 [61]
0.5-YBAC 0,S H,SO,4 1 214 24.7 119.2 2.72  Thiswork
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Figure 6. GCD curves at current densities of (a) 1 A; (b) 0.3-YBAC at 1A, 2A, and 5A; (c) 0.5-YBAC at 1A,
2A, and 5A; (d) 0.7-YBAC at 1A, 2A, and 5A; (e) relationship of specific capacitance with current density;
and (f) dragon plot for all variations of YBAC samples

4. CONCLUSION

In conclusion, YB stem waste was selected as a source of AC, which had a high porosity and 87%
carbon purity, making it suitable for use as an electrode material in supercapacitors. The 3D hierarchical
nanopores structure, characterized by inwardly forming tunnels, along with its amorphous-porosity properties
and surface pore size distribution, was in accordance with the typical characteristics of biomass-based AC. All
YBAC electrodes with different activator concentrations were tested for their storage capabilities using the
same parameters under the influence of 1 M H,SO, liquid electrolyte at a low scan rate of 1 mV s*. Among
the electrodes, 0.5-YBAC showed the best condition, maintaining 88% of the initial Cs, of 214 F g, which
slightly decreased to 188 F g at a scan rate of 2 mV s. As a result, this study showed that AC produced from
YB stem waste could be used as the basic material for cathodes and anodes of supercapacitors with specific
energy-power strengths reaching 24.7 Wh kg* and 119.2 W kg with Rc 2.72 Q.
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