Indonesian Physics Communication

Department of Physics, Universitas Riau, Pekanbaru, Indonesia

Vol. 22 | No. 1
March 2025

Web: https://kfi.ejournal.unri.ac.id
E-mail: kfi@ejournal.unri.ac.id

p-ISSN 1412-2960 | e-ISSN 2579-521X

Volumetric-gravimetric synergy in biomass-derived carbon
supercapacitors: A case study on dried banana leaf waste

Apriwandi
Department of Physics, Universitas Riau, Pekanbaru 28293, Indonesia

Corresponding author: apriwandi@lecturer.unri.ac.id
ABSTRACT

Biomass-derived carbon-based supercapacitors are a compelling solution for environmentally
friendly electrochemical energy storage, playing a crucial role in the transition to sustainable
energy. Despite this potential, much of the existing research has overly concentrated on theoretical
evaluations, hindering practical application. This study decisively addresses the performance of
supercapacitors on both a volumetric and practical scale, underscoring their global applicability.
The carbon material utilized in this research was expertly produced from dried banana leaf
biomass, converted into solid carbon through a process of chemical activation with NaOH and
high-temperature pyrolysis. The pyrolysis was carried out in an integrated fashion, combining
carbonization and physical activation stages within a carbon dioxide (CO:) gas atmosphere at
temperatures of 700°C, 800°C, and 900°C. Initial characterization focused on density analysis to
assess the structural integrity of the porous carbon electrodes. Electrochemical performance was
rigorously evaluated using cyclic voltammetry (CV) for volumetric capacitance and galvanostatic
charge-discharge (GCD) for gravimetric capacitance within a two-electrode system using a 1000
mmol/L Na,SO, electrolyte. The results are compelling: the carbon material activated at 900°C
achieved an exceptional volumetric capacitance of 198 F/cm? and a gravimetric capacitance of 181
F/g. These results clearly demonstrate that banana leaf-derived activated carbon is not only viable
but also a highly promising electrode material for supercapacitors, paving the way for practical
applications in the field.
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INTRODUCTION

Supercapacitors have emerged as one of the
most promising energy storage technologies
due to their advantages, including high power
density, long cycle life, and fast
charge/discharge times. Unlike conventional
batteries, which rely on electrochemical
reactions to store energy, supercapacitors utilize
electric ~ double-layer  capacitance  and
pseudocapacitive reactions for energy storage
[1, 2]. The performance of supercapacitors is
significantly influenced by the choice of
electrode materials. Recently, research has
focused on natural-based carbons because of
their abundant availability, sustainability, and
capability to be synthesized into porous
structures with high surface areas [3, 4].
However, most studies tend to concentrate on

gravimetric-scale evaluations, often neglecting
the important volumetric aspect, which is
critical for practical applications, particularly in
miniaturized devices and energy storage
systems with limited space.

Natural-based carbons, such as activated
carbon derived from biomass, graphene, and
cellulose-based  carbons, have garnered
extensive attention in supercapacitor
applications [5, 6]. For instance, a study by Liu
et al. (2023) demonstrated that carbon obtained
from agricultural waste, such as rice husk and
oil branch, can be transformed into high-
porosity electrode materials using potassium
hydroxide (KOH)-based chemical activation [7,
8]. This research revealed that materials with
high specific surface areas could achieve a
specific capacitance of 320 F/g; however, their
energy density on a volumetric scale was still

©Author(s) | DOI: 10.31258/jkfi.22.1.1-10



limited due to an uncontrolled porous structure.
Meanwhile, Shao et al. (2022) successfully
synthesized carbon from peanut shell waste
using a hydrothermal method followed by
activation with ZnCl, [9]. This approach
resulted in a material with better volumetric
energy density compared to conventional
methods. The findings confirmed that
engineering the pore structure is crucial for
optimizing the volumetric performance of
supercapacitors. Another study by Wang et al.
(2023) highlighted that combining heteroatom
doping with a nano-hierarchical pore structure
could significantly enhance  volumetric
capacitance [10]. The researchers found that
doping nitrogen and boron into the carbon
matrix derived from palm fiber improved
electronic conductivity and provided additional
pseudocapacitance, leading to an increase in
specific capacitance up to 450 F/qg.
Furthermore, a study by Kim et al. (2024)
demonstrated that marine algae-based carbon
could be developed into a high-volumetric-
density electrode material using a compression-
densification technique [11]. This method
resulted in a volumetric energy density of 25
Wh/L while maintaining excellent cycle
stability.

Evaluating the performance of
supercapacitors at a volumetric scale is crucial
in various practical applications, including
electric vehicles, flexible electronic devices,
and portable energy storage systems [12, 13].
Many studies focus on gravimetric capacitance
while overlooking the space limitations in real-
world applications. For instance, although
graphene-based carbon boasts a very high
surface area and excellent electrochemical
performance, it often has a low density, which
restricts its volumetric energy density [14, 15].
To address these challenges, innovative
approaches in carbon structure engineering
[16], such as compression techniques, hybrid
coatings [17], and heteroatom doping [18], have
emerged as promising strategies to enhance
volumetric performance without sacrificing the
electrochemical characteristics of the materials.
As the demand for more efficient and compact

energy sources increases, the volumetric
performance of supercapacitors warrants further
exploration [9, 19]. While numerous studies
have tackled the optimization of natural
material-based carbon for supercapacitor
applications, there remains a gap in strategies
specifically designed to improve volumetric
performance.

This study aims to fill this gap by
systematically analyzing the latest methods in
carbon  structure optimization, synthesis
techniques aimed at increasing volumetric
energy density, and the effects of morphology
engineering and heteroatom doping on the
overall performance of supercapacitors. This
research focuses on utilizing banana leaf waste
as the carbon source, synthesized through a
novel sodium hydroxide (NaOH) chemical
catalyst in a bi-atmosphere gas integrated
pyrolysis system. By gaining a deeper
understanding of the electrochemical evaluation
of these factors, the study aims to develop new
strategies for designing natural carbon-based
electrode materials that achieve both high
specific capacitance and optimal volumetric
energy density for future applications.

MATERIAL AND METHOD

Synthesis of Banana Leaf-Derived Solid
Carbon Using Chemical Catalysts

This  investigation approach involves
synthesizing solid carbon wusing chemical
catalysts derived from dried banana leaf
biomass waste collected from traditional
plantations in the Pekanbaru area. The process
begins with thoroughly washing the banana
leaves to remove any contaminants. Next, the
leaves are cut into smaller pieces and dried for
two days in open air conditions. After drying,
the precursor material undergoes pre-
carbonization in an oven at 200°C for 240
minutes to reduce volatile content and enhance
the stability of the carbon structure. The results
of the pre-carbonization are then ground and
refined to achieve a uniform particle size of less
than 60 pm.
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The chemical activation process utilizes a
NaOH solution at a concentration of 500
mmol/g, which is evenly mixed with the pre-
carbonized powder. This mixture is stirred on a
hotplate stirrer at a temperature of 78°C — 81°C
and a rotation speed of 300 rpm to ensure
homogeneous catalyst distribution.  Once
mixing is complete, the sample is dried in an
oven at 90 °C to remove excess solvent,
producing a precursor that is ready for the next
stage.

The resulting activated carbon powder is
then formed into a monolith using a hydraulic
press mold at a pressure of 8 metric tons. The
pyrolysis process consists of a single stage that
includes both carbonization and physical
activation.  Carbonization occurs at a
temperature of 600°C in a nitrogen gas
atmosphere (N,) to prevent uncontrolled
oxidation, while physical activation is
conducted by exposing the material to carbon
dioxide gas (CO,) for 250min in 700, 800, and
900°C to enhance the surface area and develop
an optimal pore structure.

The final step of this methodology involves
fabricating a supercapacitor cell in a coin
configuration. The electrodes are made from the
synthetic carbon created from banana leaf
waste, and the electrolyte used is a sodium
sulfate solution (Na,SO,) with a concentration
of 1 mol/L. Additional components of the
supercapacitor cell include a stainless-steel
current collector and a separator made from
duck eggshell membrane. The entire synthesis
and assembly process of the supercapacitor cell
is designed to produce carbon materials with
optimal electrochemical properties, thereby
improving energy storage performance in
supercapacitor applications.

Precursor Density Characteristics

The evaluation of solid carbon designs

prepared without  external adhesives
demonstrated  their  significant  density
properties.  We conducted a thorough

examination of density behavior by measuring
the mass, diameter, and thickness of the

precursors. This dimensional data allowed for
precise calculation of precursor density using
the standard density formula widely recognized
in the field [20]. Additionally, we rigorously
analyzed dimensional changes during the bi-
atmosphere pyrolysis process.

Preparation of Working Electrodes and
Supercapacitor Cells

This effectively fabricated the working
electrodes as thin cylinders with dimensions of
9 mm in diameter and 0.2 mm in thickness,
ensuring each electrode maintained a consistent
loading mass of 9 mg. The assembly of the test
cells was executed without the need for any
additional conductive materials or adhesives.
The supercapacitor cells were strategically
assembled in a symmetrical configuration,
comprising two electrodes separated by a thin
membrane. A robust stainless steel current
collector, supported by a polymer glass cell
body, was utilized to enhance performance.

Supercapacitor Cell Performance

We assessed the electrochemical properties
of the solid carbon-based supercapacitor cell,
derived from dried banana leaves, using both
theoretical and practical approaches through
advanced  techniques such as cyclic
voltammetry (CV) and galvanostatic charge-
discharge (GCD). These measurements were
conducted in a 1 mol/L Na,SO, electrolyte
solution, ensuring accuracy. The volumetric
electrochemical properties—including
capacitance, energy, and power—were
meticulously calculated using established
general formulas [21, 22].

RESULTS AND DISCUSSION
Density-Porosity Analysis

Changes in porosity of prepared carbon
materials are crucial for enhancing the
performance of supercapacitors. However,
traditional methods for evaluating porosity can
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lead to a decrease in material density,
ultimately reducing its effectiveness in
industrial applications [23]. Therefore, a
balanced evaluation is necessary, considering
both porosity and volumetric density to ensure
that the resulting carbon material retains its
optimal density without compromising its pore
characteristics. In this work, the carbon material
was designed to have high porosity while still
maintaining sufficient density to ensure
electrode efficiency in practical applications.
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Figure 1. Density of x-PCV.

The formation of porosity in the carbon
material was achieved by maintaining a solid
state during the pyrolysis and activation stages
using NaOH in a horizontal furnace. Prior to
thermal treatment, the x-PCV precursor
material had a density close to 1 g/cm?. After
pyrolysis and activation, the material retained a
solid cylindrical form, with a density reduction
ranging from 10% to 12%. This decrease is
primarily due to the chemical reactions
occurring during the activation process with
NaOH, carbonization in a nitrogen atmosphere,
and physical activation in carbon dioxide gas
[24]. The reaction between NaOH and carbon
leads to structural degradation, contributing to
pore formation, while physical activation
interacts with the material’s surface and
expands its pore structure, resulting in an
overall decrease in density [25]. During the
pyrolysis  process, volatile  compounds,
minerals, and moisture present in the precursors
evaporate, directly affecting the changes in the
monolithic  dimensions of the material,
including mass, volume, and density [26, 27].

The 40 samples were treated for each parameter
variation, with carbonization and physical
activation conducted in one stage using NaOH
as a chemical activator and activation
temperatures of 700°C, 800°C, and 900°C. The
results indicated that all samples experienced a
reduction in density after pyrolysis, which
became more pronounced as the physical
activation temperature increased.  As the
temperature rose from 700°C to 900°C, there
was a consistent decrease in density,
explainable by two main mechanisms. First,
during carbonization from room temperature to
approximately ~ 600°C, complex organic
compounds such as hemicellulose, cellulose,
and lignin decompose into pure carbon [28, 29].
While carbonization increases the carbon
content of the material, the solid tar generated
can clog the pores that are beginning to form,
necessitating further activation [29]. Second,
physical activation at temperatures exceeding
600°C in a CO: atmosphere removes the tar that
blocks the pores and enlarges the pore structure
by eroding carbon atoms from the material's
surface, leading to a further reduction in
density. Experimental analysis shows that
materials subjected to chemical activation with
NaOH can experience a decrease in density of
up to 10% to 12%, highlighting NaOH's role in
increasing porosity. Additionally, raising the
physical activation temperature significantly
affects the final density of the material. The
recorded density reduction values were 9.7%,
12.3%, and 12.4% for samples activated at 700-
PCV, 800-PCV, and 900-PCV, respectively.
This phenomenon can be attributed to the
reaction between carbon and NaOH that
produces carbonate compounds at around
600°C [30]. As the temperature increases
further, the carbonate decomposes, leaving
voids that form  microscopic  pores.
Consequently, increasing the activation
temperature from 700°C to 900°C results in a
more developed pore structure, but with a
corresponding decrease in density. After the
pyrolysis process, the densities of the resulting
carbon monoliths were 0.8650 g/cm3 for 700-
PCV, 0.8544 g/cm3 for 800-PCV, and 0.8501
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g/cm3 for 900-PCV. These results align with
previous studies using different biomass
precursors, such as Syzygium oleana leaves [31]
and coconut fiber [32], which reported a trend
of decreasing density due to similar
carbonization and activation processes. Thus,
this mechanism can be considered a general
approach for processing biomass into porous
carbon materials with adjustable density for
supercapacitor applications.

The results of this analysis highlight the
crucial role that the combination of chemical
and physical activation plays in determining the
porosity and density properties of carbon
materials. Activation with NaOH effectively
enhances porosity by inducing chemical
reactions  within the carbon structure.
Meanwhile, physical activation at high
temperatures further enlarges the pores by
removing carbonization residues.

While increasing the activation temperature
can expand the pore structure, it may also lead
to a decrease in the material's density. This
trade-off is important to consider for the
practical applications of supercapacitors.
Therefore, achieving a balance between
porosity and density should be a primary focus
in the design of supercapacitor -electrode
materials to ensure optimal performance in
industrial applications.

Volumetric Scale Analysis

The previously discussed density-porosity
properties were evaluated in the context of their
electrochemical behaviors on a volumetric
scale. This analysis utilized a cyclic
voltammetry approach at a graded scan rate.
The x-PCV carbon-based electrode, prepared in
a symmetrical configuration, was tested using
cyclic voltammetry at a scan rate of 1 mV/s in a
1000 mmol/L sulfuric acid electrolyte medium,
as shown in Figure 2 (a). The cyclic
voltammogram of the x-PCV carbon electrode
exhibited a typical rectangular profile with
minimal perturbation, indicating that the charge
storage mechanism was dominated by electric

double-layer capacitance, with low
pseudocapacitive effects observed [33].

The area enclosed by the cyclic
voltammogram  reflects the  volumetric
performance per unit area. Additionally, the
700-PCV electrode showed the smallest cyclic
area, with an almost linear current increase,
confirming the predominance of the capacitive
charge storage mechanism and very low
faradaic effects. This behavior can be attributed
to the presence of oxygen functional groups
naturally occurring in biomass-based carbon
[34]. Carbon derived from natural materials
through pyrolysis tends to bind oxygen in its
carbon chain, which can disrupt the cyclic
voltammogram profile of natural carbon-based
supercapacitors. This oxygen functionality
primarily arises from the oxidation process that
occurs during the pyrolysis and activation
stages in carbon synthesis from biomass. As the
physical activation temperature increases from
700°C to 900°C, the current spike in the
voltammogram gradually weakens, reflecting a
decrease in oxygen functional content and a
diminishing pseudocapacitance effect. This
reduction in oxygen content is due to the high
pyrolysis temperature, which causes the
decomposition and evaporation of non-carbon
components, thereby increasing the carbon
purity. These findings align with the previously
discussed density analysis, which indicates that
a rise in physical activation temperature leads to
a gradual decrease in density [35]. Moreover,
the enclosed area in the voltammogram
confirms the volumetric specific capacitance of
the x-PCV carbon electrode. The 900-PCV
electrode has the largest covered area, followed
by the 800-PCV and 700-PCV electrodes. This
indicates that volumetric capacitance increases
with higher activation temperatures. Based on
calculations using the standard equation, the
volumetric capacitance for each electrode is
119, 176, and 198 F/cm3, respectively. Notably,
the application of NaOH as a chemical catalyst
and the increase in physical activation
temperature for banana leaf waste-based
materials successfully raised the volumetric
capacitance from 119 F/cm3 to 198 F/cm3. This
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capacitance increase is attributed to changes in
the physical properties of the sample resulting
from the NaOH catalytic treatment and
variations in physical activation temperature.
Several studies have shown that NaOH can alter
the surface morphology to become more
porous, increase carbon content, and reduce
both  heteroatom content and oxygen
functionality. These characteristics enhance the
interaction between ions and electrodes,
ultimately improving the electrode material's
performance. Furthermore, increasing the
physical activation temperature from 700°C to
900°C significantly affects the electrochemical
properties of supercapacitors. This temperature
rise results in modifications to the pore
structure and density of the material, which
shortens the ion transfer path, improves ion
flow, and maintains a high level of
conductivity.  These  effects  collectively
contribute to the enhanced electrochemical
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performance of supercapacitors. The reduction
of oxygen functionality also plays a role in
increasing the specific capacitance of the
electrodes. The x-PCV carbon electrodes were
also evaluated at various scan rates: 1, 2, and 5
mV/s, as shown in Figures 2 (b), (c), and (d).
The voltammetric results demonstrate that all
electrodes retain a rectangular shape with
minimal disorder, confirming that the electric
double-layer capacitance mechanism
predominates, with negligible faradaic reaction
effects. Additionally, the scan rate influences
the volumetric capacitance of the carbon
electrodes. Increasing the scan rate from 1
mV/s to 5 mV/s results in a decline in the
volumetric capacitance across all x-PCV
samples. However, the 900-PCV electrode
managed to maintain a volumetric capacitance
of 61.2 F/cm3 at 5 mV/s, indicating superior
electrochemical stability compared to the other
electrodes.
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Figure 2. (a) CV profile of x-PCV in 1 mV/s, CV profile in 1-56mV/s of (b) 700-PCV, (c) 800-PCV,

and (d) 900-PCV.
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Gravimetric Scale Analysis

A gravimetric scale evaluation decisively
confirms the electrochemical properties of the
Xx-PCV carbon electrode. Figure 3 clearly
illustrates the GCD profiles of the x-PCV
material at a current density of 1 A and a scan
rate of 5 mV/s. The GCD profiles reveal an
imperfect symmetrical triangular shape with
non-linear characteristics, which undeniably
indicates a dual-electric layer charge storage
mechanism alongside faradaic  reactions
associated with the distribution of oxygen
functional groups. This establishes the presence
of pseudocapacitance properties in each sample
[36].
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Figure 3. GCD profile of x-PCV.
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Moreover, these findings align perfectly
with the voltammetry results shown in Figure 2.
Furthermore, the sudden potential drop
observed at the beginning of the discharge
profile varies distinctly among the x-PCV
materials. This variation arises from the
resistance to ion diffusion into the pores of the
electrode material and the conductivity of the
carbon electrode [37]. The measured resistance
values for the materials, 700-PCV, 800-PCV,
and 900-PCV, stand at 6 mQ, 8 mQ, and 12
mQ, respectively. This resistance consistently
increases with rising activation temperatures
from 700°C to 900°C. Higher temperatures
facilitate the growth of smaller pores, which
markedly reduces ion accessibility on the
surface of the supercapacitor electrode [4].
According to standard equations, the GCD

profile shows that the specific capacitance of
the carbon electrode peaks at 181 F/g for the
900-PCV sample, followed by 800-PCV at 167
F/g and 700-PCV at 101 F/g. These results
emphatically corroborate the cyclic
voltammetry (CV) analysis presented earlier in
Figure 2. The energy density and power density
derived from this GCD technique are
comprehensively summarized in Figure 3.
Remarkably, the superior electrochemical
performance of 900-PCV eclipses the other
samples and stands as comparable to previously
reported biomass-based carbon materials [38,
39]. Additionally, the capacitance values
obtained through the GCD method exceed those
from the CV method. This difference is
attributed to variations in current, as higher
currents typically result in smaller capacitance
values due to Kkinetic factors. While both
methods are useful for measuring capacitance,
they deliver distinct insights; CV can pinpoint
non-capacitive redox reactions, while GCD
effectively reveals cell or electrode resistance
[40].

CONCLUSION

Evaluating supercapacitor performance at a
volumetric scale is essential for demonstrating
the real-world applicability of developed
materials. This study decisively presents the
volumetric evaluation of banana leaf-derived
porous carbon materials for supercapacitor use,
emphasizing the voltammographic cycling
technique while distinctly comparing it to the
gravimetric scale assessed through the
galvanostatic charge-discharge method. The
carbon electrodes were expertly prepared in a
dual configuration within a symmetric system
using sulfuric acid electrolyte media. Initial
density analysis unequivocally showcased the
porosity properties of the electrode materials.
Following the pyrolysis process, we observed a
significant density reduction of 10-12%,
confirming the high porosity of each x-PCV
precursor. Moreover, the CV technique
achieved an impressive volumetric capacitance
of 198 F/cm3 for the 900-PCV material, while
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the GCD technique yielded a gravimetric
capacitance of 181 F/g from the same material.
These outstanding capacitive  properties
strongly indicate that utilizing banana leaf
waste as activated carbon, combined with the
preparation method implemented, holds
remarkable potential as a fundamental electrode
material to significantly enhance supercapacitor
performance as a cutting-edge electrochemical
energy storage solution.

REFERENCES

1. Tadesse, M. G., Ahmmed, A. S. &
Libben, J. F. (2024). Review on
conductive  polymer  composites  for
supercapacitor applications. Journal of

Composites Science, 8(2), 53.

2. Khan, H. A., Tawalbeh, M., Aljawrneh, B.,
Abuwatfa, W., Al-Othman, A., Sadeghifar,
H., & Olabi, A. G. (2024). A
comprehensive review on supercapacitors:
Their promise to flexibility, high
temperature, materials, design, and
challenges. Energy, 131043.

3. Yuan, C., Xu, H., El-khodary, S. A., Ni,
G., Esakkimuthu, S., Zhong, S., & Wang,
S. (2024). Recent advances and challenges
in biomass-derived carbon materials for
supercapacitors: A review. Fuel, 362,
130795.

4. Hu, H., Yan, M., Jiang, J., Huang, A., Cai,
S., Lan, L., Ye, K., Chen, D., Tang, K.,
Zuo, Q., Zeng, Y., Tang, W., Fu, J., Jiang,
C.,,Wang, Y, Yan, Z, He, X., Qiao, L., &
Zhao, Y. (2024). A state-of-the-art review
on biomass-derived carbon materials for
supercapacitor applications: From
precursor selection to design optimization.
Science of The Total Environment, 912,
169141.

5. Tiwari, S. K., Sahoo, S., Wang, N., &
Huczko, A. (2020). Graphene research and
their outputs: Status and prospect. Journal
of Science: Advanced Materials and
Devices, 5(1), 10-29.

6. Saini, S., Chand, P., & Joshi, A. (2021).
Biomass derived carbon for supercapacitor

10.

11.

12.

13.

applications. Journal of Energy Storage,
39, 102646.

Liu, D., Zhang, W., & Huang, W. (2019).
Effect of removing silica in rice husk for
the preparation of activated carbon for
supercapacitor  applications.  Chinese
Chemical Letters, 30(6), 1315-1319.

Liu, B., Wang, X., Chen, Y., Xie, H,,
Zhao, X., Nassr, A. B., & Li, Y. (2023).
Honeycomb carbon obtained from coal
liquefaction residual asphaltene for high-
performance supercapacitors in ionic and
organic liquid-based electrolytes. Journal
of Energy Storage, 68, 107826.

Shao, Y., Liu, Y., Guan, Q., & Ding, C.
(2022). Nitrogen doped layered porous
carbon derived from peanut shell for high
volumetric performance supercapacitors.
Materials Letters, 323, 132580.

Wang, Q., Yan, J.,, & Fan, Z. (2016).
Carbon materials for high volumetric
performance  supercapacitors:  design,
progress, challenges and opportunities.
Energy and Environmental Science, 9(3),
729-762.

Kim, J., Wi, S. M., Son, S., Lim, H., Park,
Y., Jang, A. R., Park, J. B., Cho, Y., Song,
Y. C., Pak, S., & Lee, Y. W. (2024).
Rationally ~ engineered interdigitated
electrodes with heteroatom doped porous
graphene and improved surface wettability
for flexible micro-supercapacitors. Journal
of Energy Storage, 86, 111271.

Taer, E., Apriwandi, A., Andriani, D.,
Fudholi, A., Citraningrum, N., Deraman,
M., & Taslim, R. (2024). Self-doped N, P,
O heteroatoms carbon nano-hollow-fiber
derived aromatic bio-organic for advanced
gravi-volumetric supercapacitors. Journal
of Physics D: Applied Physics, 57(46),
465501.

Yu, T., Zhou, Q., Chen, J., Ma, W., Wang,
C., Fan, S., & Zhang, Y. (2024). The
synthesis of nanocellulose/B, N, F tri-
doped graphene composite hydrogels for
supercapacitor applications. Vacuum, 222,
113036.

8 Volumetric-gravimetric synergy in biomass-derived carbon ... (Apriwandi)



14.

15.

16.

17.

18.

19.

20.

21.

Long, C., Chen, X,, Jiang, L., Zhi, L., &
Fan, Z. (2015). Porous layer-stacking
carbon derived from in-built template in
biomass for high volumetric performance
supercapacitors. Nano Energy, 12, 141-
151.

Zhang, Y., Yu, Y., Xiao, R., Du, C., Wan,
L., Ye, H., Chen, J.,, Wang, T., & Xie, M.
(2022). Faradaic-active N-doped reduced
graphene as electrode for supercapacitor
with  high-volumetric ~ performances.
Journal of Energy Storage, 54, 105299.
Yakaboylu, G. A., Jiang, C., Yumak, T.,
Zondlo, J. W., Wang, J., & Sabolsky, E.
M. (2021). Engineered hierarchical porous
carbons for supercapacitor applications
through  chemical pretreatment and
activation  of  biomass  precursors.
Renewable Energy, 163, 276-287.

Lu, Z., Foroughi, J., Wang, C., Long, H.,
& Wallace, G. G. (2018). Superelastic
hybrid CNT/graphene fibers for wearable
energy  storage. Advanced  Energy
Materials, 8(8), 1702047.

Gopalakrishnan, A. & Badhulika, S.
(2020). Effect of self-doped heteroatoms
on the performance of biomass-derived
carbon for supercapacitor applications.
Journal of power sources, 480, 228830.

Li, Q., Jiang, Y., Jiang, Z., Zhu, J., Gan,
X., Qin, F., Tang, T., Luo, W., Guo, N.,
Liu, Z., Wang, L., Zhang, S., Jia, D., &
Fan, Z. (2022). Ultrafast pore-tailoring of
dense microporous carbon for high
volumetric performance supercapacitors in
organic electrolyte. Carbon, 191, 19-27.
Taer, E., Pratiwi, L., Apriwandi, A,
Mustika, W. S., Taslim, R., & Agustino, A.
(2020). Three-dimensional pore structure
of activated carbon monolithic derived
from hierarchically bamboo stem for
supercapacitor application.
Communications in  Science  and
Technology, 5(1), 22-30.

Gabookolwe, M. K., Onisuru, O. R,
Odisitse, S., Meijboom, R., Muiva, C., &
King'ondu, C. K. (2024). Biomass
Nanoarchitectonics of abattoir waste to

22.

23.

24,

25.

26.

217.

28.

high coulombic efficient mesoporous
carbon materials for supercapacitors.
Journal of Energy Storage, 104, 114541,
Yardim, Y., Genel, I., & Saka, C. (2025).
Enhanced supercapacitor performance of
hierarchical mesoporous  sulfur-doped
carbon particles from biomass waste for
energy storage. International Journal of
Hydrogen Energy, 99, 383-393.

Julnaidi, Amri, A., Saputra, E., Nofrizal, &
Taer, E. (2023). High well-matched energy
gravimetric-volumetric symmetric
super-capacitor derived from hollow paper
stack-like biomass-based functional
carbon. Journal of Chemical Technology &
Biotechnology, 98(9), 2330-2342.

Miller, E. E., Hua, Y., & Tezel, F. H.
(2018). Materials for energy storage:
Review of electrode materials and methods
of increasing capacitance for
supercapacitors.  Journal of  Energy
Storage, 20, 30-40.

Ayinla, R. T., Dennis, J. O., Zaid, H. M,
Sanusi, Y. K., Usman, F., & Adebayo, L.
L. (2019). A review of technical advances
of recent palm bio-waste conversion to
activated carbon for energy storage.
Journal of cleaner production, 229, 1427—
1442,

Taer, E., Apriwandi, A., Ningsih, Y. S., &
Taslim, R. (2019). Preparation of activated
carbon electrode from pineapple crown
waste for supercapacitor application.
International Journal of Electrochemical
Science, 14(3), 2462-2475.

Taer, E., Dewi, P., Sugianto, S., Syech, R.,
Taslim, R., Salomo, S., Susanti, Y.,
Purnama, A., Apriwandi, A., Agustino, A.,
& Setiadi, R. N. (2018). The synthesis of
carbon electrode supercapacitor from
durian shell based on variations in the
activation time. AIP conference
proceedings, 1927(1), 030026.

Fan, Y., Cai, Y., Li, X,, Jiao, L., Xia, J., &
Deng, X. (2017). Effects of the cellulose,
xylan and lignin constituents on biomass
pyrolysis  characteristics and  bio-oil
composition using the Simplex Lattice

Indonesian Physics Communication, 22(1), 2025



29.

30.

31.

32.

33.

34.

Mixture  Design  method. Energy
Conversion and Management, 138, 106.
Gonzélez, J. F., Roman, S., Encinar, J. M.,
& Martinez, G. (2009). Pyrolysis of
various biomass residues and char
utilization for the production of activated
carbons. Journal of Analytical and Applied
Pyrolysis, 85(1-2), 134-141.

Wang, Y., Qu, Q., Gao, S., Tang, G., Liu,
K., He, S., & Huang, C. (2019). Biomass
derived carbon as binder-free electrode
materials for supercapacitors. Carbon, 155.
Taer, E., Apriwandi, A., Taslim, R,
Agutino, A., & Yusra, D. A. (2020).
Conversion  Syzygium oleana leaves
biomass waste to porous activated carbon
nanosheet for boosting supercapacitor

performances. Journal of Materials
Research and Technology, 9(6), 13332.
Taer, E., Taslim, R., Putri, A. W,

Apriwandi, A., & Agustino, A. (2018).
Activated carbon electrode made from
coconut husk waste for supercapacitor
application. International Journal of
Electrochemical Science, 13(12), 12072.
Xu, H., Dong, L., Zhang, B., Wang, K.,
Meng, J., Tong, Y., & Wang, H. (2024).
Heteroatom self-doped graphitic carbon
materials from Sargassum thunbergii with
improved supercapacitance performance.
Advanced Sensor and Energy Materials,
3(2), 100102.

Yumak, T., Yakaboylu, G. A., Oginni, O.,
Singh, K., Ciftyurek, E., & Sabolsky, E.
M.  (2020). Comparison of the
electrochemical properties of engineered
switchgrass  biomass-derived activated
carbon-based EDLCs. Colloids and
Surfaces  A:  Physicochemical and
Engineering Aspects, 586, 124150.

35.

36.

37.

38.

39.

40.

08

This article uses a license

Creative Commons Attribution

4.0 International License

Liu, F., Wang, Z., Zhang, H., Jin, L., Chu,
X., Gu, B., Huang, H., & Yang, W. (2019).
Nitrogen, oxygen and sulfur co-doped
hierarchical porous carbons toward high-
performance supercapacitors by direct
pyrolysis of kraft lignin. Carbon, 149,
105-116.

Wei, H., Wang, H., Li, A., Li, H., Cui, D.,
Dong, M., Lin, J., Fan, J., Zhang, J., Hou,
H., Shi, Y., Zhou, D., & Guo, Z. (2020).
Advanced porous hierarchical activated
carbon derived from agricultural wastes
toward high performance supercapacitors.
Journal of Alloys and Compounds, 820,
153111.

Riyanto, C. A., Ampri, M. S., & Martono,
Y. (2020). Synthesis and characterization
of nano activated carbon from Annatto
Peels (Bixa orellana L.) viewed from
temperature activation and impregnation
ratio of H;PO,. EKSAKTA: Journal of
Sciences and Data Analysis, 44-50.

Taer, E., Tampubolon, D. K. H., Farma,
R., Setiadi, R. N., & Taslim, R. (2021).
Longan Leaves biomass-derived renewable
activated carbon materials for
electrochemical energy storage. Journal of
Physics: Conference Series, 2049(1),
012009.

Taer, E. & Taslim, R. (2021). High
Potential of Averrhoa bilimbi Leaf Waste
as Porous Activated Carbon Source for
Sustainable Electrode Material
Supercapacitor.  Journal of  Physics:
Conference Series, 2049(1), 012051.
Stoller, M. D. & Ruoff, R. S. (2010). Best
practice methods for determining an
electrode material's performance for
ultracapacitors. Energy and Environmental
Science, 3(9), 1294-1301.

10

Volumetric-gravimetric synergy in biomass-derived carbon ... (Apriwandi)


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

