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ABSTRACT: The promotion of bio-carbon for developing superior electrodes has become a trending topic in realising
the practical application of supercapacitor devices. This study aimed to prepare porous carbon (PC) with a taproot
fiber-like nanostructure that was decorated with self-doped oxygen. The waste of red suren leaves (RSL) was further
treated using a direct heating method with the catalyst effect of ZnCl, (0.3, 0.5, and 0.7 M) in an N,/CO, environment
at 850°C, being examined. The results showed that RSL@PC-0.5 exhibited the best amorphous carbon structure
(FWHM = 0.105° and 0.182°). The specific surface area (SSA = 495.31 m*/g) and the combination of hierarchical
nanostructure with abundant multi-level pores (micro-mesopores) were supported by the appropriate presence of O
(4.26%) heteroatoms. Oxygen within the carbon matrix enhanced the electrode-electrolyte interaction by adding active
sites, thereby contributing additional pseudocapacitance. Furthermore, the electrochemical performance showed a high
specific capacitance of 490 F/g at a current density of 1 A/g. The energy density and power density reached 62.93 Wh/kg
and 156.67 W/kg, indicating the excellent electrochemical performance of the RSL@PC-0.5 material. This study
presented a supercapacitor material derived from biomass, showing a new PC with O self-doped fiber nanostructures
that could serve as a rational reference for the practical application of environmentally friendly energy storage.

KEYWORDS: Red-suren-leaves; porous carbon; multi_level_pores; self-doping; supercapacitor_energy_storage

1 Introduction

The transition to sustainable and stable storage technologies is essential for achieving the vision of
“Welcome to the era of Electricity and global energy independence”. In this context, supercapacitors have
evolved as promising candidates for large-scale backup energy storage and conversion devices [1,2]. As a key
development in carbon-free technology from renewable resources, supercapacitors offer advantages such
as high-power delivery, rapid charge-discharge rates, long service life, and adaptability [3,4]. Based on the

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.techscience.com/journal/JRM
https://www.techscience.com/
https://doi.org/10.32604/jrm.2026.02026-0022
https://www.techscience.com/doi/10.32604/jrm.2026.02026-0022
mailto:erman.taer@lecturer.unri.ac.id
mailto:rikataslim@uin-suska.ac.id

2 ] Renew Mater. 2026;14(8):4

electrode configuration, supercapacitors are included in energy storage in two thermal aspects. This device
is equipped with supporting components that contribute to the transfer of charged ions influenced by the
potential difference at the working electrode. However, supercapacitors have limitations in energy density
and stability, which necessitate modifications to electrode components using nanostructured materials with
significant advantages [5-7].

Nanostructured materials enhance supercapacitor performance in several manners [8]. The materials
provide a large surface area with abundant active sites for charge storage, thereby improving capacitance. The
excellent electrical conductivity accelerates electron transfer through efficient transport pathways, facilitated
by micro-meso-macro pores with minimal internal resistance. The materials enable greater energy storage
through EDLC and redox reaction mechanisms. Nanostructured substance offers superior mechanical
and chemical stability, enhancing the durability of supercapacitors. Among carbon-based nanostructures,
materials such as highly PC have shown promising results. PC possesses natural microporosity, making
the material an excellent adsorbent medium that can be produced from organic sources. The effective
adoption of organic waste for PC production has gained increasing interest due to its role in reducing
environmental emissions [9]. Biomass sources such as lemongrass [10], Tannin [11], Seaweed [12], chestnut
shells [13], and other organic waste have been successfully converted into PC through chemical and physical
activation processes.

Biomass-derived nanostructures exhibit diverse morphologies, carbon nanofibers are particularly well-
suited for supercapacitor electrodes due to the high surface area, excellent electrical conductivity, strong
adsorption capacity, mechanical stability, efficient ion and molecule transport, and flexible structural
design [14]. However, directly identifying nanofibers within materials is not straightforward, necessitating
various fabrication methods [15]. Previous studies have reported different approaches where Chen et al.,
(2021) used electrospinning to obtain fiber-like nanostructures from sugarcane [16]. Saxena et al. (2024)
further used hydrothermal treatment to produce nanofibers from Sisal material [17], while Lv et al. (2024)
adopted sol-gel processing to obtain nanofibers from pineapple leaves [18]. Similarly, Jing et al. (2025) applied
a template printing method to produce nanofiber structures from natural filter paper [19]. However, these
methods are often complex, costly, and time-consuming for large-scale PC production.

This study explores an alternative method by selecting aromatic biomass from Toona sinensis leaves
(red suren leaves, RSL) as a precursor for fiber-like nanostructured materials. RSL are rich in organic
polymers such as cellulose, hemicellulose, and lignin, which provide an excellent framework for nanofiber
formation [20,21]. Cellulose, which is the main structural component of RSL cell walls, naturally forms
fibrous microfibrils while hemicellulose and lignin act as protective matrices thermally modified into
nanofibers [22]. The increasing interest in biomass waste valorisation enhances its economic and practical
value, as biomass contains natural doping elements such as O, N, P, S, Zn, and B [23].

Specifically, oxygen doping has been identified as an effective strategy for improving the functional
properties of PC, benefiting adsorption capacity, energy storage, and catalytic activity [24]. Biomass inher-
ently contains oxygen functional groups, such as hydroxyl (-OH), carbonyl (-C=0), and carboxyl (-COOH),
which enhance surface properties. Zinc doping can be introduced either naturally from biomass grown in
mineral-rich environments or externally through chemical activation using ZnCl,. ZnCl, has been recog-
nised as a strong dehydrating agent, a porosity regulator, and a carbonisation temperature reducer, facilitating
organic molecule breakdown to increase carbon purity and develop a porous structure. Zn and O doping
significantly enhance the performance of supercapacitor electrodes by creating redox pseudocapacitance
through the reversible redox reaction of Zn**/Zn° at the electrolyte-electrode interface, increasing active
sites, and improving charge transfer kinetics [24]. However, O and Zn is a semiconductor compound with
lower electron conductivity than carbon, if its amount is too much, it can reduce the performance of
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EDLC [25]. Therefore, in this study, a review of the percentage content of ZnCl, catalyst material was carried
out to produce a doped metal O and Zn, which is suitable for presenting pseudocapacitance. Furthermore, the
choice of electrolyte plays a critical role in supercapacitor performance. H,SOj is widely used due to its high
ionic conductivity, compatibility with carbon electrodes, good thermal and electrochemical stability, as well
as low cost [26]. During electrochemical operation, H,SO, dissociates into H** cations and SO,*~ anions,
which adsorb onto the active carbon surface containing Zn. This doping further facilitates the spontaneous
migration of H** ions, optimising ion diffusion pathways and increasing energy density as well as electrode
lifespan through redox-enhanced charge storage [27].

In this study, RSL@PC-0.5 electrodes were produced from a novel material based on RSL waste PC
as a sustainable precursor, and 0.5 M ZnCl, was adopted as a catalyst and Zn source. New material from
RSL waste was used as a sustainable precursor, and ZnCl, was adopted as both a catalyst and a Zn source.
The resulting material-Zn and O-doped natural taproot fiber-like nanofiber PC-was successfully synthesised
through chemical impregnation, carbonisation, and physical activation. The optimised material prepared at
900°C with controlled catalyst loading exhibited a well-developed porous structure with a high total pore
volume. Electrochemical characterisation performed using a two-electrode system showed excellent specific
capacitance (490 F/g) and high energy density (62.93 Wh/kg), outlining the potential as an efficient and
sustainable electrode material for supercapacitor applications.

2 Methodology
2.1 Carbon Preparation

Carbon material from RSL waste was prepared through a series of treatments. The preparation steps
began with drying the RSL in the sun for 48 h, until a dry precursor with a yellow-brown color was obtained.
The drying process was continued using a 110°C oven for 48 h, the aim being for more perfect drying, which
was confirmed by the percentage of precursor mass shrinkage <6%. Then, as much as 300 g of sample was
precarbonized using a vacuum oven at a temperature of 50°C-250°C for 2.5 h. The precarbonized sample was
broken into particles by pounding it using a mortar and pestle until carbon particles were obtained <0.5 mm.
The refining process was perfected using the help of collisions between steel balls and carbon particles in a
vacuum tube for 20 h. Then, the carbon powder from ball milling was uniform in particle size in the size
range <60 um using a 250 mesh test sieve.

2.2 Synthesis of Porous Carbon

The synthesis scheme of RSL biomass waste to produce nano PC with a favorable structure, such as
taproot fiber is illustrated in Fig. 1. The synthesis process begins with the preparation of a chemical activating
agent solution by mixing ZnCl (0.3, 0.5, and 0.7) mol/L into 150 mL of distilled water. The dilution process of
the activating agent was carried out using a set of hot plate and magnetic stirrer tools set at a temperature of
80°Cand a stirring speed of 300 rpm for 1 h. Then, 30 g of carbon was added to each ZnCl solution and stirred
again for 2 h. The chemically activated RSL carbon was dried in a drying oven at a temperature of 110°C for
5 h to dehydrate the remaining water content. The RSL carbon was molded into a monolithic solid coin to
support the electrochemical analysis of the supercapacitor using a hydraulic press with a pressure equivalent
to a mass of 8 t. Next, integrated pyrolysis of RSL samples was carried out in a furnace tube to produce
PC with high purity and surface area. This process consisted of two main stages, namely carbonization and
physical activation. Carbonization started with heating the sample under vacuum conditions using N, gas
at 289°C for 1 h to maximize the evaporation of non-carbon elements. The temperature was then raised to
600°C at a controlled rate of 3°C/min under a continuous N, flow. Physical activation followed immediately,
raising the temperature to 900°C while introducing CO, gas at a flow rate of 10°C/min. To optimize the pore
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structure, the sample was held at this temperature for 2.5 h. The pyrolysis process concluded with cooling
under vacuum conditions, followed by a second-density measurement. The PC coins were then neutralized
to a pH of 7 through multiple washes with distilled water. The washing process was carried out by immersing
the porous carbon electrode in 500 mL of distilled water, the distilled water was changed every 4 h, followed
by measuring the electrode’s pH. The washed samples were dried in an oven at 110°C for approximately 5 h.
Once dried, the RSL-PC samples were prepared for physical and electrochemical characterization.

ZnCl, CH; CHs 0O — Zn
0.3,0.5,and 0.7 M
( an ) | | / I

% RSL@PC powder CH; —c —Cc — (N H
"Wy | | o
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Sucket physical activation of CO, Taproot Fibers with Self-Doping Zn and O

Figure 1: Schematic of preparation of RSL@PC-(x) precursor into natural Zn and O-doped nanostructured PC.

2.3 Structural Characterization and Electrochemical Measurements

The determination of the characteristics of RSL-activated carbon with a taproot-like pore structure was
carried out through several analytical techniques. First, this analysis was carried out through the evaluation
of the shrinkage of the mass size, diameter, and thickness of the carbon coin, which causes a change in mass
and volume of the electrode before and after carbonization in an N, atmosphere and physical activation
using CO, gas. Mathematically, density is determined using a simple equation: the mass of the electrode
divided by its volume (p = m/V), where the mass is measured directly, while the volume is calculated based on
the geometric dimensions of the monolithic (coin-shaped) electrode. Second, the determination of detailed
information on the molecular analysis and crystallinity of carbon-based materials using Raman spectroscopy
with a HORIBA Scientific tool and Labspec 6 software. Third, the crystallinity properties of the sample were
tested through X-ray diffraction (XRD) energy characterization using a Shimadzu Merck type MAXima_X
XRD 7000 No. BMN: 3.08.02.01.027. 1, PANalytical with a diffractometer system, Transmission Spinner
PW3064/60 at the test point (10.01-99.97)° with a Cu-Ka light source (A = 1.54). Fourth, the analysis of the
shape and size of carbon particles in the morphological appearance was carried out by characterization of
scanning electron microscopy using a Jeol JSM-IT200 vacuum brand instrument at room temperature of
24°C with secondary electron reflection. Fifth, the determination of the specific surface area (SSA), total
pore volume, and pore size distribution of activated carbon through the Brunauer-Emmett Teller (BET) and
Barrett-Joyner-Halanda (BJH) methods using the Quantachrome Nova 4200e instrument at a temperature of
300°C with a flow 0f 10°C/min for 60 min under the influence of absorbed nitrogen gas. The characterization
of cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) was conducted as a fundamental
analysis to determine the large storage capacity of RSL@PC when applied as a supercapacitor electrode.
This test was carried out in a two-electrode system, assembled in a sandwich-like configuration with a
specification diameter, thickness of 8, 0.2 mm and a working mass of 10 mg. This was separated by a
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biomembrane from the eggshell in a sulfuric acid aqueous electrolyte. A 1 M H,SO, solution was used as the
source of electrically charged ions, which were stored in the pores of the carbon electrode due to the applied
potential difference (0-1 V). The electric charge flow rate was set at 1 mV/s, and the current was maintained
at 1 A to achieve maximum capacitance during CV and GCD testing.

The specific capacitance, energy density, and power density values for the CV and GCD method
measurements are calculated based on the following equations.

21 1
Csp = ——, CV method E= ECSP- (AV)?
m-s

20 At
Pom- AV
where is,

GCD method P = £
At

I = average current At = charging-discharging time ~ming1e = active mass of one electrode

s=scanrate (V/s) AV = electric potential difference

3 Results and Discussion
3.1 Density Analysis

The density analysis was related to the physical structure of the RSL@PC(x) electrode, as shown
in Fig. 2a. RSL@PC-0.3, RSL@PC-0.5, and RSL@PC-0.7 exhibit higher densities before pyrolysis. Pyrolysis
has been reported to cause a decrease in density due to the evaporation of elements under high-temperature
conditions, leading to the contraction of carbon coin dimensions [28]. ZnCl, can exit the carbon matrix as
vapor, according to the following reaction equation:

ZnCL(s) = ZnCL (1) - ZnCL(g) (at T > 732°C).

However, Zn can exist in a very stable bond as the metal compound ZnO, according to the
following equation:

ZnCl, + H,O/O0* - ZnO(s) + 2HCI(g)/CL(g), T < 900°C.
The formed ZnO can be reduced by carbon, T = 907°C.
ZnO(s) + C(s) — Zn(g) + CO(g).

The RSL@PC-0.5 sample exhibited an optimal density reduction of 26.43%, leading to a porous carbon
(PC) structure with a solid nanostructure and a well-developed pore network, which maximized the
SSA [29]. However, in RSL@PC-0.7, excessive catalyst concentration caused an even greater density reduction
of 39.31%. This excessive shrinkage was associated with the formation of a larger number of open pores.
Beyond a certain threshold, excessive density reduction led to pore wall damage due to hydroxylation,
causing pore blockage and preventing electrolyte ions from efficiently accessing the pores of RSL@PC-
0.7. This led to the formation of pores that were either too small or too large, reducing the number of
active sites and negatively impacting the specific capacitance. The results correlated with previous studies on
Cymbopogon citratus leaves [30] and the green stem of cassava [31], indicating that specific capacitance was
influenced by factors beyond density reduction alone.
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Figure 2: (a) Decrease in carbon coin density, (b) X-ray diffraction curve, (c¢) Raman spectrum, and (d-f) carbon
elemental composition of RSL@PC-(x).

3.2 Structural Properties

The crystal structure and defects of RSL@PC(x) were investigated using XRD, as shown in Fig. 2b.
The results showed an amorphous carbon structure with some graphitic characteristics. This was evidenced
by peak broadening at (002) and (100) diftraction angles (24.8° and 45.3°), consistent with JCPDS No.
75-1621. As additional data, the XRD spectral parameters are reported in detail in Table 1, where these
results are in good agreement with the data referring to the characteristics of amorphous carbon. The
almost flat diffraction peak at 45.3° confirmed a low degree of graphitization, indicating a random atomic
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arrangement. The RSL@PC-0.5 sample exhibited the most significant intensity reduction, suggesting a
higher degree of porosity and a more disordered carbon structure, confirming its improved amorphous
nature with wider diffraction peaks at half-maximum intensity (FWHM = 0.105° and 0.182°). Additionally,
all variations displayed distinct peaks at 29°, 38°, and 57°, corresponding to calcium carbonate (CaCOs)
(JCPDS No. 47-1743), amorphous silica (SiO,) (JCPDS No. 46-1045), and magnesium carbonate (MgCOs)
(JCPDS No. 25-0526). These compounds were identified as natural elements present in RSL aromatic
waste. The combination of carbon and amorphous silica had been reported to enhance the hydrophobic
properties of conductor materials while improving the hydrophilic properties of insulating materials [32].
This characteristic was beneficial for improving the electrical conductivity and wettability of RSL@PC(x)
when used as an electrode material with superior physicochemical and electrochemical properties. For
thinner layers Lc, it can provide increased surface pores in each microcrystalline layer, resulting in activated
carbon with a higher surface area. Meanwhile, high La values confirm structural defects in the carbon layer
in greater numbers horizontally.

Table 1: XRD measurement data based on lattice parameters from RSL@PC.

Sample 20002 (°) 20100 (°) doo2 (A) digo (A) L. (A) L, (A)
RSL@PC-0.3 25.232 45.796 3.526 1.979 10.956 17401
RSL@PC-0.5 24.849 45.335 3.580 1.998 6.635 8.893
RSL@PC-0.7 25.602 45.040 3.476 2.012 9.425 12.875

Remarkably, variations in ZnCl, concentration (0.3 or 0.7 M) led to the absence of detectable zinc
compounds in RSL@PC-0.3 and RSL@PC-0.7. This was indicated by a sharper intensity in RSL@PC-0.5
around 44.4°, confirming the presence of zinc oxide (ZnO) (JCPDS No. 36-1451). The loss of Zn in RSL@PC-
0.3 and RSL@PC-0.7 is caused by the very low and too much ZnCl, concentration, resulting in the Zn atoms
experiencing complete evaporation during pyrolysis in the form of ZnCl, compounds. The discovery of Zn
atoms in RSL@PC-0.5 is due to the Zn atoms being able to interact with O atoms to form stable bonds
of O and Zn nanoparticles, which provide advantages such as increasing specific capacitance through the
pseudocapacitance effect and encouraging the formation of more regular pore channels [33].

Structural defects and the level of amorphous content in the PC-RSL(x) samples were analyzed using
Raman spectroscopy, as shown in Fig. 2c. The results revealed two distinct peaks corresponding to the
D-band (~1350 cm™') and G-band (~1590 cm™). An increase in G-band intensity indicated improved
material conductivity, associated with a higher carbon content. Meanwhile, the highest D-band intensity
was observed in RSL@PC-0.5, suggesting a large SSA and high porosity, as previously reported for bamboo-
derived carbon [34] and Chinese fir sawdust [35]. The D-band peak typically arises due to structural
irregularities in sp’-hybridized carbon, which binds to oxygen functional groups and heteroatoms such as
O, N, or H. In contrast, the G-band corresponds to the vibration of sp*-hybridized carbon (C=C) within
an aromatic ring structure. A shift in the G-band position toward higher wavenumbers was attributed to
changes in heteroatom doping availability [36]. The Ip/I ratios of RSL@PC-0.3, RSL@PC-0.5, and RSL@PC-
0.7 samples were 1.04, 1.06, and 1.01, respectively. The highest Ip/I; ratio in RSL@PC-0.5 indicated strong
absorption intensity due to its highly disordered carbon structure, which was associated with increased
amorphous porosity. Additionally, the broader peak profiles in RSL@PC-0.5 suggested a high degree of
amorphous nature, further supporting its superior electrochemical performance.
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3.3 Elemental Analysis

The elemental analysis of RSL@PC(x) was conducted using energy-dispersive spectroscopy (EDS)
with the energy intensity spectrum of the elements shown in Fig. 2d-f and confirmed in detail in Table 2.
Each chemical element in the RSL@PC material exhibited a different energy density. All samples showed
a dominance of carbon content (above 85%). Oxygen, magnesium, silica, and calcium were also detected
in all samples, originating from the natural elements composing the biomass. The optimal ZnCl, treatment
in TSR@PC-0.5 led to a reduction of carbon content to 86.60% and the complete loss of sodium (0%).
Additionally, the appearance of 3.87% Zn and an increase in organic oxygen to 4.26% were observed as
key advantages of RSL@PC-0.5. These results indicated that a significant amount of O and Zn heteroatoms
had been successfully retained and enhanced after undergoing N,-CO, pyrolysis. The O and Zn elements
contributed to additional pseudocapacitance effects, increasing the real capacitance value. The presence
of these heteroatoms facilitated the distribution rate of electrolyte ions within the electrode pores [37].
The detection confirmed the successful incorporation of O and Zn into the carbon matrix of RSL@PC-
0.5. However, Zn was not detected in the energy spectrum of RSL@PC-0.3 and RSL@PC-0.7 due to the
inappropriate catalyst concentration and excessive interaction between Zn and carbon, resulting in levels
below the detection limit of the instrument.

Table 2: Composition of elements of RSL@PC(x)-based carbon electrodes.

Elemental Content (%)

Sample
C o Na Mg Si Ca Zn Cl
TSR@PC-0.3 90.99 3.21 0.61 0.83 0.97 3.40 - -
TSR@PC-0.5 86.60 4.26 - 0.88 1.32 3.08 3.87 -
TSR@PC-0.5 93.00 2.32 0.46 0.68 0.73 2.21 - 0.59

3.4 Surface Area Analysis

The relationship between the pore structure and electrochemical performance of RSL@PC(x) was
analyzed by examining the SSA, pore volume, and pore size distribution. The BET analysis results were
summarized in Fig. 3, which presented the isotherm curves of RSL@PC-0.3, RSL@PC-0.5, and RSL@PC-
0.7. These isotherms exhibit combined characteristics of type I and IV, indicating the interconnectivity of
micro-mesopores in the prepared electrodes, see Fig. 3a—c. The variation in ZnCl, concentration also played
a significant role in the formation of active pores. At 0.3 M ZnCl,, the reaction rate of PC formation was
insufficient, leading to suboptimal pore development and a lower surface area. The results correlated with
the principle that an optimal level of an activating agent was required to maximize the yield of porous
structures [38]. At 0.5 M ZnCl,, the activation process led to a higher number of micropores, accompanied
by balanced mesopore growth that enhanced electrode performance. The appropriate amount of ZnCl, also
reinforced the pore structure, making it more robust [39]. The analysis confirmed that RSL@PC-0.5 achieved
the highest adsorption isotherm (SSA = 495.31 m*/g) with a total pore volume of 0.31 cm’/g. The dominant
micropore fraction, exceeding 75%, contributed significantly to the increase in SSA. This surface area was
generated by nanostructured pores resembling taproots covered with nano-sized fibers, which significantly
enhanced ion diffusion within the RSL@PC-0.5 electrode.
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Figure 3: N, gas absorption capacity of each RSL@PC-(x) on (a—c) isotherm curve and (d-f) pore volume distribution.

In contrast, increasing the ZnCl, concentration to 0.7 M showed a distorted hysteresis curve (not
closed), resulting in a gradual decline in micropore formation. The pore structure is ink-bottle-shaped
and features numerous narrow-necked pores. This is because the more intense chemical reaction of ZnCl,
(0.7 M) allows the micropore structure to widen, leading to mesopore formation. The disrupted pore-
widening structure results in a loose pore shape resembling the top surface of a bottle with a thin pore
neck. The unique narrow pore neck shape with a wide inner surface inhibits the escape of N, gas, resulting
in a characteristic open-loop hysteresis. The open-loop hysteresis curve exhibits the highest pore-widening
structure. This large pore structure significantly contributes to favorable electrolyte insertion and rapid ion
diffusion in symmetric supercapacitors. This observation was consistent with results from previous studies
by Li et al., who investigated Lotus seedpods-based electrodes where maximum micropore availability was



10 ] Renew Mater. 2026;14(8):4

achieved through KOH impregnation [40]. Similarly, Zhang et al. validated these results in the article on
caragana biomass, showing that an optimal micropore structure was achieved at an activation temperature
of 700°C [41]. The detailed N, gas adsorption parameters were summarized in Table 1. Fig. 2d-f further
presented the pore size distribution of RSL@PC-0.3, RSL@PC-0.5, and RSL@PC-0.7, confirming the presence
of well-defined mesopores in the prepared carbon materials.

3.5 Morphology

The pore morphology of the selected biomass precursor aromatic waste-derived RSL@PC(x) powder
was examined using high-resolution (40.000x) secondary electron imaging, as shown in Fig. 4. Different
ZnCl, catalyst treatments influenced the nanostructure development in RSL carbon. Fig. 4a showed that
RSL@PC-0.3 exhibited an underdeveloped pore structure, characterized by randomly distributed particle
chunks and a small number of nanopores with suboptimal taproot-like fibers. The rougher surface in Fig. 4b
indicates the beginning of micropore growth. Fig. 4c showed that the morphology of RSL@PC-0.5 exhibited
a more optimized formation of taproot-like nanostructured pores. This morphology was further decorated
with interconnected fibers. The uneven distribution of surface particles suggested that RSL@PC-0.5 suc-
cessfully maintained a robust taproot-like pore structure with a hierarchical arrangement. In addition, the
development of surface micropores with a perfect hierarchical combination is seen in Fig. 4d. This advanced
structure facilitated ion distribution, enhanced electron transport, and served as a high-capacity storage
medium [42]. The robust nanostructure was further reinforced by the presence of silica elements attached
to the PC surface. However, suboptimal catalyst conditions led to a decrease in silica content and surface
roughness [43]. This analysis was consistent with the EDS results which confirmed the percentage of silica
present. The addition of an activator promoted pore development toward an improved structure. However,
excessive ZnCl, activation at a concentration of 0.7 M led to significant pore structure degradation. Fig. 4¢
showed that the rougher pore walls collapsed, forming a flatter surface. This was consistent with the
smoother appearance of PC-RSL-0.7, corresponding to a substantial reduction in pore availability, confirmed
in Fig. 4f. The diminished pore structure reduced the effectiveness of the RSL@PC-0.7 electrode. These
results correlated with a study by Boonraksa et al. who studied rice husk-derived organic materials [44]. The
publication showed that increasing ZnCl, and KOH activator concentrations could lead to excessive silica
deposition on the surface. The study of RSL@PC with fiber-like nanostructures exhibiting a competitive SSA
was previously reported using more complex methods as summarized in Table 3. Therefore, the aromatic
biomass selected in this study successfully demonstrated nanofiber modification in carbon materials through
a strategic combination of biomass selection, ZnCl, catalyst activation, and high-temperature pyrolysis.

3.6 Electrochemical Properties

The supercapacitor device of the PC-RSL electrode was examined for its capacitive performance through
two measurement methods, namely CV and GCD with the participation of various components. The tests
were conducted with a two-electrode symmetric system in an acidic 1 M H,SO, aqueous electrolyte. First,
the EDLC properties were assessed using the CV method with the measurement results shown in Fig. 5a.
The CV curve exhibited a near-rectangular shape with slight distortions, recorded within a potential window
of (0-1-0) V and optimized at scan rates of 1, 2, 5, and 10 mV/s (see Fig. 5b—d).
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Figure 4: Unique nanostructures such as taproot fibers and hierarchical pore nanostructures view of (a,b) RSL@PC-0.3,
(c,d) RSL@PC-0.5, and (e,f) RSL@PC-0.7.

Table 3: SSA of porous carbon nanofibers from various biomasses by different methods.

Precursor Activator SEA Snzuc szeso V;"t Davg Ref
(m*/g) (m*/g) (m®/g) (m’/g) (nm)
Manihot esculenta
tuber and Bambusa  0.06 M ZnCl,  516.29 516.29 - 0.24 1.87 [45]
blumeana stem
Gelatin sheets 5gZnCl 1152.3 717.5 434.8 0.57 0.72 [46]
Peanut shells 5 g KOH 339.4 - 3394  0.060 3.505 [47]

(Continued)
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Table 3 (continued)

SSA Smi S V, D
Precursor Activator N nznc m2e50 o Ve Ref
(m*/g) (m*/g) (m®/g) (m’/g) (nm)
RSL@PC-0.3 0.3 M ZnCl, 365.47 323.389 42.084 0.21 2.30
RSL@PC-0.5 0.5 M ZnCl, 495.31 373330 121.977 0.31 2.50 This work
RSL@PC-0.7 0.7 M ZnCl, 6707 24105 42968 0.05 3.22
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Figure 5: Rectangular curves of voltammetry cycles at scan rates of (a) 1 mV/s, scan rates of (1, 2, 5, 10) mV/s at
(b) RSL@PC-0.3, (c) RSL@PC-0.5, and (d) RSL@PC-0.7, (e) the effect of different scan rates on the specific capacitance
values and (f) the electrochemical performance of RSL@PC-(x).
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The most noticeable deviation in the CV curve appeared in RSL@PC-0.5 due to the presence of
pseudocapacitance, attributed to the redox reaction of Zn and O heteroatoms with electrolyte ions [48].
Additionally, the well-developed pore structure of RSL@PC-0.5, particularly the formation of highly con-
ductive mesopores facilitated smooth charge transport and provided a larger storage space. The combination
of a taproot-like nanostructure and doping Zn and O significantly enhanced the capacitive performance
of the RSL@PC-0.5 electrode. In contrast, RSL@PC-0.3 exhibited a narrower square-shaped CV curve,
indicating lower charge storage capacity. This limitation was closely connected to its smaller pore sizes
which restricted ion accessibility. The small SSA of RSL@PC-0.3 further contributed to its minimal active
site availability. Furthermore, excessive ZnCl, concentration in RSL@PC-0.7 led to a much narrower CV
curve, correlating with reduced electrochemical performance. The micro-mesoporous structure of RSL@PC-
0.7 was severely damaged, leading to the formation of macropores. SEM analysis showed that its pore
morphology resembled large, damaged aggregates with significantly reduced pore volume which explained
the decline in supercapacitor performance [49]. To assess the electrodes” ability to maintain the EDLC
properties, scan rates were increased to (2, 5, and 10) mV/s with the results shown in Fig. 5b—d. The CV curves
remained rectangular, confirming that each electrode retained its EDLC characteristics even at higher scan
rates. However, the scan rate increase led to a decline in electrochemical capacitive performance due to rapid
ion movement, which limited effective pore infiltration as indicated in Fig. 5e. Specific capacitance values
at 1 mV/s (182, 367, and 218) F/g, at 2 mV/s (97, 209, and 159), at 5 mV/s (73, 155, and 124), and at 10 mV/s
(3.8,103, and 61) F/g for RSL@PC-0.3, RSL@PC-0.5, and RSL@PC-0.7 electrodes with rate capability ranging
from 72% to 98%. The capacitive performance of each RSL@PC electrode is further confirmed in Fig. 5f, with
the specific energy and specific power corresponding to the increase in specific capacitance.

For more precise electrochemical performance testing, the GCD method was used with the optimization
of the results at a current density of 1 A/g. The output of the GCD measurement results showed a symmetrical
isosceles triangle curve, confirming that the EDLC was the main contributor to the specific capacitance.
The distortion in the measurement curve was caused by the reversible reaction of O and Zn heteroatoms,
which caused a bulge in the charging curve [50]. This led to additional real capacitive properties in the
EDLC from the pseudocapacitance of the resulting pseudocapacitance. During the activation process of
RSL@PC-0.5, chemical interactions occurred between Zn and O to form ZnO compounds distributed on the
electrode surface, as a self-doping that was integrated in the carbon framework without a specific external
doping process that was redox-active in producing pseudocapacitance, creating hetero-interfaces and defect
sites. The length of the charge-discharge time determined the better specific capacitance performance.
The diversity of the storage capacity of the RSL@PC electrode was shown in Fig. 6, and its values were
summarized in Table 2. Therefore, the study showed that the electrodes prepared with different catalyst levels
reasonably affected the electrical storage capacity of the RSL biomass-based supercapacitor even though the
power density remained the same. The ability of the RSL@PC-0.5 electrode to maintain its maximum EDLC
properties was tested at different current densities (1, 2, and 5 A/g). The EDLC formed at increasing current
density, which caused suboptimal ion movement. The distribution time was limited by faster ion movement,
leading to a decrease in the specific capacitance of the RSL@PC-0.5 electrode. The RSL@PC-0.5 electrode
was able to maintain its EDLC properties at 5 A/g, with the best performance observed at 1 A/g, reaching
490.25 F/g. These results indicated the high electrochemical stability of biomass-based PC materials. The
increase in current density caused a decrease in the capacitive performance of the supercapacitor due to the
higher charge density, which led to ions moving too quickly [51]. This limited the time available for electrolyte
ions to be evenly distributed and fill the electrode pores. The RSL@PC-0.5 sample further showed better
capacitive performance in storage capability.
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Figure 6: Electrode charge-discharge cycles at current (a) 1 A, current (1, 2, 5) A at (b) RSL@PC-0.3, (c) RSL@PC-
0.5, and (d) RSL@PC-0.7, (e) Csp vs. current density, (f) The relationship between specific energy and specific power
density, (g) specific capacitance contribution of RSL@PC-(x).

The GCD curve of the RSL@PC electrode maintained an isosceles triangular shape at 5 A/g, which
confirmed the low internal resistance value due to its high pore volume, nanofiber morphology, and the
successful doping of Zn and O [52]. The specific capacitance values for the RSL@PC-0.3, RSL@PC-0.5,
and RSL@PC-0.7 samples at 1 A/g (241.63, 490.25, and 325.13 F/g), at 2 A/g (160, 258, and 187 F/g) and
at 5 A/g (74, 171, and 104 F/g), with rate capability ranging from 66% to 70%. In addition, changes in
the specific capacitance values for each variation of catalyst content at different current densities were
shown in Fig. 6b-e. Comparing the three samples, RSL@PC-0.5 contributed the highest specific capacitance
supported by the strong porous framework with taproot fibrous structure with maximum SSA and micro-
meso volume as sufficient electrolyte ion absorption media [53]. Furthermore, the high electrochemical
performance of RSL@PC-0.3, RSL@PC-0.5, and RSL@PC-0.7 materials was studied by evaluating the output
energy and power of the as-produced supercapacitors. Through the ragon plot as observed in Fig. 6f,
the output energy and power of the three supercapacitor devices were 40.78, 62.93, and 18.93 Wh/kg as
well as 155.16, 156.67, 138.42 W/kg, respectively. These performances were comparable to other biomass
carbon materials as summarized in Table 4. Finally, the biomass selection (TSR) method followed by the
application of ZnCl, catalyst with high-temperature pyrolysis was proven to produce high-quality carbon
materials featuring taproot-like nanofibers and enriched with Zn as well as O heteroatoms, leading to high-
performance supercapacitor electrodes. It is clear that, the optimization of the performance of the RSL@AC
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electrode is greatly supported by the large contribution of pseudocapacitance, especially at RSL@AC-0.5 up
to 18%, as shown in Fig. 6g.

Table 4: Comparison of electrochemical performance of porous carbon electrodes with different precursors, nanos-
tructures, and doping.

Csp Esp Psp

Biomass Nanostructure Doping (F/g) (Whikg) (W/kg) R (Q) Ref

Jute fibers Popcorn-like N 503 30.5 250 0.23 [54]

Waste sugarcane bagasse Fiber O 364.13  44.07 401.7 - [55]

Platycladus orientalis leaves ~ Hierarchical N, O,S  308.5 175 162.5 - [56]

Zivzik pomegranate peels Spherical Zn,O  265.2 7.29 3600 712 [57]

Phenolic resin Coral-like - 282.8 9.82 115 0.098 [58]
RSL@PC-0.5 Taproot fibers Zn, O 490 62.93 156.67 0.37 This work

4 Conclusion

In conclusion, the preparation of porous activated carbon taproot fibers from RSL waste with natural
heteroatom doping Zn and O was successfully achieved through a simple and useful method, including
ZnCl, impregnation, carbonisation, and physical activation. During the chemical impregnation procedure
with different ZnCl, concentrations (0.3, 0.5, 0.7), M affected the shape of the pore structure, the availability
of natural doping, and the electrochemical performance of the supercapacitor. The appearance of the
morphology of the RSL@PC-0.5, similar to a fibrous taproot, supported the provision of active sites for
the electrode. At the optimal condition of 0.5 M, the total pore volume, the number of pores, and the
degree of amorphity of the electrode increased. Furthermore, the quantities of Zn and O elements reached
their maximum states. The solid-state symmetric electrode showed an outstanding capability in the aqueous
electrolyte environment of 1 M H, SOy, reaching 490 F/g at an operating window of 1 V. The highest energy
and power output were also recorded in the RSL@PC-0.5 sample, namely 62.93 Wh/kg and 156.67 W/kg. This
study showed the potential for increasing the power of EDLC in the practical application of supercapacitors
and its potential as a future energy storage device for the stability of the electric grid. The results were
supported by efficient and useful preparation methods for advancing renewable energy sources. Therefore,
opening up insights into the preparation of worthless organic materials into useful carbon products with
excellent porosity and performance was needed for the sustainable energy revolution with transformative
energy storage that minimised environmental impact.
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