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applications
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ABSTRACT: To improve bio-organic-carbon quality for supercapacitors, consider 
using dual or more heteroatom for more profitable carbon-chain doping. Develop-
ing suitable sources and preparation strategies is challenging but essential. Herein, 
we introduce a potential carbon source derived from acacia plantation residues, 
doped with boron, oxygen, and phosphorus. The pore structure of this carbon ma-
terial can be precisely tuned to exhibit a well-defined hierarchical arrangement of 
micro-, meso-, and macropores through a low-ratio of phosphoric acid (H₃PO₄) im-
pregnation method combined with dual-environment (N2 and CO2) vertical pyrol-
ysis in one step integrated. The resulting material displays a confirmed hierarchical 
morphology with a hierarchical transformation into tunnel pores, in specific surface 
area of 521.70 m²/g which contributed to high charge storage and deliverability. Ad-
ditionally, the material contains significant levels of boron (0.93%), oxygen (9.19%), 
and phosphorus (0.34%), facilitating a reversible Faradic reaction in the working 
electrode. Consequently, optimized-electrode achieves a specific capacitance of 198 
F/g at 1 A/g in H₂SO₄ electrolyte. In a two-electrode system, records energy density 
of 14 Wh/kg (1 A/g) at a maximum power density of 670 W/kg (10 A/g). These 
findings suggest that the natural incorporation of boron, oxygen, and phosphorus 
enhances both the activity and the hierarchical pore structure of carbon derived 
from acacia plantation residues. 
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1.  INTRODUCTION

 Acacia plantations are an essential economic resource for Indonesia, and their 
development has seen significant growth in recent years. In 2022, the total area of 
acacia plantations (including eucalyptus) reached 2.63 million hectares in Indone-
sia, primarily concentrated on the islands of Sumatra and Kalimantan. This marked 
a nearly 30% increase from the 2015 recorded area of around 2.5 million hectares. 
This rapid growth is due to the rising demand for wood, particularly in the pulp and 
paper industry. The conversion of nearly 98% of forests to acacia plantations in Kali-
mantan in 2022 has led to significant amounts of plantation residues, such as dry 
leaves and acacia pods. However, specific data on the amount of residue produced is 
limited. Traditionally, most of these residues are treated through conventional burn-
ing, which can result in air pollution. Studies have shown that acacia pods, in par-
ticular, have a high protein content and contain valuable chemicals such as tannins 
and phenolic compounds, which have potential biological activity. At the plantation 
scale, the entire acacia biomass, including pods, plays a significant role in nutrient 
recycling, especially if residue management is effectively implemented. However, 
due to the perceived low application rate, conventional burning remains a common 
option. Despite this, the high protein content, unique and valuable phenolic and 
tannin chemical compounds, and the presence of abundant nutrients make acacia 
pods an excellent porous carbon source for energy storage applications, notably su-
percapacitors.
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2. EXPERIMENTAL

2.1. Materials. The acacia plantation residues refer to acacia 
pods from community plantations in Pelalawan Regency, Riau, 
Indonesia, which have not been used. Phosphoric acid (H₃PO₄) 
was selected as the chemical catalyst, supplied by Merck KGaA 
1.00573.2500. Nitrogen and carbon dioxide gases were procured 
from CV. Bintang Sinar Gasindo, an authorized distributor of PT. 
Samator Indonesia Tbk. Sulfuric acid (H₂SO₄, 98%) was provided 
by Panreac Química S.A.U. 

2.2. Preparation of self-doped heteroatom porous 
carbon. The preparation of self-doped porous carbon followed 
a series of measurable, systematic, and environmentally benign 
steps. The material was synthesized using a time-efficient, one-step 
chemical-physical activation process, leveraging the rich heteroa-
toms present in the selected biomass. First, the precursor waste 
was cleaned with distilled water and diced. The water content was 
removed by drying in an airtight oven at 100°C. The dried pre-
cursor was then crushed through grinding, milling, and sieving, 
with the powder passing through a 250-mesh sieve being collected 
for further processing. The sieved powder was impregnated with 
H₃PO₄ at a relatively low concentration (500 mmol/g) using a sol-
vent-to-H₃PO₄ ratio of 5:1. The mixture was stirred at 80°C for 3 
hours using a hotplate stirrer. After stirring, the mixture was dried 
and ground, ensuring no agglomeration, before being formed into 
thin cylindrical solids using a manual hydraulic press without ex-
ternal binders. A total of 40 cylindrical pieces were prepared for 
pyrolysis in a vertical tube furnace. 

The pyrolysis process involved one-step integrated: carboniza-
tion at 600°C under an N₂ atmosphere, followed by physical acti-
vation at 850°C under CO₂. The process concluded with cooling 
under an N₂ atmosphere. The resulting product was washed in 
distilled water until neutral, yielding a self-doped porous carbon 
material in a solid-binder-free cylindrical form. The preparation 
scheme for this doped porous carbon is illustrated in Figure 1.

2.3. Material characterizations. The obtained porous car-
bons were initially evaluated based on physical shape changes from 
their solid cylindrical form. This evaluation was carried out by cal-
culating the precursor densities using the density equation, where 
the mass of each precursor was divided by its geometric volume. 
Microcrystalline phase shifts were analysed via X-ray diffraction 
(XRD) in a scan range of 10.0–79.9°, using continuous scan mode, 
with a scan speed of 2.00°/min and a sampling pitch of 0.0189°. 
Surface morphology was observed using scanning electron mi-
croscopy (SEM) at SED 15.0 kV, WD 10.00 mm, Std-PC 40.0, in 
high vacuum at a magnification of 10,000x. Elemental composi-
tion was determined by energy dispersive spectroscopy (EDS) at 
0-20keV. Additionally, the porosity properties, including micro- to 
mesopore ratios and average pore size distribution, were assessed 
through nitrogen adsorption analysis, utilizing BET, BJH, DFT, 
and T-plot methods.

2.4. Preparation of symmetric supercapacitor cells. The 
supercapacitor cells were assembled using a two-electrode sym-
metric configuration without the use of external adhesives. Two 
solid carbon cylinders, each with dimensions of 0.2 mm in thick-
ness and 8.0 mm in diameter, were stacked with a thin eggshell 
membrane separator between them [17]. A 1 M H₂SO₄ solution 
served as the electrolyte, injected between the electrodes. Stain-
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Recent studies have shown that using plantation residue bio-
mass as a source of porous carbon for supercapacitor applications 
is very promising [1,2]. This is due to biomass offers various at-
tractive characteristics as a carbon source, such as an easily in-
creased surface area [3,4], an abundant nanoporous structure of 
rich bio-organic compounds [5,6], confirmed self-doping species 
[7,8], and easier and environmentally benign production stages 
[9,10]. For instance, acacia leaves from acacia plantation residues 
have been transformed into porous nanocarbon with abundant 
hollow nanofiber morphology for supercapacitor energy storage 
devices using a relatively simple high-temperature pyrolysis meth-
od. 

The capacitive properties were found to be 113 F/g at 1 mV/s 
[11]. In another study, Wang et al., 2024 synthesized hierarchical 
porous carbon rich in oxygen doping derived from trachycarpus 
fortune plantation residues through a KOH activation strategy 
[12]. The surface area detected reached 2049 m2/g containing 
22.54% oxygen doping. The energy output of the supercapacitor 
produced was 14.67 Wh/kg with an output power of 320 W/kg. 
Walnut shell, a walnut plantation residue, was used as a source of 
nitrogen and sulphur doped carbon by Anand et al., 2024 due to 
its unique protein content and abundant nutrients [13]. From this 
carbon material, they obtained a high-performance supercapacitor 
with a high gravimetric capacitance of 271.4 F/g and a volumet-
ric capacitance of 74.53 F/cm3 at 0.5 A/g. Similar findings were 
also observed in several other plantation residues such as Sargas-
sum thunbergia [14], Jack wood [15], and rapeseed stalk [16]. 
These studies indicate that the high protein, abundant chemical 
compounds, and lignocellulosic content contained in plantation 
residue biomass are ideal for the development of sustainable green 
supercapacitor energy storage devices. However, the potential of 
acacia pods as a carbon source for working electrodes in superca-
pacitors has not been extensively studied.

In this study, we prepared heteroatom-self-doped porous car-
bon from acacia pods biomass derivatives using a novel and en-
vironmentally friendly approach for green supercapacitor applica-
tions. We used an integrated one-step chemical-physical activation 
method for the synthesis of porous carbon because it is cost-effec-
tive and time-efficient. H₃PO₄ solution was chosen as the chemi-
cal activating agent, while carbon dioxide was used as the physical 
activating agent. Additionally, we designed the carbon precursor 
to be solid without an external binder to maintain high material 
conductivity. The resulting porous carbon exhibited a hexagonal 
hierarchical structured morphology with a total surface area of 
521.70 m2/g. The ratio of micropores to mesopores was optimized 
to be 4/1. 

Notably, the as-prepared carbon contained abundant heteroa-
tom doping species of phosphorus, boron, and oxygen, which 
synergized to generate faraday redox reactions in the material. The 
electrochemical properties of the symmetric supercapacitor were 
thoroughly studied on both gravimetric and volumetric scales, 
yielding capacitive values of 198 F/g and 203.4 F/cm3 at 1A/g, 
respectively. Furthermore, the energy output reached as high as 14 
Wh/kg at a maximum power of 670 Wh/kg. Thus, our findings 
suggest that acacia plantation residues, particularly acacia pods, 
hold great promise as a self-doped porous carbon source for sus-
tainable next-generation supercapacitor applications.
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3. RESULT AND DISCUSSION
Physical changes of the precursor prepared in the form of a thin 

cylinder are an initial evaluation to ensure the presence of poros-
ity in the carbon material. This assessment is based on changes in 
precursor density during the pyrolysis process, which integrates 
carbonization and physical activation in a single stage [20]. Pri-
or to pyrolysis, the thickness, diameter, and mass of the precur-
sor were measured with precision to calculate its density. The 
same measurements were repeated after pyrolysis. Notably, the 
high-temperature pyrolysis process resulted in a significant reduc-
tion in precursor density, as shown in Figure 2a. Before pyrolysis, 
the precursor exhibited a density of 0.79 g/cm³ with a fluctuation 
range of ±0.04. Upon completion of pyrolysis, the density dropped 
by approximately 35% to 0.53 g/cm³, with a fluctuation of ±0.05. 
This substantial decrease in density suggests the formation of emp-
ty cavities within the precursor, indicating the development of po-
rosity. The porosity arises as a result of various treatments applied 
during pyrolysis. 

less steel current collectors were positioned on the outer sides of 
the carbon electrodes, supported by an acrylic cell body to ensure 
structural integrity.

2.5. Electrochemical properties measurement. The 
electrochemical properties of the symmetric supercapacitors 
were thoroughly analyzed using cyclic voltammetry (CV) and 
galvanostatic charge-discharge (GCD) measurements. CV meas-
urements were conducted at a maximum operating voltage of 1 V 
across various scan rates, with capacitive properties calculated 
using a previously established equation. Similarly, GCD measure-
ments were performed under the same voltage conditions as the 
CV tests, but at varying current densities. The specific capacitance, 
energy density, and power output were calculated using standard 
formulas commonly applied to symmetric supercapacitor cells 
[18,19].

During carbonization, conducted at 600°C, volatile compo-
nents are fully evaporated, and the decomposition of complex 
compounds such as lignin, hemicellulose, and cellulose occurs, 
yielding a higher concentration of pure carbon [21,22]. This pro-
cess also produces tar as a residue, which becomes embedded in 
the material. Simultaneously, the chemical interaction between 
H₃PO₄ and carbon initiates at 600°C, breaking carbon chains and 
facilitating the formation of pores in the material [23,24]. Physical 
activation, carried out between 600°C and 850°C, further removes 
the tar residue from carbonization and expands the existing cavi-
ties. This combination of processes results in a drastic reduction 
in the density of the solid cylindrical precursor, as depicted in 
Figure 2a. These findings provide early evidence of high porosity 
in the resulting product, which is advantageous for its application 
as an electrode material in supercapacitor energy storage systems.

The phase and microcrystalline structures of the as-prepared 
carbon materials were analysed using X-ray diffraction (XRD), as 
shown in Figure 2b. The XRD patterns exhibit two broad peaks 
within the angular ranges of 23.4° and 43.7°, corresponding to the 
[002] and [100] reflection planes, identified turbostratic carbon 
to high amorphous structure ( JCPDS No. 01-089-7213, 01-089-
8493, and 00-046-0943). The broad peak observed at the [002] 
reflection indicates that the carbon material possesses a layered 
amorphous structure.

In contrast, the weak broad peak at the [100] reflection sug-
gests a low degree of graphitization, likely due to the catalytic effect 
of H₃PO₄, which causes extensive surface modification and dis-
rupts the graphitic structure, leading to a decrease in peak intensity. 
No additional peaks were observed, confirming the high purity of 
the carbon material. Moreover, a significant modulation in d-spac-
ing was detected, particularly in the [002] reflection. The d-spacing 
at [002] was recorded at 0.3987 nm, approximately 11.5% larger 
than that of conventional graphite, further confirming the mate-
rial’s amorphous structure with an abundance of pores [25]. This 

Figure 1. Schematic representation of doped porous carbon produced from acacia plantation residues (acacia pods).
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increase in d-spacing also influences the microcrystalline dimen-
sion, Lc, where a larger Lc layer height suggests the potential for 
a high surface area, consistent with empirical formulas reported 
previously [26]. Additionally, the d-spacing at the [100] reflection 
was recorded at 0.2033 nm, which is typical for biomass-derived 
activated carbon materials. These observations point to the mate-
rial's favourable microstructure, with a combination of amorphous 
characteristics and high porosity, making it suitable for applica-
tions requiring a large surface area.

The surface morphology structure of the acacia reside planta-
tion-derived porous carbon were studied using scanning electron 
microscopy (SEM), as shown in Figure 3. The one-step integrated 
chemical-physical activation using H₃PO₄ and CO₂ resulted in a 
surface morphology characterized by agglomerates and carbon 
blocks of varying sizes, ranging from the nanoscale to the microm-
eter scale. Figure 3a displays carbon blocks with sizes between 
653nm and 3.1μm, with relatively smooth surfaces, suggesting the 
predominant formation of micropores within the material. This ob-

Figure 2. (a) Density of porous carbon in pyrolysis process, and (b) XRD pattern of porous carbon.

(a) (b)

servation aligns with previous reports indicating that carbon ma-
terials chemically activated at high temperatures typically exhibit 
surfaces rich in micropores [27,28]. Further confirmation of this 
microporous structure was obtained through N₂ adsorption-des-
orption analysis, likely due to the etching effect of H₃PO₄ on the 
precursor surface. Additionally, higher magnification in Figure 3b 
reveals a hierarchically interconnected hexagonal pore framework 
on the precursor surface. This structure plays a crucial role in en-
hancing the performance of the material as a working electrode for 
energy storage devices [29]. The physical activation process using 
CO₂ effectively etched the carbon chains and expanded the pores, 
leading to the development of mesopores and macropores. This 
pore expansion creates synergistic effects by providing rapid ion 
diffusion pathways and ion buffering capacities, which are essential 
for the improved performance of modern energy storage systems 
[30]. 

The porosity characteristics, specific surface area, and pore size 
distribution of the synthesized carbon were thoroughly analysed 

Figure 3. Image SEM of porous carbon in (a)1 µm, and (b) 500 nm
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spectroscopy (EDS) was conducted over a wide energy range of 
0 to 20 keV, as shown in Figure 6. The EDS spectra revealed that 
carbon was the predominant element, constituting 91.73% of 
the material, confirming the successful conversion of acacia pods 
into high-purity carbon through the one-step integrated chemi-
cal-physical activation process. Additionally, significant amounts of 
heteroatom dopants were detected in the disrupted carbon chains. 
Oxygen, the second most abundant element, accounted for 7.07%, 
likely due to oxidation reactions filling the fractured carbon bonds 
[37]. Boron was detected at 1.06%, likely originating from the de-
composition of specific proteins and minerals inherent in the bio-
mass. Phosphorus, introduced through the catalytic agent H₃PO₄, 
was present in trace amounts (0.14%). The incorporation of these 
heteroatom dopants enhances the material's wettability, electrical 
conductivity, and mechanical/electrochemical stability, without 
adding excessive mass to the carbon structure [38]. Furthermore, 
the potential for Faradaic redox reactions associated with these 
dopants contributes to the material's pseudo-capacitive behaviour, 
synergistically enhancing its electrochemical double-layer capac-
itance (EDLC). This improved capacitive performance is further 
explored in the cyclic voltammetry and galvanostatic charge-dis-
charge analyses of the acacia pod-derived carbon electrodes.

Self-doped porous carbon materials containing P, B, and O 
heteroatoms, derived from acacia plantation residues, were suc-
cessfully synthesized and employed as working electrode materials 
for symmetric supercapacitors. The electrochemical performance 
of the electrodes was evaluated using standard method with CV 
dan GCD measurements. Symmetric electrodes were prepared in 
an H2SO4 acidic electrolyte with a maximum operating voltage of 
1 V. Initially, CV measurements were conducted at varying sweep 
rates, as depicted in Figure 7a. The hysteresis in the CV curves ex-
hibited a distorted rectangular shape, characterized normal electric 
double-layer capacitors (EDLCs) [5,39]. Moreover, the presence 
of current spikes forming "camel hump" patterns indicated the 
occurrence of faradaic redox reactions due to the dopant species, 
suggesting pseudocapacitive behavior in the electrodes [40]. The 
combined effects of EDLC and pseudocapacitance synergistically 
enhanced the overall capacitance of the symmetric electrodes. Us-
ing standard equations, the specific capacitance of the electrode 
was calculated as 164 F/g at a scan rate of 1 mV/s and 112 F/g 
at 10 mV/s. Clearly, the specific capacitance decreased with in-
creasing sweep rate, as shown in Figure 7b. This decline is attrib-
uted to reduced accessibility of active sites at higher sweep rates, 
limiting ion transport to the electrode's surface. Additionally, the 
contribution of faradaic reactions was analyzed using the Trasatti 
method, as illustrated in Figure 7c. The results showed that EDLC 
capacitance accounted for 67.06%, while pseudocapacitance con-
tributed of 32.94%. This confirms that the incorporation of phos-
phorus, boron, and oxygen dopants significantly enhances the spe-
cific capacitance of porous carbon derived from acacia plantation 
residues [41].

The electrochemical behavior of this supercapacitor was fur-
ther investigated through the analysis of GCD profiles at current 
densities ranging from 1 to 10 A/g, as shown in Figure 7d. Gener-
ally, the GCD curves exhibited a slightly asymmetric isosceles tri-
angular shape, indicating good reversibility dominated by EDLC 
behavior. The asymmetry in the curves is attributed to faradaic 

using the N₂ adsorption-desorption isotherm method at 77 K. The 
N₂ isotherm profiles, presented in Figure 4, exhibited a combina-
tion of Type I and Type IV adsorption curves, indicative of the co-
existence of micropores and mesopores within the material. [31] 
A significant increase in adsorption at relative pressures of <0.15 
suggests the dominant presence of micropores (0-2 nm scale).

Meanwhile, the hysteresis loop observed at relative pressures 
0.35-0.90 corresponds to the formation of well-defined meso-
pores, which are characterized by optimal cylindrical shape [32]. 
In addition, the slight increase in adsorption at relative 0.95-1.0 is 
associated with the typical formation of macropores [33]. Using 
the Braeuer-Emmett-Teller (BET) method, the specific surface 
area of the carbon was determined to be 521 m²/g, with a total 
pore volume of 0.293 cm³/g. Notably, micropores accounted for 
80.65% (420.76 m²/g) of the total surface area, while mesopores 
contributed 19.35% (100.94 m²/g). The predominance of micro-
pores allows the material to provide a large number of active chan-
nels, which facilitates the formation of multiple electric double lay-
ers, enhancing charge storage capacity. Consequently, the energy 
storage potential of the material is increased [34]. On the other 
hand, mesopores promote efficient, barrier-free ion transport, 
enabling fast migration throughout the electrode and access to all 
available sites, resulting in high power output [35]. The synergistic 
interaction of micropores and mesopores contributes to the excel-
lent electrochemical performance of the material when used as an 
electrode [36]. The pore size distribution, as illustrated in Figure 5, 
further confirms the presence of various pore sizes. Micropores ex-
hibit high adsorption in the 1.4–2.0 nm range, followed by sub-mi-
cropores in the 2.0–5.0 nm range. Mesopores, spanning 5–50 nm, 
are also well-defined, while macropores, though present in smaller 
quantities, were identified in the 51–200 nm range. Each pore size 
contributes positively to the material’s electrochemical behaviour, 
enhancing the performance of energy storage devices.

To verify the presence of heteroatoms in the porous carbon 
material derived from acacia plantation residue, energy dispersive 

Figure 4. N2 gas adsorption-desorption profile of porous carbon.
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processes caused by the heteroatomic dopants—phosphorus, bo-
ron, and oxygen—suggesting the presence of pseudocapacitance. 
The faradaic redox reactions of phosphorus, boron, and oxygen  
in the H2SO4 electrolyte on the electrode surface are detailed in 
Equations (1), (2), (3), and (4) [42,43]:

Figure 5. Pore size distribution of porous carbon

Figure 6. EDS spectra of porous carbon.

—P=O + 2H⁺ + 2e⁻ ⇌ —P(OH)       (1) 
*C–B–C=O + 2H⁺ + 2e⁻ ⇌ *C–B–CH(OH)      (2) 
–COO⁻ + H⁺ + e⁻ ⇌ –COOH       (3) 
–C=O + H⁺ + e⁻ ⇌ –C–OH        (4) 

(1)
(2)
(3)
(4)

These reactions allow for the diffusion of additional ions into 
the porous carbon, which is particularly beneficial at high cur-
rent flow, promoting the formation of a stiff layer and an abun-
dant Helmholtz region. This analysis confirms the synergistic 
EDLC-pseudocapacitance behavior previously observed in the 
CV results. Furthermore, at a current density of 1 A/g, the IR drop 
was negligible, and the material exhibited a coulombic efficiency of 
nearly 90%, reflecting its high conductivity. This high conductivity 
can be attributed to the successful design of the solid cylinder-like 
precursor, which required no additional external binders. 

The specific capacitance of the electrode at 1 A/g was meas-
ured at 198 F/g. This enhancement is due to the synergistic effect 
of rich heteroatom doping combined with high specific surface 
area and a 3D-connected hierarchical pore structure. The carbon 

material exhibited a specific surface area of 521 m²/g with a to-
tal pore volume of 0.293 cm³/g, where micropores accounted for 
80.65% and mesopores for 19.35%. The dominance of micropo-
res supports effective charge storage, while mesopores facilitate 
ion transport. This balanced pore structure contributes to the 
high specific capacitance of 198 F/g, demonstrating the crucial 
role of surface area and pore architecture in the electrochemical 
performance of the carbon-based supercapacitor. The capacitive 
properties of the electrode were also evaluated at various current 
densities, as illustrated in Figure 7e. While the specific capacitance 
decreased at higher current densities, the retention remained high, 
with 86.3% retention at 10 A/g. This is likely due to the mesopores, 
which comprise 19.35% of the total surface area, providing rapid 
ion insertion and extraction even at elevated current densities. 
Specifically, the capacitance values of the electrodes were 198, 
156, 146, and 143 F/g at current densities of 1, 2, 5, and 10 A/g, 
respectively. Moreover, the energy and power outputs generated 
by the working electrode are represented through a Ragone plot, 
as shown in Figure 7f. The optimal energy output reached 14 Wh/
kg at a maximum power output of 670 W/kg. Compared to other 
previously studied heteroatom-doped symmetric supercapacitors 
[15,44], these results are highly competitive.

The potential for micro-scale applications of the assembled 
symmetric supercapacitors was also explored by examining their 
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Figure 7. Schematic (a) CV profile in 1-10 mV/s, (b) specific capacitance vs. scan rate, (c) capacitive contribution, (d) GCD profile in 
1-10 A/g, (e) specific capacitance vs. current density, and (f) Ragone plot.

(a) (b)

(c) (d)

(e) (f)

Carbon sources Morphology Electrode Impregnated Csp (F/g) E (Wh/kg) P (Wh/kg) Reff.

Melon peels Hierarchical pores 2-E ZnCl2 158 29,5 830 [47]

sawdust Hierarchical pores 3-E KOH 80 11,12 252 [48]

Cassia fistula sheet-like 2-E KOH 136.5 7,2 3488.1 [49]

hemp fiber coral-like 3-E KOH 255.6 16.6  725 [50]

Bamboo 3D Pores 2-E CH3COOK 236.35 8.21 62.5 [40]

Jack wood Nanopores 2-E NaOH 147 8.02 68.5 [15]

Marigold flower Hierarchical pores 2-E ZnCl2 179 23 556 [51]

Acacia residue Hierarchical pores 2-E H3PO4 198 14 640 This study

Table 1.  Comparison of electrochemical performance with different carbon sources.
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4. CONCLUSION

In summary, acacia pods, a byproduct of acacia plantations, 
have been successfully converted into porous carbon self-doped P, 
B, and O heteroatoms, demonstrating potential for green superca-
pacitor applications. The one-step integrated chemical-physical ac-
tivation process effectively transformed the precursor into a highly 
porous material with a 3D hierarchical structure connected by 
hexagonal pores. The carbon porosity, dominated by micropores 
(80.65%) and well-defined mesopores (19.35%), provides abun-
dant active channels for rapid ion transport. The solid precursor 
design, free from external binders, resulted in a working electrode 
density of 1.03 g/cm³. Furthermore, the presence of phosphorus, 
boron, and oxygen heteroatoms was clearly detected, alongside 
high carbon content. The synergy of these material properties led 
to enhanced electrochemical performance, with a specific capaci-
tance of 198 F/g at 1 A/g. Capacitance retention and coulombic 
efficiency were measured at 86% and 98%, respectively. The vol-
umetric capacitance reached 203.4 F/cm³, while the energy and 
power outputs were 14 Wh/kg and 670 W/kg, respectively, in 
H2SO4 electrolyte media. Overall, the self-doped porous carbon 
containing P, B, and O heteroatoms demonstrates significant po-
tential as an electrode material for enhancing the electrochemical 
performance of sustainable green supercapacitors. 
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