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ABSTRACT

ARTICLE INFO

Moringa oleifera-leaves were used as the main starting material for mak-
ing activated carbon for supercapacitor electrodes. The research focused
on producing Moringa oleifera-leaves activated carbon and examining its
physical properties and electrochemical performance. The activated car-
bon was produced through a chemical activation process using 0.5 M
H;PO,, carbonization under N, gas, and physical activation using CO,
gas. Density measurements showed a decrease from 0.94 g/cm’ to 0.60
g/cm’® following pyrolysis, representing a reduction of 36.17%. Electro-
chemical testing was performed using cyclic voltammetry (CV) and gal-
vanostatic charge-discharge (GCD) methods in a 1 M Na,SO, electrolyte
with a current density of 1 A/g. Results obtained within a test voltage
window of o - 1V yielded specific capacitances of 45 F/g (CV) and 130
F/g (GCD). Further testing across a wider operating voltage window of o
- 2 Vresulted in a specific capacitance of 153.33 F/g, with a specific ener-
gy of 8518 Wh/kg, and specific power of 1,840 W/kg. These findings
demonstrate the potential of Moringa oleifera leaves waste for use as an
electrode material in supercapacitors capable of operating at a voltage
range of o - 2 V, thereby supporting the development of high-energy
supercapacitors.
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1. INTRODUCTION

Supercapacitors can store and release charge rapidly while maintaining their performance over
repeated cycles, making them widely developed as electrochemical energy storage devices. Their ad-
vantage lies in delivering high power; However, the amount of energy that supercapacitors can store
remains one of the limitations in their development. Efforts to improve energy storage capability are
not only related to improving the materials used for electrodes but also involve adjustment of cell op-
erating conditions. One operating condition that needs to be considered is the voltage applied during
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supercapacitor operation. Increasing the voltage may significantly affect the amount of energy stored
[1]. However, the use of high voltages in aqueous systems requires consideration of electrolyte and
electrode stability because it may trigger water decomposition reactions [2]. One material widely used
as a supercapacitor electrode is porous carbon, as its surface and pores provide sites for charge storage
and interactions with electrolyte ions. Pore size affects ion accessibility, while the surface area and
pore volume are related to portion of the carbon surface utilized during the charge storage process.

Biomass has been explored as a raw material in the production of activated carbon has become
one approach in electrode material development because it provides a renewable carbon source [3].
One type of biomass with potential for this purpose is moringa leaves (Moringa oleifera) [4]. The de-
velopment of Moringa oleifera leave-based carbon has also demonstrated electrochemical characteris-
tics that support its application as an electric double-layer capacitor (EDLC) electrode [5]. Moringa
oleifera leave-based carbon electrodes have previously been reported by [4] using ZnCl impregnation,
carbonization in an N, atmospheric gas, followed by physical activation under CO, gas at a tempera-
ture range of 650 to 850°C. The results showed that the specific surface area (SSA) increased from
211.334 m?/g at 650°C to 412.196 m?/g at 750°C, before decreasing to 322.008 m?g at 850°C. These
findings indicate that the activation temperature affects the development of the pore structure in
Moringa oleifera leave-based carbon [5]. Variations in carbonization temperature can affect the sur-
face morphology and pore distribution of carbon, which are related to its specific surface area and
electrochemical performance [6]. Pore structure development can also be achieved through chemical
activation using H3PO,, which influences modifications to the material structure and the surface prop-
erties of carbon [4]. The use of 0.5 M H;PO, and ZnCl, as chemical treatments has been reported to
produce a two-dimensional (2D) nanosheet-nanofiber structure integrated with a three-dimensional
(3D) hierarchical pore network. The resulting carbon had an oxygen content of 17.62% and achieved a
capacitance per unit mass reaching 201 F/g when tested in a 1 M H,SO, solution, with a maximum
energy density of 25 Wh/kg at a power density of 122 W/kg.

Beyond its electrochemical performance, the use of Moringa oleifera leave waste offers an
opportunity to add value to underutilized biomass and support the development of more sustainable
energy-storage materials. Converting this residue into activated carbon may help reduce biomass dis-
posal and reliance on conventional carbon precursors. However, the overall environmental benefits
depend on the resources required for chemical activation, carbonization, and physical activation. As-
sessing these factors is therefore important for determining the sustainability of the production pro-
Cess.

In addition to electrode characteristics, the electrolyte is also one of the factors affecting su-
percapacitor performance because the ions in the electrolyte play a role in charge transfer at the elec-
trode surface. Aqueous electrolytes are widely used because they offer high ionic conductivity, rela-
tively low cost, non-flammability, and greater safety compared with several other types of electrolytes
[1]. The properties of the electrolyte are also related to the energy, power, cycle stability, and efficien-
cy of supercapacitor devices [7]. lonic conductivity affects ion transport and resistance within the cell,
while concentration and temperature can alter ion transport properties in the solution [8]. Furthermore,
electrolyte characteristics help determine electrochemical stability and the operating voltage window
that can be used in aqueous supercapacitors [2].

One aqueous electrolyte that can be used in carbon-based systems is Na,SO, because it is neu-
tral and can be used under operating conditions within a voltage range of 0 — 2 V compared with sev-
eral other aqueous electrolytes. Its neutral nature can improve resistance to hydrogen and oxygen evo-
lution reactions under certain conditions [9]. The performance of the Na,SO, electrolyte is also influ-
enced by solution concentration, as changes in concentration can affect electrolyte conductivity and
resistance [10]. This concentration effect is related to the number of ions available to carry charge in
the solution and the ability of the ions to move toward the electrode surface [8]. In addition, ionic
characteristics and their interactions with the electrolyte environment can influence ion transport into
carbon pores [7].

Using water-based electrolytes at high voltages still has limitations because water can undergo
decomposition reactions, producing hydrogen at the negative electrode and oxygen at the positive
electrode [1]. Thermodynamically, water decomposition is associated with a potential of approximate-
ly 1.23 V; however, the actual voltage limit of a cell may depend on the electrode material, the electro-
lyte composition, polarization, and the conditions at the electrode—electrolyte interface [2]. Extending

Science, Technology and Communication Journal, 7(1), pp. 25-36, October 2026



27

the operating voltage window is one strategy to increase the specific energy density of aqueous super-
capacitor systems; therefore, choosing suitable electrode materials and electrolytes needs to be consid-
ered simultaneously [11]. However, a higher electrolyte concentration does not necessarily always
produce similar results, as the electrolyte conditions and electrode materials determine the resulting
electrochemical response [10]. Therefore, the suitability of the 0 — 2 V voltage window for Moringa
oleifera leave-derived activated carbon in 1 M Na,SO, was investigated in terms of its electrochemical
energy-storage performance.

The novelty of this study is the use of HzPO,4 chemical activation followed by CO, physical
activation to produce Moringa oleifera leave-derived activated carbon, as an alternative to the ZnCl,
based chemical activation followed by CO, physical activation reported in previous work [5]. In addi-
tion, this study investigates the effect of expanding the CV voltage window from0 -1V to0-2V
using a 1 M Na,SO, electrolyte on the electrode's specific capacitance, energy density, and power den-
sity.

2. RESEARCH METHODS
The overall preparation process of Moringa oleifera leaves-based activated carbon electrodes
and their electrochemical characterization is illustrated in Figure 1.

Pre-carbonization
Temperature 100-250°C

Pulverization using
a mortar Size reduction
via ball milling

Moringa oleifera

Sieving with a 60
pm mesh size

Pengujian elektrokimia CV
(0-1 V dan 0-2 V) serta

GCD (0-1V) N2 carbonization i AR Chemical activation
and CO2 physical carbon coin minting with 0.5 M HsPO4

activation

Figure 1. Schematic workflow of the experimental procedure.

Moringa oleifera leaves-carbon precursors were separated from the stems and petioles, then
rinsed with clean water to remove any dirt or impurities from the surface contaminants. The samples
were sun-dried for 48 hours until they became dry and yellowish in color. Subsequently, 30 g of the
dried samples was weighed for pre-carbonization in a vacuum oven for 2 hours, with gradual heating
from 100°C to 250°C. The resulting brittle samples were ground using a mortar and ball mill for 24
hours, with an operating cycle of 4 hours followed by a 1-hour rest period. The samples were then
sieved through a 60 um mesh to achieve a uniform particle size. The chemical activation process was
performed with a 0.5 M solution of H3PO,. This solution was made by mixing 8.5 ml of H;PO, with
250 ml of distilled water before adding 50 g of carbon powder. Chemical activation was carried out us-
ing a hot plate at 80°C with a stirring speed of 300 rpm for a total of 3 hours. The activated samples
were oven-dried for 3 days, then ground using a mortar and sieved again before pelletization. The car-
bon powder was pressed into pellets with a hydraulic press under a pressure of 8 tons for 2 minutes.
The coin-shaped carbon pellets were placed in a furnace for the carbonization and activation stages.
Heating began with heating from 30°C to 600°C at a heating rate of 1°C/min in an N, atmospheres for
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7.2 hours to facilitate carbonization. The process was followed by physical activation with CO, gas,
with the temperature increased from 600°C to 750°C at 10°C/min and held at 750°C for 2.5 hours. The
resulting activated carbon pellets were washed in 500 ml of distilled water over a period of 5 — 7 days
until the pH reached 7. The activated carbon pellets were dried in an oven and then sanded using P600-
grit sandpaper to adjust the diameter and P1200-grit sandpaper to adjust the thickness, producing elec-
trodes measuring 7 — 8 mm in diameter and 0.2 — 0.3 mm in thickness. The electrodes were afterwards
immersed in a 1 M solution of Na,SO, for 2 days to promote electrolyte penetration and accumulation
within the electrode pores. The electrode, separator, current collector, and electrolyte components were
assembled into a supercapacitor cell to evaluate its capacitive performance using the galvanostatic
charge—discharge (GCD) and cyclic voltammetry (CV) techniques. GCD measurements were per-
formed with a CD UR Red-ER 2018 instrument at a potential range of 0 — 1 V, while CV measurements
were conducted with a Physics CV UR Rad-ER 5841 instrument at voltage ranges of 0 —1 V and 0 — 2
V to investigate changes in current response as a function of voltage. Each electrochemical test was
performed single for each testing condition.

3. RESULTS AND DISCUSSIONS
3.1. Physical Characterization

3.1.1. Density Analysis

Density measurements were performed to determine changes in the physical properties of
Moringa oleifera leaves-based activated carbon electrodes after thermal treatment involving carboni-
zation under an N, atmosphere and physical activation using CO, gas. The following equation was
used to calculate density, as shown in Equation (1):

<|3

p= (1)

where p represents density (g/cm®), m represents mass (g), and V represents volume (cm?®) [12].
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Figure 2. Physical changes in the pellest (a) and density comparison (b) before and after pyrolysis.

Based on Figure 2 (a), physical changes in the pellet can be observed before and after pyroly-
sis. The pellet mass decreased from 0.55 g to 0.18 g, while its diameter decreased from 1.93 cm to
1.34 cm and its thickness decreased from 0.20 cm to 0.12 cm. These changes indicate that the pyroly-
sis process affected the mass and dimensions of the pellet. The mass reduction can be attributed to the
release of volatile compounds during heating, while the changes in diameter and thickness indicate
material shrinkage. These physical changes demonstrate that thermal treatment affects the characteris-
tics of the resulting pellet.

Figure 2 (b) shows that the density of Moringa oleifera leaves-based carbon decreased from
0.94 g/cm® before pyrolysis to 0.60 g/cm?® after pyrolysis, representing a reduction of 36.17%. This
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decrease indicates changes in the physical properties of the material following thermal treatment. The-
se changes are associated with the decomposition of lignocellulosic components, including cellulose,
hemicellulose, and lignin, during heating, accompanied by the release of volatile compounds [13]. The
release of these components reduces the material mass and alters the characteristics of the carbon pro-
duced from the initial precursor [14].

In addition, the density change may also be influenced by the use of H;PO, as a chemical acti-
vating agent. The interaction of H3PO,4 with biomass components can affect carbon formation and the
amount of solid material remaining after treatment [15]. These changes may influence the material
characteristics and the mass-to-volume ratio [16]. Further changes may occur during physical activa-
tion using CO, at 750°C. Under these conditions, CO, can react with carbon to produce gaseous prod-
ucts, resulting in a reduction in carbon mass. Mass loss during activation can affect the final material
density, while the extent of this change depends on activation conditions, including temperature and
treatment duration [17]. Therefore, the combined treatments of chemical activation using HzPO, and
physical activation using CO, can influence the physical characteristics of the resulting carbon.

3.2. Electrochemical Characterization

3.2.1. Galvanostatic Charging and Discharging Analysis

GCD testing was conducted to evaluate the ability of Moringa oleifera leaves-based activated
carbon electrodes to store and release charge under constant-current conditions. The test monitors
voltage changes over time throughout charging and discharging, which indicates the electrode's capac-
itive response characteristics [18].

1.0 ] — Charging
] —— Discharging
0.8 1
o~
Z. ]
v 0.6
5 ]
S ]
= ]
- 0.4
0.2 1
0.0 F————1 3}
0 100 200 300 400
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Figure 3. GCD curve at a voltage of 1 V.

Based on Figure 3, the charging process occurs between 0 V and 1 V for 205 s, followed by
discharging from 1 V to 0 V for 195 s. The curve exhibits a relatively regular pattern, with a shape that
approaches a triangle with a slight slope [19]. This response is influenced by the use of a 1 M Na,SO,
electrolyte. Na* and SO, ions move in and out of the activated carbon pores during the storage and
release of charge processes. lon transport resistance and internal electrode resistance can cause the
voltage response over time to become non-uniform during charging and discharging [20].

The electrode exhibited a discharge time of 195 s, indicating that the charge release process
extended over most of the discharge period. This condition contributes to the electrode's ability to sus-
tain charge release during testing [21]. During discharging, the voltage decreases sharply after the
charging process ends. However, no noticeable IR drop was observed in the curve, indicating that
voltage loss due to resistance was not a dominant response [22]. Consequently, most of the discharge
time was spent releasing stored charge as the voltage decreased from approximately 1 V to near 0 V.

Based on the overall GCD curve, the Moringa oleifera leaves-based activated carbon electrode
demonstrates the ability to store and release charge, with electrochemical performance indicated by a
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capacitance of 130 F/g, an energy density of 18.06 Wh/kg, and a power density of 333.33 W/kg. These
values confirm that the combination of the activated carbon's physical characteristics and the use of
Na,SO, can sustain gradual charge storage and release at a voltage of 1 V [23].

3.2.2. Cyclic Voltammetry Analysis

CV measurements were performed in order to examine how the Moringa oleifera leaves-based
activated carbon electrode responds electrochemically within voltage ranges of 0-1 V and 0-2 V. The-
se CV curves were used to observe changes in current as a function of voltage during charging and
discharging. The shape and the area under the curves provide an indication of the electrode's charge
storage response [24]. Therefore, changes in the curves across the two voltage windows were used as a
basis for evaluating changes in the electrode’s electrochemical performance. The electrochemical val-
ues were determined using Equation (2), Equation (3), and Equation (4):

_Q
Csp ~ mAV (2)
1 Csp(AV)2
Esp =356 ©)
E,X3600
Psp = SpT (4)

where Cg, = mass-specific capacitance (F/g), Es, = energy density (Wh/kg), P, = power density

(W/kg), Q = stored charge (C), m = active mass (g), AV = voltage window (V), and At = discharge
time (s) [25].
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Figure 4. CV curves at voltage windows of (a) 1 V and (b) 2 V.

Figure 4 (a) shows the results of testing within a voltage window of 0 — 1 V at scan rates of 1,
2, 5, 10, and 20 mV/s. The curves at each scan rate exhibit shapes that tend to resemble the typical re-
sponse of an electric double-layer capacitor (EDLC), although they do not form a perfect rectangle.
This observation is consistent with the charge-storage characteristics reported for biomass-derived po-
rous carbon electrodes [26]. At a scan rate of 1 mV/s, the capacitance was 45 F/g, the energy density
was 6.25 Wh/kg, and the power density was 270 W/kg. When the scan rate was increased to 2, 5, 10,
and 20 mV/s, the capacitance decreased to 35.8, 23.6, 16, and 9.91 F/g, respectively. The specific en-
ergy also decreased to 4.97, 3.28, 2.22, and 1.37 Wh/kg, respectively, while the specific power in-
creased to 430, 710, 960, and 1,190 W/kg. Lower capacitance at higher scan rates has also been ob-
served in biomass-derived activated carbon, indicating that changes in scan rate affect the electrode's
charge storage response [27].
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The electrochemical test results for the voltage window of 0 — 2 V, presented in Figure 4 (b),
exhibit a similar trend in response to changes in scan rate. The curves within this voltage window have
a larger area than those obtained from testing at 0 — 1 V. At 1 mV/s, the specific capacitance reached
153.33 F/g, the energy density reached 85.18 Wh/kg, and the power density reached 1,840 W/Kg.
When the scan rate was increased to 2, 5, 10, and 20 mV/s, the capacitance decreased to 133.33, 107,
69.33, and 37.58 F/g, respectively. The specific energy decreased to 74.07, 59.44, 38.51, and 20.87
Wh/kg, respectively, while the specific power increased to 3,200, 6,420, 8,320, and 9,020 W/kg. The
lower capacitance observed at faster scan rates may be related to the reduced time available for elec-
trolyte ions to reach the active sites of the electrode [24]. To further illustrate the effect of scan rate on
the electrode's charge-storage performance, the relationship between specific capacitance and scan rate
is presented in Figure 5.
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Figure 5. Specific capacitance as a function of scan rate at voltage windows of 0 —1Vand 0 -2 V.

Figure 5 provides a direct comparison of the capacitance response at the two voltage windows.
The consistently higher values in the 0 — 2 V window indicate that the electrode delivers greater spe-
cific capacitance under this testing condition. The decrease in capacitance at higher scan rates is con-
sistent with the limited time available for electrolyte ions to access the active sites within the electrode
pores.

Testing using the 0 — 2 V range produced higher specific capacitance and specific energy val-
ues than testing using the 0 — 1 V range at all tested scan rates. At 1 mV/s, the specific capacitance
increases from 45 F/g to 153.33 F/g, while the specific energy increases from 6.25 Wh/kg to 85.18
Wh/kg. The same trend was observed at scan rates of 2, 5, 10, and 20 mV/s, although the specific ca-
pacitance and specific energy values continued to decrease as the scan rate increased. Along with the
increases in capacitance and specific energy, differences in current response between the two voltage
windows were also observed in the CV curves in Figure 3 (a) and Figure 3 (b). The curve within the 0
— 1V voltage window has a current density scale of approximately -1 mA/cm? to 2 mA/cm?, whereas
the scale within the 0 — 2 V voltage window ranges from approximately -6 mA/cm?® to 10 mA/cm?.
The wider current density range in the 0 — 2 V test is associated with the larger potential window,
which allows greater current variation during testing. This current response is also influenced by the
capacitive characteristics of the electrode, as well as the ability of ions in the electrolyte to reach the
electrode surface and pores. At faster scan rates, ions have less time to enter the electrode pores, which
can reduce the measured capacitive response. The improvement in specific energy at the 0 — 2 V volt-
age window can be explained by the combined effects of the wider operating voltage and the higher
specific capacitance obtained under this condition. For an ideal capacitive system, the stored energy is
proportional to the specific capacitance and the square of the operating voltage [28]. Thus, a wider
voltage range supports an increase in the measured specific capacitance value, which explains the en-
ergy storage capability of the Moringa oleifera leave-based supercapacitor electrodes obtained in this
study. The relationship between specific energy and specific power is also presented in Figure 6 to
further illustrate the energy-storage and power-delivery characteristics of the electrode.
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Figure 6. Ragone plot showing the relationship between specific energy and specific power at voltage
windows of 0—1Vand 0-2V.

Figure 6 illustrates the trade-off between energy storage and power delivery under the two
voltage windows. For the 0 — 1 V window, the specific energy decreases from 6.25 Wh/kg to 1.37
Wh/Kkg as the specific power increases from 270 W/kg to 1,190 W/kg. Similarly, for the 0 — 2 V win-
dow, the specific energy decreases from 85.18 Wh/kg to 20.87 Wh/kg as the specific power increases
from 1,840 W/kg to 9,020 W/kg. These results illustrate the relationship between the electrode’s ener-
gy-storage capability and power delivery under different operating conditions.

From a practical perspective, these findings suggest that extending the operating voltage win-
dow to 0 — 2 V using aqueous 1 M Na,SO, electrolyte can enhance the energy-storage capability of the
H3PO, activated Moringa oleifera leave waste-derived carbon electrode. The energy density of 85.18
Wh/kg, obtained at a scan rate of 1 mV/s, indicates promising energy-storage performance under the
tested conditions; however, this value alone does not establish the performance of a practical superca-
pacitor device. It should be noted that operation at 0 — 2 V with an aqueous electrolyte may involve
water decomposition and potential electrolyte instability; therefore, the electrochemical performance
reported here should not be interpreted as confirmation of long-term stability at this voltage. Neverthe-
less, further investigations into cycling stability and long-term performance are needed to establish its
suitability for practical supercapacitor devices.

Table 1. Electrochemical performance of various biomass-based supercapacitor electrodes.

Precusor Voltage (V) Csp, (FIg)  Esp (Wh/kg) Py, (W/Kg) Reference

Peanut oil cake 2 300 15.89 493 [29]
Hemp hurd 2 105 38 761 [30]
Winery waste 2 32 17.7 303.42 [31]
Date stone 1.8 113.75 40.44 400 [32]
Coconut shell 2 88 48.9 1,000 [33]
Waste tea leaves 2 139.4 19.4 331.8 [34]

Moringa leaves 2 153.33 85.19 1,840 This research

Overall, the test results show that increasing the scan rate from 1 mV/s to 20 mV/s leads to
lower specific capacitance and energy density, while increasing power density. Meanwhile, the use of
a 0 — 2 V voltage window produces higher specific capacitance and specific energy values than the 0 —
1V window. Thus, under the test conditions used, the 0 — 2 V voltage window provides greater energy
storage capability, whereas higher scan rates have a more pronounced effect on increasing specific
power. As shown in Table 1, the Moringa oleifera leave-derived activated carbon electrode exhibits
the highest specific capacitance (153.33 F/g), specific energy (85.18 Wh/kg), and specific power
(1,840 W/kg) among the biomass-derived electrodes listed.
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4. CONCLUSION

This study successfully produced Moringa oleifera leaves-derived activated carbon by apply-
ing chemical activation with H3POy,, carbonizing the material in an N, atmosphere, followed by physi-
cal activation using CO,. The thermal treatment resulted in a decrease in density from 0.94 g/cm® to
0.60 g/cm?, representing a reduction of 36.17%. The electrochemical test results showed that the elec-
trode exhibited charge-storage characteristics resembling those of an EDLC. For the 0 — 1 V voltage
range, the specific capacitance values obtained using the CV and GCD methods were 45 F/g for CV
and 130 F/g for GCD. Meanwhile, within the 0 — 2 V voltage window, CV testing yielded a capaci-
tance of 153.33 F/g, an energy density of 85.18 Wh/kg, and a power density of 1,840 W/kg when the
scan rate was 1 mV/s. Expanding the operating voltage range from 0 — 1 V to 0 — 2 V resulted in in-
creased specific capacitance and specific energy in the CV test results, while increasing the scan rate
led to decreases in specific capacitance and specific energy and an increase in specific power. The
findings indicate that Moringa oleifera leaves-derived activated carbon has potential for supercapaci-
tor electrode applications. Further studies are needed to evaluate its practical applicability beyond la-
boratory-scale testing.
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