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ABSTRACT
The energy storage performance of supercapacitors—defined by specific capacitance, energy density, and power density—is
strongly influenced by the structural and electrochemical properties of electrode materials. While cathode development has
advanced significantly, research on efficient and sustainable anode materials remains limited, hindering further improvements in
energy density. This study presents a low-cost, sustainable anodematerial derived fromAbelmoschus esculentus (AE) seed biomass.
Activated carbon (AE-AC) was prepared via chemical activation and subsequently coated with magnetic Fe3O4 nanoparticles
synthesised through co-precipitation to formanAE-AC-dopedFe3O4 nanocomposite. Thematerialswere characterised usingXRD,
SEM–EDX, BET surface area analysis, and other techniques. Electrochemical performancewas evaluated using cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS). At a scan rate of 2.5 mV/s, both
electrodes exhibited peak capacitance. GCD analysis showed specific capacitances of 119.97 F/g for AE-AC and 205.86 F/g for AE-
AC-doped Fe3O4 at 0.05 A/g. EIS results confirmed enhanced performance of the nanocomposite in acidicmedium. These findings
highlight the potential of AE-based activated carbon composites as environmentally friendly and efficient anode materials for
next-generation supercapacitors.

1 Introduction

The combined challenges of climate change driven by global
warming, the projected depletion of fossil fuel reserves, the
ongoing energy crisis, and rising environmental pollution have
made the development of sustainable and eco-friendly energy

sources an urgent priority [1, 2]. At the same time, the rapid
advancement of portable electronic devices and the growing
demand for stable electrochemical energy conversion and storage
systems underscore the need for high-performance, lightweight,
and flexible energy storage technologies that can efficiently utilise
renewable energy resources. Additionally, supercapacitors have
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emerged as promising candidates for storing electrochemical
energy that can be used in wearable electronic devices [3–6].

Supercapacitors have attracted significant attention in recent
years because they can compensate for the shortcomings of
traditional capacitors and batteries due to their advantages of fast
charge and discharge, high energy density, and long cycle life
compared to batteries and other common capacitors. A review
of recent literature reveals a growing research focus on the use
of supercapacitors [7], their dimensions [8], high power density
[9], charge-discharge capacity [10], flexibility and specific capaci-
tance [11], improvement of various electrochemical performances
[12], electrode preparation and device configuration [13].

Supercapacitors are divided into three groups based on how
they store energy: electrical double-layer capacitors (EDLC),
pseudocapacitors, and hybrid capacitors. EDLCs store energy by
physically accumulating charges at the interface between the
electrode and the electrolyte, without involving any chemical
reactions. Pseudo-capacitors store energy through rapid and
reversible chemical (redox) reactions occurring on the electrode
surface. Hybrid capacitors possess the properties of both struc-
tures. These devices utilise two different electrode materials,
one double-layered and the other pseudocapacitive, to achieve
both high power and high energy density [14–16]. Due to the
supercapacitance mechanism, pseudocapacitors have a higher
specific capacitance value than EDLC-type capacitors [17].

Supercapacitors are basically divided into two main categories
based on their energy storage mechanism: electric double layer
capacitors (EDLCs) and pseudocapacitors [18]. Energy storage
in EDLC-type capacitors occurs through the electrostatic charge
separation mechanism occurring at the electrode and elec-
trolyte interface. This mechanism is supported by the use of
carbon-based materials with large surface areas, such as carbon
nanotubes (CNTs), activated carbon (AC), and graphene [19].
Although EDLCs offer advantages such as fast charge/discharge
properties and long cycle life thanks to this structure, they are
capacitors with generally low specific capacitance values because
they are limited to only physical charge separation [20]. Pseu-
docapacitors, on the other hand, store energy through fast and
reversible redox (faradic) mechanisms occurring on the surface
or in the volume of the electrode material. This mechanism is
made possible by the use of electrochemically active nano-sized
materials such as transition metal oxides and their hydroxides,
which can offer a large number of functional sites [21]. Metal
oxides and their hydroxyl structures, such as CuO [22], Co3O4
[23], MoO2 [24], V2O5 [25], NiO [26], MnO2 [27], Co(OH)2 [28],
Ni(OH)2 [29], Fe2O3 [30] and Fe3O4 [31], are commonly used for
pseudocapacitive materials. Compared to the materials used in
EDLC-type capacitors, these materials offer significantly higher
specific capacitance and energy density. However, given the redox
processes involved, both cycling stability and speed performance
in these types of supercapacitors are generally limited [32].

Magnetite (Fe3O4) has significant potential as a pseudocapaci-
tive electrode material due to its environmental sustainability,
abundance in nature, low production cost, and variable oxidation
states that allow multivalent transitions between Fe2+/Fe3+ ions.
These properties make Fe3O4 a cost-effective and promising
material candidate for environmentally friendly energy storage

technologies that can provide high specific capacitance values
[33–35].

With the increasing demand for energy storage systems today,
the development of environmentally friendly, low-cost, and
high-performance electrode materials has gained significant
importance. In this context, biomass-based carbonmaterials have
become extremely attractive because they can be obtained from
abundant, renewable, and sustainable resources [36]. In partic-
ular, the recycling of agricultural wastes and their conversion
into high surface area activated carbons offers an important
solution for environmental waste management and constitutes a
viable alternative for the production of materials for economical
energy storage [37]. It has been shown in the literature that
supercapacitor performance can be significantly improved by
modifying activated carbon with various metal oxides, especially
compounds such as Fe3O4, which have electroactive properties
[38].

This study presents activated carbon (AE-AC) derived from
okra seed waste as a sustainable electrode material. To enhance
performance, an AE-AC-doped Fe3O4 nanocomposite was pre-
pared, and their electrochemical behaviours were comparatively
evaluated in supercapacitor applications. The work highlights
the potential of converting agricultural waste into value-added,
eco-friendlymaterials for next-generation energy storage devices.

2 Results and Discussion

2.1 SEM Analysis of AE-AC and AE-AC-Doped
Fe3O4 Nanocomposites

The surface morphology of the AE-AC material and the AE-AC
doped Fe3O4 nanocomposite were investigated using scanning
electron microscopy (SEM). Figure 1a presents the SEM image of
the AE-ACmaterial, while Figure 1b shows the SEM image of the
AE-AC doped Fe3O4 nanocomposite.

The SEM image in Figure 1a illustrates the microstructure of
pure activated carbon derived from AE seeds, revealing a porous,
irregular, and spongy texture [39]. In contrast, Figure 1b presents
the morphology of the AE-AC-doped Fe3O4 nanocomposite after
Fe3O4 nanoparticles have been deposited on its surface. The struc-
ture of this nanocomposite shows a noticeable transformation:
the previously porous surface becomes denser, more clustered,
and amorphous, with the original porosity disappearing. This
increased particle accumulation on the surface reflects the coat-
ing effect, which leads to a more compact and homogeneous
morphology of the nanocomposite, as themagnetic nanoparticles
form a tightly bound structure [40].

2.2 EDX Analysis of AE-AC and AE-AC-Doped
Fe3O4 Nanocomposites

The surface elemental composition of the AE-AC material and
the AE-AC-doped Fe3O4 nanocomposite was characterised using
energy-dispersive X-ray (EDX) analysis. Figure 2 presents the
EDX spectra of both the AE-AC material and the AE-AC-doped
Fe3O4 nanocomposite.
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FIGURE 1 SEM images of (a) AE-AC and (b) AE-AC-doped Fe3O4 nanocomposites.

FIGURE 2 EDX images of (a) AE-AC and (b) AE-AC-doped Fe3O4 nanocomposites.

EDX analysis results showed that it contained carbon (45.69%),
oxygen (44.77%), calcium (5.05%), potassium (2.16%), zinc (1.96%),
and magnesium (0.36%), indicating that the AE-AC material
containing impurities was successfully synthesised (Figure 2a).
In contrast, when the elemental composition of the synthesised
AE-AC-dopedFe3O4 nanocompositewas examined, EDXanalysis
confirmed that it contained carbon (9.43%), oxygen (49.91%), and
iron (40.67%), indicating the successful synthesis of the AE-AC-
doped Fe3O4 nanocomposite (Figure 2b). Although not indicated
in the spectrum, the presence of elements other than C, O, and
Fe may correspond to trace amounts of impurities (such as zinc
and calcium) remaining on the particle surface after washing
[41].

EDX, BET, and XRD analyses indicate that the AE-AC material
has a large surface area (86.88 m2/g) due to its high carbon and
oxygen content, and these properties enhance electrochemical
performance. In the AE-AC-doped Fe3O4 nanocomposite, XRD
confirms the crystalline structure of Fe3O4, while the iron content
(40.67%) improvesmagnetic and conductive properties. However,
the addition of Fe3O4 reduces the BET surface area to 20.78 m2/g,
reducing porosity and improving stability, although it reduces
energy storage capacity.

2.3 XRD Analysis of AE-AC and AE-AC-Doped
Fe3O4 Nanocomposites

The characterisation results obtained from XRD analysis
(Figure 3) indicate that the activated carbon is amorphous,
as evidenced by a broad diffraction peak (Figure 3a). The
peaks of the AE-AC-doped Fe3O4 nanocomposite revealed
the characteristic diffraction signals of Fe3O4 at 2θ values
of 30.2◦, 35.6◦, 43.3◦, 52.8◦, 57.2◦, and 62.9◦. These peaks
correspond to the cubic spinel structure of Fe3O4, and can be
indexed to the (220), (311), (400), (422), (511), and (440) planes,
respectively, based on the 2θ values and their relative intensities.
Furthermore, the sharpening and intensification of these peaks
in the nanocomposite confirm the successful formation of the
AE-AC-doped Fe3O4 nanocomposite (Figure 3b) [42, 43].

2.4 BET Analysis of AE-AC and AE-AC-Doped
Fe3O4 Nanocomposites

The effective surface area of active electrode materials is con-
sidered an important parameter determining the electrochemical
performance of supercapacitors. In this study, the BET surface
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FIGURE 3 XRD images of (a) AE-AC vs. (b) AE-AC-doped Fe3O4 nanocomposites.

FIGURE 4 The N2 adsorption-desorption isotherms of (a) AE-AC and (b) AE-AC-doped Fe3O4 nanocomposites.

area and porosity properties of the AE-AC material and the AE-
AC-doped Fe3O4 nanocomposite were systematically analysed
using a Micromeritics Gemini VII 2390 Series Surface Area
Analyser. The obtained N2 adsorption-desorption isotherms are
presented in Figure 4 to evaluate the pore structure and surface
properties of both materials in detail. The BET surface area of
the AE-AC material was measured to be approximately 86.88
m2/g, with a total pore volume of 0.3046 cm3/g and an average
pore diameter of 140.23 Å. These values suggest that the material
possesses a large surface area, which is conducive to high charge-
discharge performance and enhanced energy density. However,
the BET surface area of the AE-AC-doped Fe3O4 nanocompos-
ite was measured as 20.78 m2/g, the total pore volume as 0.0938
cm3/g, and the average pore diameter as 180.56 Å. The Fe3O4
coating covered a large portion of theAE-AC surface, reducing the
effective surface area and causing significant changes in the pore
structure. The settlement of Fe3O4 particles in the pores of the
AE-AC material resulted in a decrease in the surface area and an
increase in the pore diameter. In addition, the narrow hysteresis
loop observed for both materials indicates the presence of micro-
and mesoporous structures, suggesting that the Fe3O4 doping
may have partially modified this structure. As a result, changes
in the surface area and pore structure of the Fe3O4 coating
AE-AC material may affect the electrochemical performance of
supercapacitors, and the possible improvement or deterioration
in this performance may vary depending on the characteristics of
the material structure and composite formation [44, 45].

2.5 Electrochemical Properties of AE-AC and
AE-AC-Doped Fe3O4 Nanocomposites

2.5.1 Cyclic Voltammetry (CV) Analysis

The current-potential behaviour of the supercapacitor electrodes
and the reversibility of the charge storage mechanism were
investigated in detail by the CV technique. Experimental studies
were carried out in a 1 M H2SO4 aqueous electrolyte medium.
Voltammograms obtained at scan rates between 2.5 mV/s and
100mV/s are presented in Figure 5a and Figure 5b. Both electrode
materials, AE-AC andAE-AC-doped Fe3O4, reached their highest
specific capacitance values at a scan rate of 2.5 mV/s. Specific
capacitance values for all scan rates are given in Table 1. It was
observed that AE-AC-doped Fe3O4 electrodes exhibited higher
specific capacitance values compared to AE-AC at each scan
rate. The CVs of AE-AC and AE-AC-doped Fe3O4 electrodes
are presented in Figure 5. To facilitate direct comparison, all
scans were started from the same initial potential. We note that
experiments performed on AE-AC at potentials more negative
than −0.20 V exhibited a substantial and rapidly increasing
residual (charging/back-current) signal, which became more
pronounced as the scan rate increased. This excessive residual
current affects reproducibility andmasks faradaic features; there-
fore, the comparative CV data discussed below were acquired
and analysed in the −0.20 V to +1.20 V range, which provided
the most reproducible and reliable responses for both electrodes.
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FIGURE 5 Comparison of CV curves for (a) AE-AC and (b) AE-AC-doped Fe3O4 nanocomposites in 1 M H2SO4 at a scan rate of 10 mV/s.

TABLE 1 Specific capacitance of AE-AC and AE-AC-doped Fe3O4
electrodes at varying scan rates in H2SO4.

Scan rate
(mV/s)

AE-AC
(F/g)

AE-AC-doped
Fe3O4 (F/g)

2.5 20.78 128.42
5 15.08 127.06
25 6.02 35.32
50 2.92 24.40
75 2.88 22.80
100 1.19 20.68

As shown in Figure 5b, the doped electrode exhibits two distinct
reduction features. The first is a broad reduction peak centred at
approximately +0.25 V, which appears broadened and of lower
current density, while a second, more distinct reduction peak is
observed near 0.0 V. The relative breadth and intensity of these
peaks suggest overlapping or sequential reduction processes,
with the broader +0.25 V feature likely arising from a surface-
confined or composite-related process and the sharper ∼0.0 V
peak corresponding to a more well-defined redox transition.
These reversible reactions are an indication of faradaic processes
occurringwith the contribution of electroactive functional groups

in the material, and these redox couples were also clearly
observed in the GCD curves (Figure 6a and Figure 6b). These
findings support the successful doping of Fe3O4 into the AE-AC
structure and its electrochemical activity. This is also consistent
with data obtained from other characterisation techniques. A
decrease in specific capacitance values was observed for both
electrodes with increasing scan speed. This decrease can be
attributed to limited charge transfer due to the inability of
ions to sufficiently diffuse to the electrode surface and into
the pores at high scan rates. Similarly, in GCD experiments,
it was observed that specific capacitance values decreased as
the current density increased (Figure 6). This behaviour can
be attributed to faradaic effects caused by the electroactive
functional groups present in the system. Furthermore, the change
in specific capacitance values with scan rate reflects the effect of
the material’s pore structure on ion transport. This observation
is a characteristic behaviour widely reported in the literature for
materials exhibiting supercapacitor properties [4, 46].

2.5.2 Galvanostatic Charge/Discharge (GCD) Analysis

The GCD method provides important information in evaluating
the supercapacitor behaviour of electrode materials, especially
regarding the reversibility and electrochemical stability of the
charge storage process. In this study, GCD analyses of electrodes
designed from AE-AC and AE-AC-doped Fe3O4 activated carbon

FIGURE 6 Comparative GCD analysis of (a) AE-AC and (b) AE-AC-doped Fe3O4 at various current densities in 1 M H2SO4.
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TABLE 2 Current density-dependent specific capacitance values of
AE-AC and AE-AC-doped Fe3O4 in 1 M H2SO4 via GCD analysis.

Current density
(A/g)

AE-AC
(F/g)

Current density
(A/g)

AE-AC-doped
Fe3O4 (F/g)

0.05 119.97 0.05 205.86
0.06 115.82 0.06 174.89
0.07 111.98 0.07 153.03
0.08 108.78 0.08 145.74
0.09 71.98 0.09 65.58
0.10 55.91 0.10 36.44

0.20 29.15

materialswere carried out in the potential range of -0.2 V to+1.2 V
in a 1 M H2SO4 environment. Experiments were carried out at
different current densities ranging from 0.05 A/g and 0.10 A/g
for the AE-AC electrode and between 0.05 A/g and 0.20 A/g for
the AE-AC-doped Fe3O4. The GCD curves presented in Figure 6
and the specific capacitance (Csp) values calculated according to
the formulas given in the Method section are shown in Table 2.
It has been observed that the addition of magnetic Fe3O4 to
activated carbon enhances the faradaic contribution by increasing
the formation of electroactive functional groups on the surface of
activated carbon. This caused the IR (ohmic resistance induced)
drop to be more pronounced in Fe3O4-doped AE-AC compared
to AE-AC, and therefore a faster decrease in specific capacitance
values with increasing current density (Figure 6 and Table 2).
Under the most favourable experimental conditions, defined as
measurements performed in 1 M H2SO4 at a current density of
0.05 A/g, the AE-AC electrode reached a specific capacitance of

119.97 F/g, whereas the AE-AC-doped Fe3O4 electrode exhibited
a higher value of 205.86 F/g under the same conditions. It was
clearly observed that the specific capacitance values decreased
with increasing current density for both electrode materials.
This decrease is attributed to the inability of electrolyte ions
to adequately penetrate the interior of the porous structure,
particularly at high current densities [6, 46, 47].

In order to evaluate the cyclic stability of the electrodes, the
cycling performances of AE-AC (Figure 7a) and AE-AC-doped
Fe3O4 (Figure 7b) supercapacitors were tested in 1 M H2SO4 elec-
trolyte at current densities of 0.10 A/g and 0.20 A/g, respectively.
After 1000 cycles, AE-AC retained 91.34% of its initial capacitance,
while AE-AC-doped Fe3O4 retained 88.20%, demonstrating good
cycling stability for both materials.

These values indicate that both electrode materials have good
cycling stability. As a result of energy and power density cal-
culations, the AE-AC electrode exhibited an energy density of
3.98 Wh/kg and a power density of 1000 W/kg, while the AE-AC
doped Fe3O4 electrode reached an energy density of 10.40 Wh/kg
and a power density of 3500 W/kg (Figure 8). For both materials,
a decreasing trend in energy density was observed as current
density increased, suggesting that energy efficiency decreased as
power output increased. This characteristic is consistent with
typical electrochemical capacitor behaviour and supports the
inclusion of both electrodes in the supercapacitor class [48].

2.6 Electrochemical Impedance Spectroscopy
(EIS) Measurement

The impedance data obtained are presented in the form of
Nyquist diagrams and fitted with curves using the [R([RW]Q)T]

FIGURE 7 Long-Term GCD cycling performance of (a) AE-AC and (b) AE-AC-doped Fe3O4 electrodes in 1 M H2SO4 acidic medium.
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FIGURE 8 Ragone plots comparing the energy and power densities
of AE-AC and AE-AC-doped Fe3O4 electrodes.

equivalent circuit model, as illustrated in the inset of Figure 9a.
In these diagrams, a semicircle representing the charge-transfer
resistance (Rct) of the electrode is observed in the high-frequency
region, while a warped sloped line representing the capacitive
behaviour of the electrode is observed in the low-frequency region
(Figure 9). It is stated in the literature that the Nyquist curve
of an ideal supercapacitor is expected to show a line between
the angles of 45◦ (Warburg diffusion) and 90◦ (ideal capacitive
behaviour) with the imaginary axis. Deviations from this ideal
geometry are generally related to the pore size distribution in
the electrode, the ion diffusion depth, and the faradaic (pseudo-
capacitive) reactions taking place at the surface. In addition, the
ohmic potential drop observed at the beginning of the discharge
process in the GCD curves is associated with faradaic processes
caused by the functional groups present on the electrode surface.
In an ideal, fully reversible supercapacitor, the GCD curves
would be expected to be in the shape of an isosceles triangle.
However, the reversible redox couples observed in the AE-AC
doped Fe3O4 capacitor and the charge/discharge breaks in the
GCD curves indicate that faradaic interactions are influential
in the system. According to EIS analyses performed in acidic

media, the equivalent series resistances of the AE-AC and AE-
AC doped Fe3O4 capacitors were found to be 525 Ω and 152 Ω,
respectively (Figure 9a). Furthermore, the specific capacitance
values calculated in the 100 kHz to 0.1 Hz frequency range were
determined using the equations given in the method section and
were determined to be 22.32 F/g for AE-AC and 109.05 F/g for F
AE-AC doped Fe3O4.

When the data in Figure 9b is examined in detail, it is seen
that the specific capacitance values of the AE-AC doped Fe3O4
capacitor decrease sharply at low frequencies, followed by a
plateau with no significant change at higher frequencies. This
behaviour indicates that electrolyte ions are unable to diffuse
sufficiently into the activated carbon pores, especially in the
medium and high-frequency ranges [49]. In the AE-AC capacitor,
no significant variation in capacitance values was observed as
frequency increased.

When the Bode diagrams are evaluated, it is seen that the
resistance values of the AE-AC capacitor at low frequencies
are higher than those of the AE-AC-doped Fe3O4 capacitor.
This indicates that both capacitors exhibit capacitive behaviour.
However, both electrode systems exhibit deviations from the ideal
capacitive response. These deviations are due to the mesoporous
structure of the activated carbon used [50]. Consequently, it can
be said that the AE-AC capacitor behaves like a double-layer
capacitor in acidic environments, while the AE-AC-doped Fe3O4
behaves like a pseudocapacitor.

2.7 Comparison of the Specific Capacitance of
Different Supercapacitor Electrodes

Table 3 shows the highest specific capacitances obtained from
CV at a scan rate of 2.5 mV/s for AE-AC and AE-AC-doped
Fe3O4, measured as 119.97 and 205.86 F/g, respectively. They
exhibit quite interesting and superior properties compared to
other activated carbon and activated carbon-doped materials
reported in the literature. Aruchamy et al. [51] reported a specific
capacitance value of 103 F/g for ZnMn2O4/MWCNT. Gouda et al.
[52] reported a specific capacitance value of 105 F/g for an AC

FIGURE 9 Nyquist (a) and Bode (b) plots illustrating the effect of Fe3O4 incorporation on the electrochemical impedance behaviour of AE-AC
and AE-AC-doped Fe3O4 electrodes in 1 M H2SO4.
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TABLE 3 Comparison of specific capacitance of different AE-AC vs.
AE-AC-doped Fe3O4 nanocomposite electrode materials.

Electrode materials

Specific
capacitance
(Cs) (F/g) Reference

ZnMn2O4/MWCNT 103 [51]
AC 105 [52]
Magnetic-activated carbon 76.23 [53]
Activated carbons (ACs) 84 [54]
CHAC 130 [55]
Fe2O3/CNT composite 54 [56]
CNT/Fe3O4 117.2 [57]
AE-AC 119.97 This work
AE-AC-doped Fe3O4 205.86

electrode obtained from willow catkin (WC). Ozpinar et al. [53]
reported a maximum specific capacitance of 76.23 F/g for the
magnetic-activated carbon electrode obtained fromhazelnut shell
waste by phosphoric acid activation. Adan-Mas et al. [54] reported
a specific capacitance value of 84 F/g for the activated carbon
(AC) electrode obtained from coffee-derived biowastes. Raj et al.
[55] reported a specific capacitance value of 130 F/g for the
activated carbon electrode obtained from the agricultural waste
cornhusk (CHAC). Xu et al. [56] reported a specific capacitance
value of 54 F/g for the Fe2O3/CNT composite electrode. These
results demonstrate that AE-AC and AE-AC-doped Fe3O4 have
advantageous long-term electrochemical stability. This excellent
performance can be attributed to the strong interaction between
the AE-AC materials and the AE-AC-doped Fe3O4 nanocom-
posite, which prevents microstructure degradation during the
reduction reaction.

3 Conclusion

In this study, AE-AC-doped Fe3O4 nanocomposites were suc-
cessfully synthesised by coating magnetic Fe3O4 nanoparticles
onto activated carbon (AE-AC), which was derived via chemical
activation of okra (Abelmoschus esculentus) seed biomass. Struc-
tural and morphological analyses using XRD, SEM, EDX, and
BET confirmed the effective integration of Fe3O4 into the AE-AC
matrix.

Electrochemical characterisation of AE-AC and AE-AC-doped
Fe3O4 electrodes was conducted using CV, GCD, and EIS tech-
niques in 1 MH2SO4 electrolyte. CVmeasurements revealed high
capacitive behaviour for both electrodes, with maximum specific
capacitance values obtained at a scan rate of 2.5 mV/s. GCD
analysis showed a notable enhancement in specific capacitance
from 119.97 F/g for AE-AC to 205.86 F/g for the AE-AC-doped
Fe3O4 at 0.05 A/g. EIS results further supported this improve-
ment, yielding specific capacitance values of 22.32 F/g and 109.05
F/g for AE-AC and AE-AC-doped Fe3O4, respectively, indicating
better ion transport and lower internal resistance in the doped
system. Long-term cycling tests demonstrated excellent stability,
with capacity retention of 91.34% for AE-AC and 88.20% for AE-

AC-doped Fe3O4 after 1000 cycles. Ragone plot analysis revealed
higher energy and power densities for the Fe3O4-doped system
(10.40 Wh/kg and 3500 W/kg) compared to AE-AC (3.98 Wh/kg
and 1000 W/kg), attributed to the improved interfacial and struc-
tural properties introduced by Fe3O4 doping. Electrochemical
analyses confirmed that AE-AC exhibits double-layer capacitive
behaviour, while AE-AC-doped Fe3O4 displays pseudocapacitive
characteristics due to faradaic interactions introduced by the
Fe3O4 nanoparticles. These interactions significantly enhanced
charge storage capacity and energy performance.

Overall, both AE-AC andAE-AC-doped Fe3O4 are promising low-
cost, environmentally friendly, and sustainable electrode materi-
als for supercapacitor applications. In particular, AE-AC-doped
Fe3O4 stands out as a strong candidate for future energy stor-
age technologies, offering superior specific capacitance, energy
density, and cycling stability.

4 Experimental

4.1 Materials

4.1.1 Chemicals

The analytically pure components, which were acquired from
Sigma-Aldrich (Merck KGaA; Darmstadt, Germany), include
ferrous chloride tetrahydrate (FeCl2⋅4H2O), ferric chloride hex-
ahydrate (FeCl3⋅6H2O), hydrochloric acid (HCl), sodium hydrox-
ide (NaOH), sulphuric acid (H2SO4), ammonium hydroxide
(NH4OH), potassium chloride (KCl) and zinc chloride (ZnCl2).
During the research, deionised water was used in the synthesis
of the nanomaterial, preparation of the necessary solutions, and
other processes.

4.1.2 Synthesis of AE-AC

The seed part of the Abelmoschus esculentus (AE) plant was first
washedwith tapwater and then cleaned bywashing several times
with ultrapure water to eliminate possible dust and contami-
nants. After the cleaning process was completed, the AE seeds
were left to dry for 3 days in a sterile oven set at 30◦C. The dried
seeds were ground into powder using an IKAM20Universal mill.
The powdered sample was then stored under dry conditions in
the dark to produce AEactivated carbon (AE-AC). Twenty grams
of powdered Abelmoschus esculentus plant seeds were weighed
and transferred to a 500 mL conical flask. 1 M zinc chloride
solutionwas added, and stirring continued overnight at 75◦C. The
resulting mixture was then cooled to room temperature in the
laboratory and then washed several times with ultrapure water
to remove unreacted substances. After the washing process, the
obtained product was dried at 100◦C, and the powder sample was
placed in a porcelain crucible and subjected to carbonisation for 2
h in amuffle furnace set at 500◦C.After the carbonisation process,
the product in the crucible was left to cool in the laboratory
environment and then washed several times with 0.1 M HCl
solution prepared with the help of a centrifuge to remove the
remaining zinc, chlorine and other ions that remained in the
environment without reacting. After the acid washing process, it
was washed several times with ultrapure water to neutralise the
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pH of the product, then dried in a lyophiliser and stored in a dark
environment where appropriate conditions were provided for use
in other synthesis steps and characterisation studies [58–60].

4.1.3 Synthesis of AE-AC-Doped Fe3O4

For the synthesis of Fe3O4 coated with AC obtained from the
seeds of the AE plant, methodological modifications were made
to the traditional protocols in the literature; these modifications
improved the morphological, structural, and functional proper-
ties of the compound by optimising parameters such as material
coating rates, reaction times, and temperature control [61]. As
the first step, 2.0 g of iron (III) chloride hexahydrate was added
to a 100 mL three-necked flask containing 50 mL of ultrapure
water and stirred with a magnetic stirrer at 800 rpm at room
temperature for 15 min. In order to prevent oxidation of iron(III)
ions in the solution, 5 drops of concentrated hydrochloric acid
solution were slowly added to the solution while stirring. At the
end of this period, after 2.10 g of iron (II) chloride tetrahydratewas
added to the solution containing iron (III) ions, the temperature
of the mixture was gradually increased to 90◦C, and stirring
continued for 30 min on a magnetic stirrer at 1000 rpm. As a
second step, 20 mL of 26% NH4OH solution was slowly added to
the mixture, causing the iron salts in this medium to precipitate
together, resulting in the black product. After the addition of the
ammonia solution, the mixture was stirred for another 30 min
at 90◦C and 1000 rpm. As a third step, a solution of 0.5 g of AE-
AC in 100 mL of water was added to the mixture under the same
conditions and stirred for 1 h. After the specified time, the mixing
system was shut down and allowed to cool to room temperature.
After the cooling process, the synthesised AE-AC-doped Fe3O4
nanocomposite was separated from the mixing medium using
a neodymium magnet [41, 62–63]. The resulting Fe3O4-AE-AC
nanocomposite was washed several times with ultrapure water
using a magnet to remove any remaining chemicals before they
could react. Afterward, the nanocomposite was dried in a freeze-
dryer for 6 h. After drying, the nanocomposite was stored in a
coloured container under appropriate conditions for both further
characterisation and experimental studies.

In this study, the effect of Fe3O4 loading rates on AE-AC was
not investigated due to the reduction in magnetic properties.
High loading rates can negatively affect the magnetic properties
of the material, limiting the system’s efficiency. Therefore, this
factor was not considered in the study, leaving an area for future
research.

4.2 Apparatus and Techniques

Electrochemical analyses of capacitors designed from AE-AC
and AE-AC-doped Fe3O4 were performed using AUTOLAB
(PGSTAT128N, Nova version 2.1.5). BASi was used as a triple
cell stand. These two devices were manually connected. The
capacitor properties of the electrode prepared from AE-AC and
AE-AC-doped Fe3O4 were investigated using cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD), and electrochemi-
cal impedance spectroscopy (EIS) techniques. EIS measurements
were carried out in a 1 M H2SO4 electrolyte at a 10 mV AC
amplitude over a frequency range of 100 kHz to 0.1 Hz at open

circuit potential, under conditions where the supercapacitors
were fully discharged. All electrochemical analyses were carried
out in 1 M H2SO4 medium. Pt (MF-1032, BASi) and Ag/AgCl
(Ag/AgCl, 3 M KCl; MF 2056, BASi) were used as auxiliary and
reference electrodes, respectively. The supercapacitor electrode
was prepared usingAE-ACandAE-AC-dopedFe3O4, a conductiv-
ity enhancer (graphite), andmineral oil as a binder. The activated
carbon, graphite, and mineral oil were mixed in a 6:2:2 ratio to
form a paste, and the carbon paste was manually pressed into the
electrode (MF-2010, BASi). The specific capacitance values of the
supercapacitor prepared from AE-AC and AE-AC-doped Fe3O4
were calculated using the following equations for CV, GCD, and
ESI techniques, respectively [64];

𝐶s = 𝐴

2𝑟Δ𝑉𝑚
for CV (1)

𝐶s =
𝐼𝑡𝑑
Δ𝑉𝑚

for GCD (2)

𝐶s = 1

2𝜋𝑚 𝑓𝐼𝑚 (𝑍)
for EIS (3)

where A, r, Δ𝑉, m, td, I, f, and Im(Z) represent the electrode
area, potential scan rate, potential window, active mass of the
electrode material, discharge time, constant current, frequency,
and imaginary impedance, respectively.

In addition, the energy and power densities of the capacitor were
calculated using the data obtained with GCD using the following
equations [57].

𝐸𝑠
(
Wh kg

−1
)
=
Δ𝑉 × 𝐼 × 𝑡𝑐

2
for energy density (4)

𝑃𝑠
(
Wkg

−1
)
= 𝐸𝑠

𝑡𝑑
for power density (5)
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