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Abstract

The development of bio-derived composites represents a sustainable and cost-effective
strategy for advanced energy storage applications. In this work, a porous carbon/nickel
oxide (NiO) composite was synthesized from orange peel via carbonization at 500 °C
followed by KOH activation at 700 °C and subsequent hydrothermal NiO modifica-
tion. The resulting material exhibited a hierarchical porous structure with a high spe-
cific surface area (2120 m? g’1 for OP_500_700 and 1968 m? g’1 for NiO-modified
OP_500_700_0.1M), with both values being significantly higher than that of the non-
activated OP_500 (3.40-18.12 m? g’l). Electrochemical evaluation revealed that the NiO-
functionalized composite achieved a specific capacitance of 306.0 Fg~! at 5mV s~! and
281.5F g ! at2 A g1, surpassing the pristine activated carbon (281.9 Fg~! and 259.6 Fg~ !,
respectively). In addition, both electrodes demonstrated excellent cycling stability, retaining
more than 80% capacitance after 5000 charge—discharge cycles at a high current density of
20 A g’l, while the NiO-modified electrode further benefited from a self-activation effect
leading to >100% retention. These findings emphasize the synergistic effects of hierarchical
porosity and NiO pseudocapacitance, establishing orange peel-derived carbon/NiO com-
posites as scalable and sustainable electrode materials for next-generation supercapacitors.

Keywords: porous carbon; chemical activation; hydrothermal treatment; NiO-modified;
electrode material; supercapacitor; sustainable energy storage

1. Introduction

The growing global demand for sustainable and cost-effective energy storage solutions
is driving the development of low-cost, high-performance electrode materials for super-
capacitors. Traditionally, this demand has been met by fossil fuels; however, their limited
availability and associated environmental concerns necessitate the search for alternative
energy sources. In recent decades, increasing attention has been directed toward energy
storage devices with high power density, rapid charge-discharge capability, and long cycle
life. Among these, supercapacitors have emerged as promising candidates for applications
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such as energy recuperation in vehicles, owing to their ability to deliver substantially higher
power density compared to conventional batteries [1-5].

Despite these advantages, supercapacitors inherently store less energy than batteries,
which limits their applicability in scenarios requiring long-term power supply. To overcome
this drawback, hybrid systems that integrate supercapacitors with batteries have been
proposed, enabling the separation of energy and power functions, thereby enhancing
overall efficiency and extending the lifespan of energy storage systems (ESS) [6,7].

Biomass-derived porous carbon (PC) materials have attracted considerable attention
as sustainable electrode candidates owing to their low cost, abundance, renewability, and
facile processing. These materials combine excellent cycling stability, high power density,
and intrinsic safety with the environmental benefits of utilizing renewable resources [8-16].
Among various biomass precursors, orange peel (OP)—a widely available agricultural
byproduct—has emerged as a particularly promising source of porous carbon for superca-
pacitors. Activated carbon derived from OP offers a high specific surface area, hierarchical
porosity, and favorable electrochemical performance, thereby representing a cost-effective
and environmentally friendly alternative to conventional carbon materials [17-24].

Several studies have reported promising results for OP-derived porous carbon in
supercapacitor applications. For example, simple carbonization followed by minimal
chemical activation yielded a material with a specific capacitance of 226 Fg~! at 0.5 A g~!
and 98% capacitance retention after 10,000 cycles at 100 A g~! [19]. Nitrogen-doped
OP-derived carbon (PN-OPC) achieved a high surface area (1514 m? g’l) and specific
capacitance of 255 F g~! in alkaline electrolyte [20]. Furthermore, heteroatom-doped
carbons synthesized using basic copper carbonate as the activating agent exhibited a
surface area of 912.4 m? g~ ! and capacitance of 375.7 Fg~!at 1 A g~ ! [21].

Despite these advances, most studies on OP-derived porous carbon have primarily
focused on maximizing surface area or introducing heteroatoms through doping. In con-
trast, the rational design of hybrid carbon-metal oxide composites from biomass remains
relatively underexplored. Transition metal oxides, such as nickel oxide (NiO), are partic-
ularly attractive due to their pseudocapacitive behavior, rich redox activity, and ability
to enhance charge storage kinetics, suggesting strong potential for synergy when inte-
grated with porous carbon frameworks [25-30]. However, systematic investigations into
OP-derived carbon/NiO composites are still scarce, and the relationship between their
structural features and electrochemical performance has not been thoroughly established.

In this study, we report the preparation of a bio-derived porous carbon/NiO com-
posite synthesized from orange peel via KOH activation followed by hydrothermal NiO
deposition. The resulting material combines hierarchical porosity with pseudocapacitive
redox activity, delivering a high specific surface area of 2120 m? g~! along with superior
electrochemical performance. A comprehensive characterization approach, including SEM,
TEM, BET, XRD, Raman, FTIR, TGA, and electrochemical analyses, was employed to estab-
lish clear structure—property relationships. This work highlights a sustainable and scalable
strategy for designing high-performance supercapacitor electrodes based on renewable
biomass precursors.

2. Materials and Methods
2.1. Materials

Fresh orange peels were collected, washed thoroughly with deionized water, and
dried at 80 °C for 24 h. Potassium hydroxide (KOH, >85%, Sigma-Aldrich, St. Louis, MO,
USA) and nickel nitrate hexahydrate (Ni(NO3),:6H,0, >99%, Sigma-Aldrich, St. Louis,
MO, USA) were used as received without further purification. Deionized water was used
throughout all experiments.
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2.2. Preparation of Porous Carbon from Orange Peel

The dried orange peels were first carbonized at 500 °C for 2 h under a nitrogen
atmosphere with a heating rate of 5 °C min~! to obtain the primary carbon precursor
(denoted as OP_500). The carbonized material was then chemically activated using KOH
at a carbon-to-KOH mass ratio of 1:3. The mixture was heated to 700 °C at a rate of
5°C min~! and maintained for 1 h under nitrogen flow to produce the activated porous
carbon (denoted as OP_500_700). After cooling, the sample was washed repeatedly with
1 M HCl and deionized water until neutral pH, dried at 80 °C for 12 h, and stored in a
desiccator for further use.

2.3. NiO Deposition on Porous Carbon

NiO deposition was performed via a hydrothermal method. Typically, activated
porous carbon (OP_500_700) was dispersed in a 0.1 M Ni(NOs),-6H,O aqueous solution
and transferred into a 50 mL Teflon-lined stainless-steel autoclave. The autoclave was
heated to 180 °C and maintained for 12 h. After cooling to room temperature, the product
was collected, thoroughly washed with deionized water, and dried at 80 °C for 12 h. The
obtained NiO-modified porous carbon was denoted as OP_500_700_0.1M.

2.4. Characterization

The morphology of the synthesized carbons was examined by scanning electron
microscopy (SEM, JSM-6490LA, JEOL Ltd., Tokyo, Japan) and transmission electron mi-
croscopy (TEM, JEM-2100 PLUS, JEOL Ltd., Tokyo, Japan). Elemental composition was
analyzed by energy-dispersive X-ray spectroscopy (EDX, JEOL Ltd., Tokyo, Japan). The
specific surface area and pore size distribution were determined from N, adsorption—
desorption isotherms (TriStar II 3020, Micromeritics Instrument Corp., Norcross, GA, USA),
and the Brunauer-Emmett-Teller (BET) method was applied to calculate the surface area.
X-ray diffraction (XRD, X'Pert MPD PRO, Malvern Panalytical, Almelo, The Netherlands,
Cu Ko, A = 1.5406 A) was employed to identify crystalline phases. Raman spectroscopy
(SENTERRA 1I, Bruker Optik GmbH, Ettlingen, Germany, 532 nm excitation) was used
to assess graphitization degree and structural defects. Fourier-transform infrared (FTIR)
spectra were recorded with a Cary 630 spectrometer (Agilent Technologies, Santa Clara, CA,
USA) to identify functional groups. Thermal stability was evaluated by thermogravimetric
analysis (TGA 8000, PerkinElmer Inc., Waltham, MA, USA) under N, atmosphere.

2.5. Electrochemical Measurements
2.5.1. Preparation of Electrodes

Porous carbon electrodes (OP_500_700 and OP_500_700_0.1M) were prepared by
mixing the active material (75 wt%), polyvinylidene fluoride (PVDF, 15 wt%), and carbon
black (CB, 10 wt%). PVDF was dissolved in N-methyl-2-pyrrolidone (NMP, 5.3 mL per
gram of total solids), and the resulting slurry was stirred for 20 min to ensure homogeneity.

Titanium foil (current collector) was mechanically roughened with sandpaper to
improve adhesion. The slurry was uniformly coated onto a 1 x 2 cm? area of the foil
and dried at 120 °C for 12 h. In this study, the mass of the active material was 2.4 mg for
all samples.

A symmetric two-electrode cell was assembled using 6 M KOH aqueous solution as
the electrolyte and Whatman™ filter paper (Cat. No. 1001-110) as the separator. Electro-
chemical measurements were conducted on an Elins P-40X workstation equipped with an
FRA-24M module. Cyclic voltammetry (CV) was performed at scan rates of 5-160 mV s~ !,
and galvanostatic charge—discharge (GCD) tests were carried out at current densities of
01-2Ag L
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Electrochemical impedance spectroscopy (EIS) was conducted with a 5 mV sinusoidal
perturbation over a frequency range of 300 kHz to 10 mHz. Long-term cycling stability was
evaluated by repeated GCD measurements at 20 A g~ for 5000 cycles.

2.5.2. Calculation of Specific Capacitance

The specific capacitance (Cs) obtained from cyclic voltammetry (CV) curves was
calculated according to Equation (1):

A
C= 2mvAV

)

where A is the integrated area under the CV curve (C); m is the mass of active material in a
single electrode (g), which corresponds to 75 wt% of the electrode mixture; v is the scan
rate (Vs~1); and AV is the applied potential window (V).

Additionally, the specific capacitance was determined from galvanostatic charge-
discharge (GCD) curves using Equation (2):

21 x t

T X (Vo V) @

where [ is the discharge current (A), t is the discharge time (s), m is the mass of active
material in a single electrode (g), and V, — V; denotes the potential window (V).

3. Results and Discussion

SEM images (Figure 1) clearly demonstrate the morphological evolution of orange
peel-derived carbons. The carbonized sample (OP_500) exhibited a relatively compact
structure, while KOH activation at 700 °C (OP_500_700) generated a well-developed
porous network. Subsequent NiO modification (OP_500_700_0.1M) introduced uniformly
distributed nanoparticles on the carbon surface.

Figure 1. SEM images of orange peel-derived carbons: (a) OP_500, (b) OP_500_700, and
(c) OP_500_700_0.1M.

EDX analysis (Figure 2) revealed an increase in carbon content from 80.32 wt%
in OP_500 to 88.12 wt% in OP_500_700 after activation. In the NiO-modified sample
(OP_500_700_0.1M), 2.95 wt% Ni and 0.79 wt% Fe were detected, confirming successful
metal incorporation.

TEM images (Figure 3) reveal the structural evolution of the samples. OP_500 exhibits
an amorphous carbon framework with low porosity and disordered regions, representing
the initial stage of carbon formation. After KOH activation, OP_500_700 develops a highly
porous network, while in OP_500_700_0.1M, NiO nanoparticles are uniformly distributed
within the porous carbon matrix.
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Figure 2. EDX spectra of (a) OP_500, (b) OP_500_700, and (c) OP_500_700_0.1M.

(a) (b) (9)
Figure 3. TEM images of (a) OP_500, (b) OP_500_700, and (c) OP_500_700_0.1M.

Figure 3a presents the morphology of OP_500 obtained by carbonization at 500 °C,
showing an amorphous carbon structure with low porosity and disordered regions, corre-
sponding to the initial stage of carbon framework formation.

Figure 3b shows the OP_500_700 sample after KOH activation at 700 °C, revealing a
well-developed porous structure with thin walls and a randomly arranged carbon matrix.
The activation process significantly improves the textural features, resulting in a high-
surface-area carbon network.

Figure 3c presents the NiO-modified OP_500_700_0.1M sample, where darker, uni-
formly distributed regions correspond to NiO nanoparticles embedded within the carbon
matrix. Their presence confirms the successful incorporation of NiO, expected to enhance
electrochemical performance through the synergistic effect between conductive carbon and
electroactive nickel oxide [24-27,31].

In addition to the TEM micrographs, the selected area electron diffraction (SAED)
pattern of the OP_500_700_0.1M sample (inset of Figure 3c) shows distinct concentric rings,
confirming the crystalline nature of the NiO nanoparticles. The visible diffraction rings
indicate the presence of ordered NiO domains embedded within the amorphous carbon
matrix. This structural feature demonstrates the successful incorporation of NiO into the
porous carbon framework and provides further evidence of its potential contribution to
enhanced electrochemical activity.

Figure 4 shows the nitrogen adsorption—-desorption isotherms and corresponding pore
size distribution curves of the orange peel-derived carbons at different stages of thermal
and chemical treatment.

According to the IUPAC classification, the N, adsorption—-desorption isotherm of
OP_500 corresponds to Type I, indicating a predominantly microporous structure. In
contrast, OP_500_700 and OP_500_700_0.1M exhibit Type IV isotherms with H3-type
hysteresis loops, suggesting the coexistence of micro- and mesopores. This observation
is consistent with the pore size distribution curves shown in Figure 4b,c. The micropores
mainly contribute to the high surface area and charge storage capacity, while the mesopores
facilitate electrolyte ion diffusion, which is beneficial for the electrochemical performance
of the electrodes.
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Figure 4. BET analysis of the samples: (a) N, adsorption-desorption isotherms, (b) cumulative pore
volume as a function of pore width, and (c) pore size distribution curves.

Figure 5 shows the FTIR spectra of the processed samples, displaying characteristic
absorption bands of functional groups formed during thermal and chemical treatments.
A broad band at ~3400 cm~! corresponds to O-H stretching vibrations, indicating hy-
droxyl groups [32]. The peak near 1700 cm~! is assigned to C=0 stretching of carbonyl
groups [33], while the bands in the 1000-1200 cm ! region are attributed to C-O stretching
vibrations [34].
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Figure 5. FTIR spectra of orange peel-derived carbons: OP_500, OP_500_700, and OP_500_700_0.1M.

The comparison among OP_500, OP_500_700, and OP_500_700_0.1M samples re-
veals noticeable changes in the intensity and shape of the FTIR bands, indicating surface
modifications induced by thermal and chemical treatments.

As shown in Figure 6, the XRD pattern of OP_500 exhibits a broad hump in the
26 range of ~20-30°, characteristic of amorphous carbon with limited long-range order,
suggesting a disordered graphitic-like framework. In OP_500_700, a weak diffraction peak
emerges at ~44.9°, corresponding to the (100) plane of graphitic carbon. The absence of
sharp reflections confirms the low crystallinity typical of activated carbons, where KOH
activation simultaneously promotes structural disorder and pore development.

In contrast, OP_500_700_0.1M displays distinct diffraction peaks at 26 ~ 28.4°, 47.2°,
56.1°, 69.0°, 76.0°, and 88.0°, which can be indexed to cubic NiO (JCPDS card No. 47-1049).
Slight deviations in peak positions and relative intensities suggest the possible coexistence
of nickel-containing intermediate phases, such as Ni(OH), or NiOOH, formed during the
hydrothermal treatment with Ni(NOj3),-6H,O. The incorporation of these nickel-based
species is expected to enhance the electrochemical performance by providing additional
redox-active sites and improving electrical conductivity, thereby making the composite a
promising electrode material for supercapacitors.
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Figure 6. XRD results of samples.

Figure 7 presents the Raman spectra of OP_500, OP_500_700, and OP_500_700_0.1M.
All spectra exhibit two characteristic bands at ~1350 cm~! (D band) and ~1580 cm ! (G
band), typical of carbon-based materials. The D band is associated with structural defects
and disordered carbon, whereas the G band corresponds to the in-plane vibration of sp?-
hybridized carbon atoms in graphitic domains. The intensity ratio (I_G/I_D) is commonly
employed to assess the degree of graphitization in carbons [35]. A higher I_G/I_D value
reflects improved graphitic ordering (fewer defects), whereas a lower ratio indicates greater
disorder and amorphous character.
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Figure 7. Raman spectra of orange peel-derived carbons: (a) OP_500; (b) OP_500_700;
(c) OP_500_700_0.1M.
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In this study, the OP_500 sample exhibits a very low I_G/I_D ratio of 0.18, confirming
its highly disordered carbon framework. After KOH activation at 700 °C (OP_500_700), the
ratio markedly increases to 0.90, indicating a significant improvement in graphitic ordering.
However, upon NiO incorporation (OP_500_700_0.1M), the I_G/I_D ratio decreases to 0.37,
suggesting the reintroduction of structural defects, most likely caused by the deposition of
NiO nanoparticles and their interactions with the carbon matrix.

Overall, the Raman analysis confirms that thermal activation at 700 °C markedly en-
hances the degree of graphitization, whereas NiO functionalization reintroduces structural
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disorder into the carbon framework. To further assess the physicochemical properties, the
thermal stability of OP-derived carbons was investigated by thermogravimetric analysis
(TGA) under a nitrogen atmosphere (Figure 8).

100

[——oP_500_700_0.1M
—— OP_500_700
OP_500

0 200 400 600 800 1000
Temperature,°C

Figure 8. TGA results of samples: OP_500; OP_500_700; OP_500_700_0.1M.

For all samples, a minor weight loss below 150 °C was observed, which can be
attributed to the evaporation of physically adsorbed water. A more pronounced weight
loss occurred in the range of 200—400 °C, mainly due to the decomposition of oxygen-
containing functional groups and volatile organic species from the biomass precursor. The
OP_500 sample showed continuous degradation with increasing temperature and retained
only ~45 wt% residue at 1000 °C, reflecting the instability of its carbon framework. In
contrast, OP_500_700 exhibited enhanced stability, leaving ~87 wt% of the initial mass as
a result of the more ordered and robust structure formed during KOH activation. The
OP_500_700_0.1M composite maintained ~82 wt% residue, which is higher than OP_500 but
slightly lower than OP_500_700. This suggests that NiO nanoparticles improve the thermal
robustness of the carbon matrix while also contributing additional inorganic residue at
elevated temperatures.

Overall, these findings highlight the pivotal role of KOH activation and NiO incorpora-
tion in enhancing the thermal stability of orange peel-derived carbons, thereby reinforcing
their potential as durable electrode materials for supercapacitors.

To further assess the electrochemical benefits of NiO incorporation, cyclic voltammetry
(CV) and galvanostatic charge—discharge (GCD) measurements were performed on sym-
metric supercapacitor cells assembled with OP_500_700 and OP_500_700_0.1M electrodes
(Figure 9a,b). For all capacitance calculations, the active material mass was fixed at 2.4 mg
per electrode, ensuring methodological consistency and enabling a reliable comparison
between the two electrode materials.

Both electrodes exhibited nearly rectangular CV profiles, characteristic of electric
double-layer capacitance behavior and indicative of good electrochemical reversibility.
The OP_500_700 electrode delivered a specific capacitance of 281.9 F g~!, whereas the
NiO-modified OP_500_700_0.1M electrode achieved an enhanced value of 306.0 F g~! at 5
mV s~ 1. Galvanostatic charge-discharge (GCD) tests further supported the CV findings
(Figure 9¢,d). The pristine OP_500_700 displayed nearly ideal triangular GCD profiles,
while OP_500_700_0.1M exhibited minor deviations attributable to the pseudocapacitive
contribution of NiO. At 100 mA g~!, the specific capacitance increased from 260.6 F g~
(OP_500_700) to 296.4 F g_1 (OP_500_700_0.1M). Both electrodes also showed excellent
rate capability, with capacitance retention of 79.3% and 80.4% at 20 A g~! for OP_500_700
and OP_500_700_0.1M, respectively.
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Electrochemical impedance spectroscopy (EIS) further confirmed the beneficial effect
of NiO incorporation. As shown in Figure 10b, the charge-transfer resistance (Rct) decreased
significantly from ~40 mQ) for OP_500_700 to ~10 m(2 for OP_500_700_0.1M, demonstrating
improved ion diffusion and charge transport kinetics. Long-term cycling stability tests
(Figure 10c) revealed that OP_500_700_0.1M retained 110.7% of its initial capacitance after
5000 cycles, compared to 81.7% for OP_500_700, while maintaining nearly 100% Coulombic
efficiency (Figure 10d).
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Figure 9. Electrochemical performance of the electrodes: (a) CV curves of OP_500_700 at various
scan rates; (b) CV curves of OP_500_700_0.1M at various scan rates; (¢) GCD curves of OP_500_700 at
different current densities; (d) GCD curves of OP_500_700_0.1M at different current densities.

The capacitance retention exceeding 100% is attributed to a self-activation effect, in
which gradual pore opening and improved electrode—electrolyte wettability during pro-
longed cycling enhance the accessible surface area. Moreover, the NiO-modified electrode
consistently exhibited higher energy efficiency than the pristine one across the entire cur-
rent density range, with the maximum value exceeding 80% (Figure 10e). These findings
highlight that NiO incorporation not only enhances charge storage but also improves
reversibility and long-term durability of the carbon electrodes.

For the pouch-cell prototypes, double-sided coated electrodes were employed. The
OP_500_700 and OP_500_700_0.1M samples were used as active materials, while the slurry
composition, separator, and electrolyte were kept identical to those used in the coin-cell
tests. Each electrode had an active area of 24 cm?, and the prototypes were assembled by
stacking ten electrodes with alternating current collectors (Figure 11a). The capacitance
performance of the pouch cells at different current densities is shown in Figure 11b.
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Figure 10. Electrochemical performance of the electrodes: (a) specific capacitance of OP_500_700 and
OP_500_700_0.1M derived from GCD curves at various current densities; (b) Nyquist plots from EIS
measurements highlighting charge-transfer resistance; (c) cycling stability over 5000 charge—discharge

cycles at 20 A g~1; (d) Coulombic efficiency during cycling; (e) energy efficiency as a function of
current density.
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Figure 11. (a) Photograph of the pouch-cell supercapacitor prototype; (b) capacitance performance of
the prototypes at various current densities.

Pouch-cell prototypes with OP_500_700 and OP_500_700_0.1M electrodes demon-
strated promising scalability, delivering capacitances of 38 F and 55 F at 1 mA-cm 2

4
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respectively, and were able to successfully power a 2.5 V LED for approximately 12 min
(Figures 11 and 12).

Figure 12. Testing the performance of supercapacitor prototypes.

To place our results in a broader context, the electrochemical performance of the
synthesized electrodes was benchmarked against that of recently reported biomass-derived
carbons and NiO-based composites. The comparative data are summarized in Table 1.

Table 1. Comparison of the electrochemical performance of this work with reported biomass-derived
carbons and NiO-based composites.

Specific Capacitance

NO. Material SSA (m? g1 (Fg 1) Retention (Cycles) Reference
Orange-peel-derived 1.
1 activated carbon up to 2521 421(1); a’; ?iA (_‘;1 ! >100% after 5000 [36]
(KOH, optimized) a &
KOH-activated wood/ 178-187 (depending on ~93% after 10,000
2 pinecone carbons up to 3500 sample) at 0.5 A g~ at3A-g ! 371
. . . up to ~800 (depending . .
3 NiO-CNT composites on synthesis conditions) High stability [38]
NiO/AC 50/50% 1 ~90% after 4000
4 (commercial AC) 1167 325atlAg at5 mA- g_1 [3]
5 WS-dAC/NiO-0.005 2200 279 at0.5 A g*1 not reported [40]
291 at05 A gfl,‘ ~111% after 5000 at .
6 OP_500_700_0.1M 1968 306at1A g1 20 Ag~! This study

The comparative results confirm that the OP_500_700_0.1M electrode is highly compet-
itive, frequently outperforming reported biomass-derived carbons and hybrid composites
while offering the advantages of low-cost and scalable synthesis from agricultural waste.
Electrochemical measurements further emphasize the role of NiO in enhancing capacitance:
OP_500_700_0.1M achieved 281.5 F g~ compared to 259.6 F g~! for OP_500_700 at2 A g~ !,
with the 21.9 F g~ improvement (~8.4%) attributed to the pseudocapacitive contribution
of NiO. This clearly demonstrates the synergistic interaction between the porous carbon
framework, providing electric double-layer storage, and NiO nanoparticles, contributing
faradaic charge storage. Although XPS analysis before and after cycling could provide
additional evidence of NiO stability, the combined BET, XRD, Raman, TGA, FTIR, and
electrochemical results consistently confirm the structural integrity and improved perfor-
mance of the NiO-modified porous carbon, underlining its strong potential for advanced
composite electrode design.
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4. Conclusions

Porous carbon derived from orange peel was successfully synthesized and opti-
mized as a high-performance electrode material for supercapacitors. KOH activation
at 700 °C produced a hierarchical porous carbon with a high specific surface area
(2120 m? g~ for OP_500_700), while subsequent NiO functionalization yielded the compos-
ite OP_500_700_0.1M, which retained a comparable SSA (1968 m?2 g’l) and introduced an
additional pseudocapacitive contribution. The NiO-modified electrode (OP_500_700_0.1M)
delivered a high specific capacitance of 306.0 F g~!, exhibited excellent rate capability,
and demonstrated outstanding cycling stability with 110.7% capacitance retention after
5000 cycles. The retention exceeding 100% is attributed to a self-activation effect, where
gradual pore opening and improved electrolyte accessibility enhance charge storage during
prolonged cycling. Moreover, pouch-cell prototypes validated both the scalability and
practical feasibility of the developed materials.

Opverall, this study highlights a sustainable and cost-effective approach to transforming
agricultural waste into advanced electrode materials, offering strong potential for next-
generation energy storage applications.
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