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Abstract: This study reports the synthesis of a nanohybrid
material composed of poly(2-methylaniline) (P(2MA)) and
iron oxide (Fe,05) as electrodes for supercapacitors using a
simple and cost-effective method. Various characterization
techniques were employed to analyze the samples. The
results revealed that the Fe,05/P(2MA) nanohybrid exhibits
nanofiber structures, while pure P(2MA) displays a porous
hollow sphere morphology. Furthermore, the analysis con-
firmed the effective dispersion of Fe,05; nanoparticles within
the polymer matrix. The electrochemical properties of the
Fe,05/P(2MA) nanohybrid were found to surpass those of
pure P(2MA) in both NaCl and HCI electrolytes. Notably, the
nanohybrid demonstrated longer discharge times and higher
oxidation/reduction currents in HCl than NaCl. The gravi-
metric and areal capacitances were measured at 9984 F g™
and 1497.6mFcm™ in 0.5M HCl at a current density of
0.6 Ag™ Furthermore, the nanohybrid retained 99.9% of its
initial specific capacitance after 2,000 cycles. These findings
underscore the significant potential of the Fe,03/P(2MA)
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1 Introduction

Currently, electrochemical supercapacitors (ECs) have a
wide range of modern applications [1-3]. Supercapacitors
can be categorized into electric double-layer capacitors
(EDLCs) and pseudocapacitors (PCs) based on the different
electrochemical energy storage mechanisms they employ
[4,5]. EDLCs utilize carbon-based materials such as gra-
phene and activated carbon as electrodes, enabling rever-
sible adsorption and desorption of ions at the electrode—
electrolyte interface [6,7]. The charge storage primarily
occurs within the electric double layer formed at this
interface. The high specific surface area, good electrical con-
ductivity, and mechanical stability of carbon-based EDLC
materials have attracted significant research interest [8,9].
However, these materials often suffer from high internal
resistance and relatively low capacitance, which restricts
their broader application [10]. PCs store energy through quick
and reversible Faradaic interactions at the surface of active
electrodes. Conducting polymers (CPs) have been extensively
studied as potential materials for PCs, including polypyrrole
(PPy), polyindole, poly(3,4-ethylenedioxythiophene), polyani-
line (PANI), and poly(2-methyl aniline) (P(2MA)) [11,12-18].
However, CPs often suffer from cycling instability due to
the swelling and shrinking of the polymeric chains during
the charging—discharging process [19]. Metal oxides (MOs)
and metal sulfides investigated as supercapacitor electrodes
include CoS, PbS, RuO,, NiO, Al,05, TiO,, MnO,, Mn30,4, and
V05 [19-23]. Although MOs offer specific energy and capaci-
tance advantages, they suffer from low conductivity and are
prone to easy agglomeration during interactions [24]. Many
researchers have investigated blending conductive polymers

8 Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/ntrev-2025-0189
mailto:m.kabatas@tudelft.nl
mailto:m.a.basyooni@gmail.com

2 =—— Ashour M. Ahmed et al.

with MOs to address these limitations. The combination of
CPs/MOs is promising for improving electrical conductivity
and enabling fast, reversible redox reactions with enhanced
specific capacitance [25,26]. In this context, Fathy et al used
cobalt nickel oxide combined with poly(m-toluidine) as an
electrode material to enhance supercapacitor performance
[27]. Bathula et al reported that poly(3-dodecylthiophene)-
wrapped cobalt oxide (P3DDT-Co30,) exhibited a specific
capacitance of 294F g, substantially higher than that of
pristine Co;0, (174 F g™) at a current density of 1A g™ [28].
Chenyang et al described 3D-structured NiCo,0,-PANI
nanosheets as a standing electrode for supercapacitors, deli-
vering a higher specific capacitance than NiCo,0, alone [29].
Additionally, Merlin et al. presented Ag,WO, and an Ag,WO,/
PANI nanocomposite as supercapacitor electrodes, with the
Ag,WO,/PANI nanocomposite showing about five times the
capacitance of Ag,WO, alone [30]. In these works, the capa-
citance remains relatively low and requires further improve-
ments for better supercapacitor performance.

On the other hand, P(2MA) is a promising CP derived
from the monomer m-toluidine through oxidative polymeri-
zation. It belongs to the polyaniline family and shares many
similar properties. Notably, P(2MA) exhibits electrical conduc-
tivity due to the delocalization of electrons along its polymer
chain, facilitating the flow of electric charge. The electron-
donating methyl group on its phenyl ring lowers resistance
and enhances capacitance [31]. Moreover, these methyl
groups contribute additional electrons, increasing the surface
area of the electroactive sites, enhancing polymer stability,
and accelerating the charging and discharging processes
[32,33]. P(2MA) also demonstrates advantageous characteris-
tics such as high stability, resistance to oxidation, reversible
redox reactions, intense absorption in the visible region, and
mechanical flexibility. These attributes make P(2MA) suitable
for diverse applications, including optoelectronic systems,
electrochemical devices, hydrogen generation, sensors, and
conductive coatings [27,31,32,34,35]. However, despite its pro-
mising qualities, its potential as an energy storage electrode
for supercapacitors remains underexplored.

Iron oxide (Fe,03) nanoparticles have gained considerable
attention for their potential in supercapacitors, fuel cells, elec-
tronic devices, and photocatalysis [36]. Iron oxide offers
notable advantages such as cost-effectiveness, abundant avail-
ahility, and environmental friendliness [37,38]. Its suitability for
supercapacitor electrodes is attributed to its high theoretical
capacity and the ability to exist in multiple oxidation states.
Vittaya et al developed flower-shaped Fe,0; nanomaterials
as supercapacitor electrodes, achieving a capacitance of
21849F g at 1A g™ [39]. Wang et al. fabricated trigonal a-
Fe,03 structures via high-temperature thermal decomposition,
resulting in a specific capacitance of 1493F g™ at 1A g™ [40].
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Saxena et al. synthesized Fe,03; nanocubes with a specific capa-
citance of 288F g at 1A g™ [41]. Similarly, Surender et al
examined Fe,O; nanomaterials as supercapacitor electrodes,
achieving a capacitance of approximately 123Fg™” at 1Ag™
[42]. Nevertheless, Fe,03 exhibits drawbacks, including poor
Coulombic efficiency and rapid capacity decay during charge—
discharge cycles [43,44]. Its limited electrical conductivity and
moderate specific capacitance have also restricted its broader
adoption in supercapacitor technologies.

It is expected that incorporating Fe,03 into the P(2MA)
matrix to form a Fe,03/P(2MA) nanohybrid will effectively
address the limitations of both materials for supercapa-
citor applications. This integration enhances the contact
between the nanohybrid and the current collector,
improving overall electrical conductivity [45,46]. Addition-
ally, it expands the surface area available for the reversible
redox faradaic reactions. The synergistic effects of the
Fe,05/P(2MA) nanohybrid result in several benefits, such
as facilitating more effective charge transfer and increased
stability over longer-term operations.

Most researchers initially synthesized MO nanoparticles
and then incorporated them into polymer chains during poly-
merization to fabricate nanocomposites [27,47,48]. This study
uses a one-pot photopolymerization approach to develop
Fe,05/P(2MA) nanohyhbrids for supercapacitor applications. A
key innovation lies in combining photopolymerization with
chemical oxidative polymerization, enabling efficient, control-
lable synthesis. In this method, FeCl; serves a dual role as the
oxidizing agent and the precursor for in situ Fe,0; nanoparticle
formation, facilitating the direct construction of a nanofibrous
Fe,05/P(2MA) nanohybrid. P(2MA), as an alternative to the
widely studied polyaniline, takes advantage of its high electrical
conductivity, thermal stability, and ease of processing. The
resulting nanohybrid features uniform Fe,0; dispersion and
strong polymer—oxide interfacial bonding, forming a porous,
high-surface-area architecture that improves ion diffusion and
charge transport. This synergistic structure significantly boosts
specific capacitance and cycling stability. Additionally, the
single-step, cost-effective, and environmentally friendly method
eliminates the need for separate oxidants and reduces fabrica-
tion complexity compared to traditional multi-step procedures.

The characteristics of both pure P(2MA) and Fe,04f
P(2MA) nanohybrids were analyzed using several character-
ization techniques, including X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and
UV spectroscopy. The electrochemical performance of the
nanohybrid electrode was evaluated using different aqueous
electrolytes, specifically NaCl and HCL After 2,000 charge/dis-
charge cycles, the Fe,03/P(2MA) nanohybrid exhibited high
stability in HC electrolytes.
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2 Experimental section

2.1 Synthesis of the P(2MA) nanopowder

The pure P(2MA) nanopowder was synthesized using the
photopolymerization method. Initially, a solution of 0.12 M
m-toluidine (C¢H4,CH3NH,) and 0.5 M acetic acid (CH;COOH)
was stirred, while a separate solution of 0.12 M potassium
persulfate (KPS) dissolved in 0.5M CH3COOH acted as the
oxidizing agent. The two solutions were then combined
and stirred for 2 h. Next, the resulting mixture was exposed
to UV light for 15 h to ensure complete polymerization. The
mixture was filtered to obtain the pure P(2MA) nano-
powder and was finally dried at 70°C.

2.2 Synthesis of the Fe,03/P(2MA)
nanohybrid

The synthesis of the Fe,05/P(2MA) nanohybrid followed a
slightly different procedure. Initially, 0.12 M m-toluidine
was dissolved in 0.5M acetic acid to create a solution.
Simultaneously, another solution was prepared, containing
0.12M iron chloride hexahydrate (FeCl;.6H,0) and 0.5M
acetic acid. Equimolar concentrations of 0.12M FeCls-6 H,0
and 0.12M m-toluidine were intentionally selected to
balance the redox capacity of Fe,05 with the electrical con-
ductivity of P(2MA). An excessive amount of Fe,03 can
hinder electron transport and promote nanoparticle aggre-
gation, while an overabundance of the polymer may dilute
redox-active sites and reduce overall capacitance [11,22]. This
equimolar ratio thus represents a near-optimal compromise,
resulting in high specific capacitance and excellent cycling
stability. These two solutions were then mixed for 2 h. Sub-
sequently, the combined solutions were exposed to UV light
for 15 h. Finally, the mixture was filtered, purified, and dried
overnight at 70°C to obtain the Fe,05/P(2MA) nanohybrid.
Based on the initial molar concentrations and accounting
for Fe,0; formation (0.06 mol x 159.69 g/mol = 9.58 g) and
polymer yield (=12.86 g), the final mass ratio of Fe,0; was
approximately 43 wt% of the nanchybrid.

2.3 Characterization of the synthesized
nanostructures

Characterization of the synthesized nanostructures involved
several techniques to assess their properties. The morpholo-
gical features were observed using an SEM (Axioskop 40 POL,
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Zeiss) and a transmission electron microscope (TEM, JOEL
JEM-2010). The compositional structure properties of both
the pure P(2MA) nanopowder and the Fe,03/P(2MA) nanohy-
brid were analyzed using X-ray diffraction (XRD, Philips
X’Pert Pro MRD) and Fourier-transform infrared spectroscopy
(FTIR, Bruker Vertex 70). A UV-Vis spectrophotometer
(Lambda 950, Perkin Elmer) was employed to investigate
the optical characteristics. Furthermore, XPS (Axis Ultra
DLD) was performed to evaluate the elemental state of the
nanostructures.

2.4 Supercapacitor design

To create a well-mixed catalyst ink, 250 pg of active nano-
powder material (P(2MA) or Fe,03/P(2MA)) and 25 ug of
graphite nanopowder were combined with 0.350 mL of
ethanol and 0.050 mL of Nafion. The resulting mixture
was then vigorously shaken in a sealed bottle for 1 day to
ensure thorough homogenization. Collectors currently
employ two gold (Au) sheets. Au was selected for its high
electrical conductivity and chemical stability, ensuring no
reaction with the electrolytes. The current collector played
a vital role in a supercapacitor by facilitating efficient elec-
tron transfer between the external circuit and electrode
materials during the charge and discharge processes [49].
It ensures uniform current distribution across the elec-
trode surface.

Additionally, it provides mechanical support to the
electrode materials and aids in dissipating heat generated
during operation. Approximately 56.0 uL of the homoge-
neous slurry was carefully applied to etch the Au sheets
(1cm?). Two pieces of filter paper were immersed in sepa-
rate solutions overnight. One piece was soaked in a 0.5 M
sodium chloride (NaCl) electrolyte, while the other was
submerged in a 0.5M hydrochloric acid (HCI) electrolyte.
A strip of electrolyte-soaked filter paper was inserted
between the two newly constructed electrodes to design
the supercapacitor device.

2.5 Electrochemical description

Various electrochemical tests were conducted using an
electrochemical workstation (CHI 660E; CH Instruments,
China) to evaluate the performance of the pure P(2MA)
and Fe,03/P(2MA) nanohybrid. Galvanostatic charge/dis-
charge (GCD) measurements were performed at different
current densities in different aqueous electrolyte solutions.
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Cyclic voltammetry (CV) experiments were conducted at
various scan rates within a voltage window ranging from
0tolV.

3 Results and discussion

3.1 Morphological and structural section

SEM was employed to analyze the morphological features
of both pure P(2MA) and the Fe,03/P(2MA) nanohybrid, as
shown in Figure 1. The SEM image (Figure 1a) revealed that
pure P(2MA) exhibited spherical shapes with hollow
interior structures. The surfaces of these hollow spheres
were open and featured small holes. Similar structures
have been observed in previous studies for polymers
such as poly(o-toluidine) and polyaniline when KPS or
ammonium persulfate were used as oxidants [50,51].
Figure S1 clearly illustrates these hollow spheres with sur-
face holes. The hole sizes ranged from 0.2 to 0.35 um, while
the hollow sphere diameters ranged from 0.5 to 0.9 pm. The
hollow interior in these spheres allows solutions to pene-
trate inside. The morphology of porous hollow sphere
nanoparticles is helpful for various applications where
solution infiltration or encapsulation is desired.

SEM micrographs of the Fe,;03/P(2MA) nanohybrid
(Figure 1b) illustrate the formation of a spongy and
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irregularly accumulated structure of nanofibers. This
structure indicates an improved attachment of Fe,O3 to
the P(2MA) chain. The corresponding microstructure exhi-
bits highly desirable characteristics for energy storage sys-
tems [52]. The presence of aggregated porosity areas
enhances electrical conductivity because when a material
has aggregated porosity, a network of interconnected pores
is formed. This arrangement can significantly improve
electrical conductivity by providing several channels for
electron transport [53-57]. Nanofiber-based materials
reduce the ion diffusion pathway, enabling faster ion inter-
calation kinetics [58]. The high surface area of the spongy
structure helps decrease charge-transfer resistance at the
electrode/electrolyte interface [59,60].

The transition from KPS to FeCl; plays a critical role in
driving the morphological shift from hollow spheres in
pure P(2MA) to spongy nanofibers in Fe,03/P(2MA) during
photopolymerization [61]. This transformation is multifac-
torial and complex. In pure P(2MA) synthesis, KPS func-
tions solely as a source of sulfate radicals that initiate the
polymerization process, without exerting significant tem-
plating or structural influence. However, since 2MA dis-
solves in acid, some monomer droplets are dispersed
across the surface, and their oxidation in the presence of
KPS leads to the formation of hollow spheres via the water-
in-oil method [50,51,62]. In contrast, FeCl; in the Fe,0s/
P(2MA) nanohybrid serves a dual function: it acts as an
oxidizing agent and a precursor for the in situ generation

Figure 1: SEM images of (a) pure P(2MA), (b) Fe,03/P(2MA) nanohybrid, (c) TEM micrograph, and (d) SAED of Fe,03/P(2MA).
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of Fe,03 nanoparticles [63]. These photochemically gener-
ated nanoparticles serve as coordination-templating sites
that guide polymer growth into one-dimensional fibers
through strong polymer—nanoparticle interactions [64].
The simultaneous formation of the polymer and MO phases
creates a dynamic reaction environment fundamentally
distinct from the pure polymer system. Changes in solvent
polarity, viscosity, ionic strength, and pH induced by FeCls
influence polymer chain behavior, modifying the propaga-
tion mechanism during growth and altering the poly-
merization kinetics. This favors linear propagation and
suppresses the cross-linking processes that typically lead
to the formation of closed hollow spheres. Additionally,
introducing Fe* ions facilitates the formation of coordina-
tion complexes with the amine groups in the monomer
[65]. Therefore, the observed morphological transition is
likely the result of a synergistic interplay among the
oxidizing agent, nanoparticle formation, and polymer—-MO
interactions, rather than the effect of the oxidizing agent
alone [66].

The TEM morphology of the nanohybrid is presented
in Figure 1c. The TEM image reveals nanofibers of the
nanohybrid at the edges, as indicated by the red circle.
The darkish area corresponds to Fe,03 nanoparticles, while
the gray-colored regions represent the P(2MA) particles.
Figure 1(d) presents the selected area electron diffraction
(SAED) distribution of the nanohybrid, confirming the pre-
sence of polycrystalline structures. The diffraction rings
observed in the SAED pattern align closely with the crystal-
line planes of the Fe,03/P(2MA) nanohybrid, specifically
corresponding to the (012) plane for Fe,0O; and the [67]
plane for P(2MA). This correlation is consistent with the
XRD results presented in Figure 2 and previous results [5].
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3.2 XRD properties

Figure 2 presents the results of the XRD test conducted to
examine the crystal structure of the pure P(2MA) and the
Fe,05/P(2MA) nanohybrid. For the pure P(2MA), the diffrac-
tion peaks at 260 = 14° and 25° correspond to the parallel and
perpendicular periodicities of the polymer backbone,
respectively, as depicted in Figure 2(a) [68,69]. The broad
peaks in the polymer structure indicate its semi-crystalline
nature [68]. The XRD pattern of the Fe,03/P(2MA) nanohy-
brid, shown in Figure 2(b), confirms the presence of crys-
talline Fe,03. A series of well-defined diffraction peaks
appear at 26 = 23.8°, 31.0°, 42.0°, 61.5°, 65.7°, 70.6°, and
77.1°. These peaks are indexed to the (012), (1040, (113),
(214), (300), (028), and (220) planes, respectively, and are
consistent with the standard patterns listed in JCPDS card
numbers 86-0550 and 33-0664 [70,71]. These planes are
characteristic of Fe,0; and confirm its successful incor-
poration into the nanohybrid. Additionally, the P(2MA)
component, being largely semi-crystalline, does not contri-
bute sharp peaks but may contribute a broad hump
around 20°-25°, which is typical of CPs. The retention of
sharp Fe,03 peaks indicates that the polymer matrix does
not disrupt the crystalline structure of the MO, allowing for
effective nanohybrid formation with preserved crystalli-
nity. Figure S2 provides the standard XRD patterns for
Card No. JCPDS 86-0550 of Fe,0s.

To calculate the crystallite size (CS), the Scherrer equa-
tion was utilized as follows:

CS = (0.94)/(B cos 0), @

where A represents the X-ray wavelength (CuKa =
0.15405 nm), 0 is the Bragg’s angle, and f is the full width

(2) e P(2MA)

Intensity (a.u)

4‘0 60 80
2 O (degree)

(012)

(b) — Fe,0,/P(2MA)

Intensity (a.u)

2'0 4'0 6‘0 80
2 O (degree)

Figure 2: (a) XRD patterns of P(2MA) and (b) the Fe,05/P(2MA) nanohybrid.
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at half-maximum [72]. The calculated CS was 3.55nm for
F6203/P(2MA)

3.3 FTIR analysis

Figure 3 illustrates the distinctive bands obtained from the
FTIR analysis of pure P(2MA) and the Fe,03/P(2MA) nano-
hybrid. In pure P(2MA), a broad band at 3,423 cm™ corre-
sponds to the stretching vibration of the (-NH-) group. The
quinoid ring of pure P(2MA) displays a band at 2,937 cm %,
which indicates C-H stretching vibrations and reflects the
polymer’s conjugation nature. Additionally, the band at
1,107 cm™ is associated with in-plane C-H bending vibra-
tions [73]. The band at 1,633cm™ is attributed to C=C
stretching vibrations within the conjugated system. C-N
stretching vibrations of the benzenoid ring are observed
at 1,368 cm ™, while the band at 833 cm™ is contributed by
the methyl group attached to the phenyl ring.

The Fe,05/P(2MA) nanchybrid FTIR spectrum reveals
characteristic vibrational bands that confirm the suc-
cessful incorporation of Fe,03 into the polymer matrix. A
broad band at 3,222 cm ™ is attributed to the N-H stretching
vibration of the amine group in P(2MA), which is slightly
shifted from that of the pure polymer due to interactions
with the Fe,03 nanoparticles [74,75]. The band at 2,972 em™?
corresponds to C-H stretching in the aromatic rings [73].
The peak at 1,590 cm ™ indicates C=C stretching vibrations of
the quinoid and benzenoid rings, suggesting the preservation
of the polymer’s conjugated backbone. In contrast, the band
at 1,475cm™ is associated with C-N stretching within the
benzenoid unit. The bands at 1,305cm™, 1,222 cm™, and
1,161 cm™ are attributed to in-plane bending of the C-H and

(@) —— P(2mA)

833

3423 C-H

-NH-

Transmittance (%)

. . . . A . .
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

4000

Figure 3: FTIR spectra of (a) P(2MA) and (b) Fe,03/P(2MA) nanohybrid.
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C-N bonds, which are sensitive to interactions with MOs
[74,75]. The band at 812cm™ reflects the C-H out-of-plane
bending modes, consistent with substituted aromatic rings.
Furthermore, the strong band at 594cm™ is assigned to
Fe-O stretching vibrations, confirming the presence of
Fe,03 nanoparticles within the polymer matrix [76]. These
shifts and the emergence of new bands in the nanohybrid
spectrum, compared to pure P(2MA), indicate strong interac-
tions between the polymer and Fe,0;, suggesting effective
nanohybrid formation that may enhance electron transport
and redox behavior.

3.4 Optical properties

The optical spectra of pure P(2MA) and the Fe,03/P(2MA)
nanohybrid were analyzed, as shown in Figure S3. In the
pure P(2MA) (blue) spectrum, three distinct absorption peaks
are observed at approximately 335, 433, and 582 nm. These
peaks correspond to the electronic transitions of the benze-
noid ring, the P(2MA) emeraldine salt polaron-r* transition,
and the excitation at the quinonoid portions, respectively
[77,78]. In the case of the Fe,03/P(2MA) nanohybrid, the
absorption peak is broader and exhibits higher absorbance
across the entire wavelength range. Fe,05 has a broad absorp-
tion band in the visible region [79,80]. Consequently, the
Fe,05/P(2MA) nanohybrid exhibits a broad absorption band
from the UV to the visible and near-infrared (NIR) regions.
This suggests that the Fe,0s; nanoparticles are well-blended
into the polymeric chain, increasing absorption.

The Tauc equation was employed to determine the
direct optical bandgap of pure P(2MA) and the Fe,Os/
P(2MA) nanohybrid as follows [81]:

(b)

Fe,0,/P(2MA)

2972
C-H

3222
N-H

Transmittance (%)

350 3000 2500 2000 1500 1000 500
Wavenumber (cm')

4000
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ClEph = B(Eph - Eg)O.S. (2)

Here, a represents the absorption coefficient and Eyy, repre-
sents the energy of the incident light. The constant B repre-
sents the absorption threshold width, and E, denotes the
optical bandgap energy [82]. The Tauc plot is presented in
Figure 3S. After incorporating Fe,03; nanoparticles, the direct
optical bandgap energy of P(2MA) decreases from 2.9 to 2.5 eV,
a value consistent with that reported in the literature [76,79].
The electronic interaction between Fe,03; and P(2MA) leads to
a reduction in the energy gap of the nanchybrid.

3.5 XPS

Figure 4 illustrates the full XPS spectrum of the Fe,04/P(2MA)
nanohybrid to visualize the elemental configuration and
bonding state. There are five main peaks. The Fe 2p3 peak is
observed at a binding energy of 715.8 eV. A significant C 1s peak
is observed at a binding energy of 285.36 eV, with an atomic
ratio of 82.85%. Additionally, an O 1s peak is detected at
532.93 eV, and the N 1s peak appears at 399.86 eV, with atomic
ratios of 4.69 and 10.57%, respectively. The Cl 2p peak, origi-
nating from the iron chloride precursor, is observed at a
binding energy of 198.38 eV, with an atomic ratio of 1.43%.
Figure S4 presents the high-resolution XPS spectra of the
Fe,03/P(2MA) nanohybrid. Figure S4(a) presents a high-resolu-
tion characteristic spectrum of the Fe 2p for the Fe,03/P(2MA)
nanohybrid. The Fe 2p peak can be deconvoluted into six
peaks. The two peaks with higher atomic ratios, located at
71197 and 724.64 eV, respectively, correspond to Fe 2p** and
Fe 2p'2 These peaks are characteristic of the Fe™ state, indi-
cating the presence of Fe,03; nanoparticles within the polymer

Fe,0,/P(2MA) Full Survey Cls
7]
2
c
3 N1s
o
O1s
Fe2p3
Cl2p
-
1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure 4: Full survey XPS characterization of the Fe,03/P(2MA) nanohy-
brid, which showed peaks of Fe 2p, C 1s, O 1s, and N 1s spectra.
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chain [43,83]. The high-resolution XPS of the C 1s spectrum is
shown in Figure S4(b), and it reveals four different carbon
species: C-C/C=C (284.24eV), C-N (28517eV), and C-O
(289.19 eV) [84]. The Fe—O bond exhibits a prominent peak in
the O 1s spectra at 532 eV, while the O-H group displays a
shoulder peak at 531 eV, as depicted in Figure S4(c) [83]. The
high-resolution N1s spectra (Figure S4(d)) displayed one peak at
398.6 eV caused by the N-H and C-N bonds associated with the
amine (-NH-) groups and cationic species (N” of P@2MA) [27].

3.6 Electrochemical performance
3.6.1 Galvanostatic charge/discharge profiles

Galvanostatic charge/discharge (CD) testing is performed to
determine the charging and discharging time of the elec-
trode material. Additionally, it is used to determine the
capacitance of the electrode material. Figure 5 demon-
strates the charge/discharge curves of the Fe,03/P(2MA)
nanohybrid compared to pure P(2MA) in a 0.5M HCl solu-
tion at 0.4 Ag™. The total charge/discharge time of P(2MA)
is approximately 42 s, while the total charge/discharge time
of the Fe,03/P(2MA) nanohybrid is around 670 s.

The electrochemical mechanisms of the Fe,0s/P(2MA)
nanohybrid involve a combination of faradaic redox reac-
tions from both components, contributing to its high specific
capacitance. Iron oxide (Fe,O3) plays a critical role by under-
going reversible redox transitions between Fe** and Fe*
states, contributing significant pseudocapacitance through
surface-controlled reactions [85]. Concurrently, P(2MA) parti-
cipates in rapid and reversible doping/dedoping transitions
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Figure 5: Charge/discharge process of pure P(2MA) and Fe,03/P(2MA) in
0.5M HCl at 0.4Ag™".
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between its leucoemeraldine, emeraldine, and pernigraniline
oxidation states. These transitions contribute additional pseu-
docapacitive charge storage via fast faradaic reactions at the
polymer backbone [86]. The associated redox reactions can be
summarized as follows:

P(2MA) — P(2MA)* + e, 3)
Fe,03 + H* + e = Fes0,, 4)
Fes04 + H + e = Fe(OH),. (5)

The Fe,05/P(2MA) nanohybrid morphology, as revealed
by TEM and SEM imaging, plays a pivotal role in facilitating
these electrochemical mechanisms. The nanohybrid forms a
3D spongy nanofiber network with interconnected meso- and
macropores, significantly increasing the electrochemically
active surface area. This structure shortens ion-diffusion path-
ways and enhances electrolyte penetration, both essential for
high-rate performance. The in situ formation of Fe,0; within
the P(2MA) matrix promotes uniform nanoparticle dispersion,
preventing agglomeration and ensuring full utilization of the
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redox-active oxide. Additionally, the intimate polymer-oxide
interface, formed during one-pot photopolymerization, mini-
mizes interfacial charge-transfer resistance [87]. The flexible
polymer backbone further accommodates volumetric expan-
sion and contraction during cycling, preserving structural
integrity and enhancing long-term stability [88]. Hence, the
Fe,05/P(2MA) nanohybrid represents a promising candidate
for next-generation supercapacitor electrodes.

The electrolyte is crucial for the performance of super-
capacitors, as it significantly influences charge transport [89].
It also affects conductivity and capacitance [90,91]. Aqueous
electrolytes are widely employed in electrochemical energy
storage systems due to their high ionic conductivity, low visc-
osity, inherent safety, and environmental friendliness com-
pared to organic electrolytes [89,92]. Furthermore, they offer
predictable ionic behavior, faster ion diffusion, and reduced
fabrication complexity, making them particularly suitable for
early-stage materials screening and fundamental electroche-
mical investigations [91].
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Figure 6: Galvanostatic charge/discharge profiles of Fe,03/P(2MA) were measured at different current densities in (a) 0.5 M NaCl and (b) 0.5 M HCI.
The relation between the gravimetric and areal capacitances of Fe,03/P(2MA) in response to various current densities in (c) 0.5 M NaCl and (d)

0.5M HCL.



DE GRUYTER

Figure 6(a) and (b) illustrates the charge/discharge (CD)
behavior profiles of the Fe,05/P(2MA) nanohybrid electrode
in two different electrolytic solutions (0.5M NaCl and 0.5M
HCI). The CD measurements were conducted under various
applied current densities ranging from 0.2 to 1.0 A g, within
a potential window of 0-1V. The CD curves demonstrate
nearly triangular shapes with slight variations in behavior
observed in the two electrolytes. This characteristic pattern
signifies the presence of pseudocapacitive behavior [93]. This
indicates that the charge storage mechanism involves rapid
and reversible redox reactions at the interface between the
electrode and the electrolyte [94]. The charge/discharge time
decreases in the same electrolyte as the current densities
increase. Specifically, in the 0.5M NaCl electrolyte, the
charge/discharge time decreases from 37 to 18 s as the current
density increases from 0.2 to 0.4 A g™". This can be attributed
to the limited ability of electrolyte ions to access the nanohy-
brid interior structure, resulting in only the outer active sur-
face being utilized for ion diffusion at higher currents [93,95].

Comparing the discharge time of the nanohybrids in
HCl and NaCl at the same current density, it is observed
that the discharge time in HCI is higher than that in NaCl,
as shown in Figure 6(b). Several factors can explain this. In
the NaCl electrolyte, the high surface charge density of Na*
ions leads to strong interactions with water molecules,
resulting in larger hydration spheres and less mobile
ions. On the other hand, the H" ions in the HCI electrolyte
have smaller hydration spheres, which increases their dif-
fusion rates due to their higher kinetic movements. Addi-
tionally, the smaller hydration spheres of H" ions enable
them to penetrate the electrode material, accessing more
active regions [90].

Furthermore, H" ions have higher ionic conductivity
compared to Na™ ions [16,96,97]. The higher discharge time
observed in HCl indicates a higher capacitance and the
ability to store more energy in the supercapacitor device.
The nature of the GCD shape is a crucial indicator of the
charge storage mechanism, directly corresponding to the
type of supercapacitor. The Fe,03/P(2MA) nanohybrid
demonstrates the characteristics of a nanohybrid superca-
pacitor, combining both pseudocapacitance and electrical
double-layer capacitance (EDLC).

Based on the CD curves, the gravimetric (Cy¢) and areal
(Cy) capacitances of the nanohybrid in NaCl and HCl elec-
trolytes were determined using the following equations [4]:

ar
Cor = m(AE/At)’ ©
ar
G = AQE/ND) (7)
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In the equations, I represent the applied constant current
(A), (AE/At) represents the slope of the discharge curve,
A represents the electrode footprint area (cm™2), and m
(g) represents the mass of the electroactive material on
each electrode [98].

The gravimetric and areal capacitances gradually
reduce as the current densities increase. This phenomenon
can be attributed to the slow electrochemical activity
kinetics observed at higher current densities and the lim-
ited ability of most nanohybrids to effectively participate
in the electrochemical reactions under these higher cur-
rent densities. Additionally, increasing current density hin-
ders the charges from having sufficient time to traverse
through the pores, decreasing the specific capacitance
[99,100].

Figure 6(c,d) illustrates the gravimetric and areal capa-
citance variation of the Fe,03/P(2MA) nanohybrid at dif-
ferent current densities. The nanohybrid exhibits higher
capacitance values at a lower current density (0.2A g™%). In
the NaCl electrolyte, the gravimetric capacitance is
approximately 32Fg™', while the areal capacitance is
around 48 mF cm ™ at 0.2 A g™ Conversely, the nanohybrid
demonstrates significantly higher capacitance values in the
HCl electrolyte (Figure 6d). At a current density of 0.2 A g™,
the gravimetric capacitance reaches approximately
13856 Fg ™', and the areal capacitance is approximately
2078.5 mF cm™2 Notably, the gravimetric and areal capaci-
tances of the Fe,03/P(2MA) nanohybrid in the HCI electro-
lyte are much greater than those in the NaCl electrolyte.
This substantial increase can be attributed to the consider-
ably longer discharge time observed in the HCI electrolyte.
The hydrogen ions in HCl can more effectively penetrate
the electrode material and participate in electrochemical
reactions compared to sodium ions.

To broaden the scope of the study and enhance its
comparative depth across different aqueous electrolytes,
the electrochemical performance of the Fe,05/P(2MA)
nanohybrid was also evaluated in potassium hydroxide
(KOH) as a basic electrolyte, as shown in FigureS5. In
0.5M KOH, the Fe,03/P(2MA) nanohybrid exhibited a
charge/discharge time of approximately 140s at 0.2A g™,
corresponding to a gravimetric capacitance of around
30Fg™. These values are significantly lower than those
obtained in 0.5 M HCI electrolyte.

Several studies have investigated polymer-based MO
nanohybrids for supercapacitor applications, highlighting
their potential in energy storage. Table 1 summarizes the
electrochemical performance of some previous works in
this field. The Fe,05/P(2MA) nanohybrid demonstrates
impressive performance, outperforming or closely
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matching other reported materials. It exhibits a specific
capacitance of 998.4Fg™ at 0.6Ag™" in 0.5M HCl, with
99.9% retention after 2,000 cycles. For instance, a P2MA)/
Ag-Ag,0 nanocomposite achieved 443F g’ at 04Ag™
with 89.9% retention after 1,000 cycles [5], while a poly
(m-toluidine)/Co-Ni oxide system reached 308F g™ at
0.6Ag™ with 98% retention after 1,000 cycles [27]. A
PANI/a-Fe,0; nanohybrid recorded 473.6Fg" at 1Ag™"
and 98.2% retention over 5,000 cycles in 1M Na,SO, [101],
while the PPy/Fe,03; nanocomposite reported a capacitance
of 395F g™ [67]. These results demonstrate that the pro-
posed Fe,03/P(2MA) nanohybrid delivers a remarkable
combination of high capacitance and excellent cycling dur-
ability. This positions it as a competitive and viable candi-
date for next-generation supercapacitor technologies.

3.6.2 CV profiles

Figure S6 presents the CV curves of P(2MA) and Fe,03/P(2MA)
electrodes. The CV curve was recorded at a scan rate of
30 mV/s in 0.5 M HCI electrolyte over a potential window of
0.0-1.0 V. The Fe,04/P(2MA) electrode exhibits a significantly
higher current response and a larger enclosed area under the
CV curve than the pure P(2MA) electrode. The reaction rate of an
electrochemical process is proportional to the electrochemically
active surface area (ECSA) of the electrode, as a larger surface
area provides more active sites for the reaction. The ECSA of an
electrode can be evaluated using CV, where a greater area under
the CV curve typically indicates a larger surface area [27,49]. This
result suggests that the spongy structure of the Fe,03/P(2MA)
electrode contributes to its high surface area, leading to superior
charge storage capacity and specific capacitance.

Figure 7(a) and (b) depicts the CV of the Fe,03/P(2MA)
nanohybrid in NaCl and HCI electrolytes within a voltage
range of 0-1V, using different scan rates ranging from 30
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to 500 mV/s. The surface area under the CV curve increases
with an increase in the scan rate, indicating the desired
capacitive behavior of the electrode. At higher scan rates,
the diffusion rate of electrolytic ions becomes more signif-
icant than the reaction rate. As a result, many electrolytic
ions reach the electrode/electrolyte interface, while only a
tiny fraction of these ions participate in the charge transfer
reaction. According to the Randles-Sevcik equation, this
increases the peak current in the CV curve and the area
under the CV curve at higher scan rates. The slow scan rate
provides sufficient time for the electrolyte to penetrate all
of the pores and fully interact with the electrode. In the HCl
electrolyte, the CV curves of the nanohybrid exhibit
stronger oxidation and reduction currents compared to
Na(l at the same scan rates, as shown in Figure 7(a,b).

Moreover, the HCI electrolyte shows a larger surface
area under the CV curve, indicating enhanced electroche-
mical activity in HCL. This observation suggests that the
specific cationic species in the electrolyte solution play a
crucial role in these electrochemical processes. As seen in
Figure 7(b), the integral area of the CV curve for the Fe,05/
P(2MA) nanohybrid in 0.5M HCI at a scan rate of 500 mV/s is
significantly larger. This result indicates a greater capacity for
electrochemical energy storage in the HCI electrolyte.

The following equation is used to determine specific
capacitance based on CV data [107,108]:

Vn

4 T,
Cut = s AVJldv, 8)

V1

where I‘:" idv represents the integrated area under the CV
curve, s represents the scan rate (V/s) applied, and the
active material mass on each electrode is denoted
m(g). AV is double the potential range covered in the CV
measurement. It starts from V1, reaches V2, and then
returns to V1. At a scan rate of 500 mV/s, the specific

Table 1: Electrochemical performance of supercapacitor electrode materials based on the polymer and MO

Nanomaterial Current density (A g ") Electrolyte Specific capacitance (F ") Ref.
PMT/Ag-Ag,0 0.4 0.5M HCl 443 [5]
PMT/(Co-Ni) 0.6 0.5M HCl 308 [27]
PANI/a-Fe,03 1 1.0M 473.6 [101]
Na,SO,4
PANI/a-Fe,03 0.2 1.0 M H,SO,4 857 [102]
Fe,0s@PPy — 3M KOH 395.45 [67]
Fe,05/poly-2 aminothiophenol 0.3 1.0 M NaOH 46.4 [103]
Fe,03/PPy/carbon cloth — 1.0 M Na,S0O, 640 [104]
Carbon foam/Fe,03 0.2 6.0 M KOH 225 [105]
N-doped carbon nanofiber/Fe;C/Fe,05 2 2.0 M KOH 590.1 [106]
Fe,03/P(2MA) 0.6 0.5 M Hcl 998.4 This work
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Figure 7: CV in (a) 0.5 M NaCl and (b) 0.5 M HCl at different scan rates for the Fe,03/P(2MA) nanohybrid.

capacitance of the nanohybrid in 0.5M NacCl electrolyte
was determined to be 51.4Fg™ using the CV integral
area. In contrast, the specific capacitance of the nanohy-
brid was measured to be significantly higher at 225F g™ in
a 0.5M HCI electrolyte.

3.6.3 Ragone plot

The Ragone plot is a graphical representation used to com-
pare the energy density of various energy storage devices.
It shows the amount of energy that can be stored relative to
the power output of each device. In this plot, the specific
energy (energy per unit mass) is plotted on the vertical
axis, while the specific power (power per unit mass) is
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plotted on the horizontal axis. The Ragone plot is utilized
to examine the electrochemical performance of the Fe,05/P
(2MA) nanohybrid electrode in NaCl and HCI electrolytic
solutions, as presented in Figure 8(a) and (b). The specific
energy and power of the nanohybrid electrode can be cal-
culated using the following equations [109,110]:

Ev(W hkg™) = 0.0347C,(AE)?, )

(W kg™ = 3,600[%]. 10)
Here, AE represents the discharge potential after consid-
ering the IR drop, and At denotes the discharge time. In the
NaCl electrolyte, the Fe,03/P(2MA) nanohybrid electrode
exhibits average specific energy and power values of
0.13 and 180 W kg’ respectively. However, higher values
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Figure 8: Ragon plot profile of the Fe,03/P(2MA) nanohybrid in (a) NaCl and (b) HCI electrolytes.
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of 3.5and 140 W kg ™" are obtained using the HCl electrolyte.
Utilizing the Fe,05/P(2MA) nanohybrid in an HCl electrolyte
for energy storage is more efficient. This is primarily due to
the material’s significantly higher specific energy than its
NacCl counterpart.

3.6.4 Impedance

Electrochemical impedance spectroscopy (EIS) is a versa-
tile technique for analyzing electrochemical systems,
offering insights into charge transfer rates, redox reac-
tions, diffusion processes, and capacitive behavior. EIS
expresses impedance as a combination of real and ima-
ginary components, commonly visualized using a Nyquist
plot, where the real impedance is plotted on the X-axis and
the negative imaginary impedance on the Y-axis [111].
Figure 9(a) presents the Nyquist plot of the Fe,05/P(2MA)
nanohybrid electrode, recorded over a frequency range
from 10 MHz to 100 kHz in a 0.5M HCl electrolyte. The
plot employs orthonormal scaling for clear visualization.
In the low-frequency region, the Nyquist plot exhibits
nearly linear behavior (right side of the plot). At the
same time, a distinct semicircular arc appears in the
high-frequency region (left side of the plot). The diameter
of the semicircle corresponds to the charge-transfer resis-
tance, while the slope of the low-frequency tail reflects ion
transport through the electrode/electrolyte interface [112].

The EIS data were fitted using the EC-Lab software to a
modified Randle’s circuit comprising four resistive ele-
ments, one double-layer capacitance, and two constant
phase elements. The extracted values, listed in Table S,
help interpret the physical and electrochemical processes

150
—o—Fep03/P(2MA) (a)
in HCI
120 - Ct
i s
R °/
g 90 m 7
3 —
[+
o/
60 - ’ol
0‘0
0*°
30
04 T T T T
0 30 60 920 120 150
Z'(Q)

DE GRUYTER

occurring in the electrode. R, (2.473 Q) represents the solu-
tion resistance, and its low value confirms the good ionic
conductivity of the electrolyte. R, (0.10 Q) corresponds to
the charge-transfer resistance at the polymer-electrolyte
interface. This very low resistance highlights the strong
interfacial coupling between Fe,0; and the conductive
P(2MA) matrix, contributing to the nanohybrid’s improved
electrical conductivity and electrochemical stability [113].
R3 (49.13 Q) and R4 (1,574 Q) are associated with ion diffu-
sion and faradaic resistance, respectively. The capacitance
C; (15.56 pF) reflects the double-layer capacitance, indi-
cating good electrochemical interface formation. The con-
stant phase elements Q; (2.22F s) and Q; (0.02 mF s) with
exponents a; (0.55) and a, (0.59) represent non-ideal capa-
citive behavior due to surface roughness and porosity in
the electrode structure. Hence, the EIS results strongly sup-
port the electrochemical behavior observed in CV and GCD
tests and are consistent with the porous nanofiber mor-
phology. These characteristics make the Fe,05/P(2MA)
nanohybrid a strong candidate for high-performance elec-
trochemical energy storage systems.

3.6.5 Stability

The cycling stability of the Fe,05/P(2MA) nanohybrid elec-
trode was evaluated in a 0.5 M HCl electrolyte at a specific
current density of 0.6 A g™, The stability was assessed by
monitoring the preservation of gravimetric capacitance
and the capacitance retention (y-axis) in response to char-
ge—discharge cycles for up to 2,000 cycles, as shown in
Figure 9(b). The inset in the figure compares the first cycle
to the final cycle. The nanohybrid electrode exhibited 100%
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Figure 9: (a) Nyquist plot with equivalent circuit and (b) cyclic stability of the Fe,03/P(2MA) nanohybrid in HCI.
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cycling stability during the first 300 cycles. After 2,000
cycles, the nanohybrid electrode achieved a remarkable
cycling stability of approximately 99.9% (998 F g% com-
pared to its initial specific capacitance of 998.4F g’
(100%). This implies that the Fe,03/P(2MA) nanohybrid
electrode exhibits good cycling electrochemical stability.

The observed long-term cycling stability of the Fe,05/
P(2MA) nanohybrid arises from the synergistic interplay
between its structural architecture and chemical resili-
ence. The P(2MA) matrix is a redox-active yet chemically
robust host. Its intrinsically conductive backbone facili-
tates rapid charge transfer while preserving the integrity
of the polymer chain. As demonstrated by Rahayu et al,
P(2MA) maintains high electrical conductivity in 0.5M HCl
without undergoing acid-induced degradation, confirming
its electrochemical stability under harsh conditions [114].
Simultaneously, Fe,05 offers corrosion resistance, substan-
tially reducing the risk of metal-ion leaching during pro-
longed operation. As confirmed by TEM and SEM imaging,
the formation of a spongy nanofiber architecture in the
Fe,05/P(2MA) matrix reveals that Fe,03; nanoparticles are
tightly embedded within the polymer framework. This
structure reflects strong interfacial adhesion between
Fe,05; and P(2MA), which effectively suppresses nanopar-
ticle agglomeration, mitigates structural disintegration,
and reduces the risk of mechanical detachment during
repetitive redox cycling.

Furthermore, the flexible polymeric scaffold accom-
modates volumetric changes during Fe**/Fe*" redox transi-
tions, preventing microcracking during long-term cycling.
Notably, the polymer matrix also serves as a protective
sheath, shielding Fe,03 from direct contact with the acidic
electrolyte and enhancing the overall system stability [115].
This architectural strategy aligns with previous studies
that demonstrate improved durability of MOs encapsu-
lated in polymer matrices [27,115-117]. Using 0.5 M HCl as
the electrolyte maximizes capacitance and helps mitigate
localized electrolyte depletion at the electrode-electrolyte
interface. The low charge-transfer resistance observed
from EIS measurements, even after 2,000 cycles, indicates
that the electronic and ionic transport pathways remain
unobstructed, thereby validating the structural and elec-
trochemical integrity of the nanohybrid over prolonged
cycling. Additionally, the device was meticulously sealed
to prevent any electrolyte loss due to evaporation (Figure
S7), ensuring stable ionic conductivity throughout the
testing period. This suggests that the Fe,05/P(2MA) nanohy-
brid electrode is highly suitable as an effective electrode
material in supercapacitor applications.

The post-PEC SEM analysis confirmed the structural
integrity of the Fe,03/P(2MA) nanohybrid after the
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electrochemical measurements, as illustrated in Figure
S8. The electrode maintained its morphology with no
microcracking or particle agglomeration. Additionally, it
remained well-adhered to the substrate without degrada-
tion. These observations indicate strong corrosion resis-
tance and affirm the long-term mechanical stability of
the electrode.

The superior performance of the Fe,03/P(2MA) nano-
hybrid arises from multiple synergistic factors, as sup-
ported by structural, morphological, and electrochemical
evidence. P(ZMA) provides a highly conductive polymeric
backbone enriched with redox-active sites. A methyl sub-
stituent enhances charge delocalization and offers steric
protection against overoxidation. The flexible polymer
chains also buffer volumetric fluctuations during charge—
discharge cycling, contributing to mechanical stability and
improved capacitance retention [98]. Fe,05 offers high the-
oretical capacitance due to its reversible Fe**/Fe?* redox
transitions, but is limited by low electrical conductivity
and a tendency to agglomerate when used alone. However,
when Fe,03; nanoparticles are generated in situ during
photopolymerization and uniformly embedded within the
P(2MA) matrix, they contribute significant pseudocapaci-
tance while avoiding aggregation. This integration results
in an interpenetrating nanofiber network with high sur-
face area, shortened ion-diffusion pathways, and improved
electrolyte accessibility to active sites [22]. SEM and TEM
analyses confirm the spongy nanostructure, which is cru-
cial for rapid ion transport and enhanced rate capability.
Furthermore, the one-pot photopolymerization process
ensures intimate polymer-oxide interfacial contact,
reducing interfacial resistance and enhancing electron
mobility. The EIS supports this finding, showing low
charge-transfer resistance, indicative of efficient charge
transport within the nanohybrid structure.

4 Conclusions

This work successfully presents a one-pot photopolymeri-
zation strategy for synthesizing Fe,03/P(2MA) nanohybrid
aimed at high-performance supercapacitor applications.
The iron precursor acts dually as both the oxidant and
the source of Fe,03; simplifying fabrication while pro-
moting strong polymer—oxide integration. The combina-
tion of photochemical and oxidative polymerization
successfully yields robust, interpenetrating Fe,03/P(2MA)
spongy nanofibers, as confirmed by structural and mor-
phological analyses. The resulting architecture exhibits
excellent electrochemical performance. Tests were conducted
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in HCl, KOH, and NaCl electrolytes. The Fe,04/P(2MA) nano-
hybrid delivers a specific capacitance of 998.4F g at 0.6 A g™
in 0.5 M HC], with energy and power densities of 3.5 W hkg™
and 140 W kg ", respectively. Remarkably, it retains 99.9% of
its initial capacitance after 2,000 cycles, demonstrating excep-
tional long-term stability. These findings underscore the
novelty, effectiveness, and scalability of the synthesis method,
establishing Fe,04/P(2MA) as a promising electrode material
for next-generation supercapacitor technologies.
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