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ide (Fe3O4)/carbon nanostructures
as cost-effective bifunctional electrodes for energy
storage (supercapacitors) and water splitting (OER)

Hani Nasser Abdelhamid, *a Faisal Saleh Alshebilb and Walid M. Daoush *b

The development of low-cost, durable, and multifunctional materials for energy storage and conversion is

crucial for sustainable energy technologies. This study involved the synthesis of magnetite (Fe3O4)

nanoparticles and their composites with carbon nanomaterials: graphite (G), carbon fibers (CF), and

carbon nanotubes (CNTs), using a straightforward one-pot co-precipitation process facilitated by

ultrasonic irradiation. The electrochemical performance was assessed for supercapacitor and oxygen

evolution reaction (OER) applications in an alkaline electrolyte. Among the examined materials,

Fe3O4@CF exhibited the highest specific capacitance of 106 F/g at 1 A/g, with exceptional stability,

maintaining 100% efficiency after 5000 cycles. The composites exhibited hybrid charge-storage

characteristics, arising from electric double-layer capacitance (EDLC) and Fe2+/Fe3+ pseudocapacitance.

Moreover, Fe3O4 and its composites demonstrated commendable OER activity with low overpotentials

of 360–400 mV. The results indicate that Fe3O4–carbon nanocomposites, produced using a simple

method, are potential bifunctional materials for energy storage and water oxidation applications.
Introduction

Energy has emerged as a paramount concern for contemporary
society, driven by rapid population growth, global inter-
connectivity, and the widespread adoption of electrically pow-
ered devices. In this context, energy storage and conversion
technologies have become essential components for sustain-
able development. The rising global demand for durable, high-
performance, cost-effective, and environmentally friendly
energy storage systems has prompted extensive study into new
methods for developing efficient and dependable electro-
chemical energy conversion devices. Therefore, optimizing
energy production and storage systems has emerged as a critical
goal.1,2 Energy storage technologies are essential for improving
energy efficiency across multiple industries, especially in
transportation systems. Energy storage devices can signicantly
reduce railway energy consumption.3 A thorough assessment of
the operational characteristics of various energy storage tech-
nologies is essential to choose appropriate solutions for certain
applications.4 Supercapacitors (SCs) received signicant
interest as energy storage devices due to their unique benets,
including extended cycle life and operational safety.5,6 Extensive
research has focused on developing superior electrode
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materials to enhance the electrochemical performance of
supercapacitors. A wide number of materials have been re-
ported, including metal–organic frameworks (MOFs),7–9 MX-
enes,10 nickel–carbon composites,11 metals/carbon,12,13 metal
oxides,14–20 metal selenides,21 phosphorene,22 nickel cobaltite,23

and carbonized biomass-derived materials.24 Carbon-based
materials have shown a notable capacity to improve electrical
conductivity, structural integrity, and overall electrochemical
performance when integrated into composite electrodes.25–27

Recent advances in bioinspired synthesis have shown that plant
extracts can yield highly stable nanoparticle electrodes, e.g.,
silver nanoparticles28 and gold nanoparticles.29 These materials
and the new synthesis procedure could reduce costs and offer
high efficiency.

Magnetic nanoparticles have garnered considerable atten-
tion owing to their ability to enable advanced technological and
biomedical applications, driven by their distinctive magnetic,
structural, and surface characteristics. Multifunctional
magnetic nanoparticles can simultaneously serve therapeutic
and diagnostic roles, making them highly appealing for multi-
modal cancer imaging and treatment.30,31 Their nanoscale
incorporation of magnetic responsiveness facilitates accurate
manipulation, targeted administration, and improved imaging
contrast. Comprehensive research has validated the efficacy of
magnetic nanoparticles across multiple biomedical domains,
including nanomedicine, tailored drug delivery systems,32

cancer diagnosis and therapy,33 and medical imaging tech-
niques such as magnetic resonance imaging (MRI).34 These
applications can be improved via several methods, including
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the nanoparticles’ adjustable surface chemistry, biocompati-
bility, and responsiveness to external magnetic elds, thereby
enhancing targeting efficiency and therapeutic outcomes. In
addition to healthcare applications, magnetic nanoparticles
have emerged as promising materials for energy-related tech-
nologies. Their integration into energy storage devices has been
shown to enhance electrochemical performance by improving
charge transfer and redox activity.35,36 Furthermore, the appli-
cation of external magnetic elds has been shown to enhance
energy storage characteristics, providing an additional level of
control over electrochemical processes and device perfor-
mance.37 Magnetic nanoparticles are oen modied or
combined with other materials to tailor their physicochemical
and functional properties. Polymer surface modication
enhances stability, dispersibility, and biocompatibility,38

whereas hybridization with ZnO/carbon composites39 and
biomass-derived activated carbon40 enhances electrochemical
activity and sustainability. Green synthesis and functionaliza-
tion methods utilizing natural extracts, such as aegle marmelos
pulp extract, have been investigated to enhance environmental
compatibility and material efficacy.41 Moreover, the conjugation
of magnetic nanoparticles with carbon nanomaterials, e.g.,
graphene, carbon nanotubes, and related structures, has been
reported to markedly enhance electrical conductivity and
surface area.42–44 Moreover, conjugated polymers have been
used to enhance electrical properties and structural exibility,
thereby expanding the utility of magnetic nanoparticle-based
composites.45,46

Hydrogen production has been extensively investigated
using diverse methodologies, including chemical processes,47

photocatalysis,48,49 and electrocatalysis.50 Water electrolysis is
notably appealing for its high hydrogen production rate, reli-
ance on renewable energy sources, and use of water as a plen-
tiful, cost-effective feedstock. Notwithstanding these benets,
developing economical, resilient, and effective electrocatalysts
for water splitting remains a signicant challenge, particularly
for the oxygen evolution reaction (OER). The OER is recognized
as the rate-limiting, kinetically slow stage in water
electrolysis.51–53 As a result, much research has focused on
developing improved OER electrocatalysts, particularly those
that utilize magnetic nanoparticles.54–57 Iron oxide (Fe3O4)
nanoparticles were reported as a single-atom catalyst,58

Fe3O4@N- doped carbon (NC)/reduced graphene oxide
(Fe3O4@NC/RGO),59 Fe3O4@NiFe-LDH/MnCO3,60 Co3Fe7/
Fe3O4,61 Ir-black@Fe3O4,62 and Fe3O4@CoFe2O4.63 Despite
notable advancements, additional research is needed to
improve catalytic efficiency by minimizing critical electro-
chemical parameters, particularly overpotential, to facilitate the
development of viable, sustainable hydrogen production
systems.

Taking into account the previous points, this study discusses
magnetite (Fe3O4) nanoparticles coupled with carbon-based
nanomaterials, including carbon bers (CF), graphite (G), and
carbon nanotubes (CNTs). The Fe3O4/carbon nanocomposites
were prepared via a simple one-pot co-precipitation process,
thereby facilitating homogeneous integration of the magnetic
phase into the conductive carbon matrix. The produced
© 2026 The Author(s). Published by the Royal Society of Chemistry
materials were comprehensively evaluated for their structural,
morphological, and compositional features using X-ray
diffraction (XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDX), and Fourier transform infrared (FT-IR)
spectroscopy. The complementary procedures validated the
effective synthesis of magnetite and its uniform distribution
inside the carbon matrices. The synthesized nanocomposites
were subsequently used as electrode materials for super-
capacitor applications. Cyclic voltammetry (CV) and galvano-
static charge–discharge (GCD) measurements were used to
evaluate the capacitive behavior, charge-storage capacity, and
rate performance.

Experimental section
Materials and methods

Iron(III) chloride hexahydrate (FeCl3$6H2O) was provided by
WinLab limited Co, and iron(II) sulfate heptahydrate (FeSO4-
$7H2O) was purchased from LOBA Chemie (India). Aqueous
ammonia solution (NH4OH), was purchased from Sigma-
Aldrich (France), serving as the precipitating agent and pH
regulator. Distilled water (H2O) was used as the reaction
medium and washing solvent. Multiwall carbon nanotubes
(MWCNTs) of a grade of 10–50 mm length and 15–10 nm
diameter with a BET surface area of about 200 m/g2 were
supplied from Iljin Nanotech Co., Ltd. Graphite (G) powder of
10 ∼ 50 mm particle size was provided from Sebersdorf Institute
of Technology, Austria. Carbon bers (CFs) bobine PAN-Type
(Polyacrylonitrile Fiber) of ∼6.7 mm diameter were purchased
from Mitsubishi Chemicals Co., Ltd. Approximately 6 cm of
carbon bers were cut before using them in the current
experiments.

Synthesis of magnetite nanoparticles

Magnetite (Fe3O4) nanoparticles were produced using a co-
precipitation process facilitated by ultrasonic irradiation. In
a 50 mL beaker, 1.95 g of FeCl3 and 1.08 g of FeSO4 were solu-
bilized in 15 mL of distilled water. The solution was agitated
under ultrasonic irradiation (40 kHz) for 15 minutes and then
heated to 60 °C. Ten milliliters of ammonia solution (28–30%)
were added dropwise over three minutes while maintaining
a temperature of 60 °C and ultrasonic irradiation at 40 kHz. The
pH value was modied to 12.5. The process concluded in 15
minutes, during which the uid transitioned from brown to
black, signifying the synthesis of magnetite nanoparticles. The
resultant precipitate was repeatedly rinsed with distilled water,
collected via centrifugation at 4000 rpm for 1 minute, and
subsequently dried at 100 °C for 1 hour.

Synthesis of Fe3O4@G nanocomposites

Fe3O4@G nanocomposites were fabricated via an in situ co-
precipitation method. In a 50 mL beaker, 1.68 g of FeCl3 and
1.04 g of FeSO4 were solubilized in 15 mL of distilled water with
magnetic stirring at 350 rpm for 15 minutes. The solution was
subsequently exposed to ultrasonic irradiation (40 kHz) for an
RSC Adv., 2026, 16, 26880–26895 | 26881
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additional 15 minutes and heated to 60 °C. An exact quantity of
graphite powder (0.098 g) was added to the solution, which was
then sonicated at 40 kHz for 15 minutes to achieve uniform
dispersion. Subsequently, 10 mL of ammonia solution was
added incrementally over 3 minutes while maintaining the
temperature at 60 °C and the pH at 12.5 under ultrasonic
irradiation.

The resultant composite was washed, centrifuged at
4000 rpm for 1 minute, and subsequently dried at 100 °C for 1
hour. The product was preserved for subsequent analysis and
characterization.
Synthesis of Fe3O4@CF nanocomposite

Fe3O4@CF nanocomposites were prepared by co-precipitation.
In a 50 mL beaker, 1.95 g of FeCl3$6H2O and 1.08 g of FeSO4-
$7H2O were solubilized in 15 mL of distilled water by magnetic
stirring at 350 rpm for 15 minutes, followed by ultrasonic irra-
diation at 40 kHz for 15 minutes, and then heating to 60 °C.
Carbon bers (0.079 g) were added to the solution, and the
reaction mixture was heated to 60 °C. Ammonia solution (10
mL) was added incrementally over 3 minutes to reach a pH of
12.5. Following the process, magnetite-coated carbon bers
were produced. The resultant product was washed with distilled
water, then dried at 100 °C for 1 hour.
Synthesis of Fe3O4@CNT nanocomposites

Fe3O4@CNT nanocomposites were fabricated using an
ultrasonic-assisted co-precipitation technique. In a 50 mL
beaker, 1.68 g of FeCl3 and 1.04 g of FeSO4 were dissolved in
15 mL of distilled water using magnetic stirring at 350 rpm for
15 min, followed by ultrasonic irradiation (40 kHz) for an
additional 15 min. The solution was increased to 60 °C. A
certain amount of carbon nanotubes (9.1 mg) was added to the
solution and sonicated at 40 kHz for 15 minutes to achieve
uniform dispersion. Ammonia solution (10 mL) was then added
dropwise over 3 min to adjust the pH to 12.5 while maintaining
ultrasonic irradiation and temperature.

The resulting nanocomposite was washed several times,
centrifuged at 4000 rpm for 1 min, and dried at 100 °C for 1 h.
The dried powder was preserved for subsequent characteriza-
tion and analysis.
Characterization

The particle size, morphology, and surface features of the
synthesized powders were evaluated using SEM equipped with
an EDX detector (JEOL JSM-7600 F). Materials were sputtered
with platinum to improve contrast of SEM images. Crystalline
phase identication was carried out using XRD analysis per-
formed on a Bruker D8 Discover diffractometer. In addition,
TEM analysis was performed using a JEM-2100F (JEOL) oper-
ated at 300 kV to further investigate nanoscale structure and
particle morphology. FT-IR spectra were collected using
IRTracer-100 (Shimadzu).
26882 | RSC Adv., 2026, 16, 26880–26895
Electrochemical measurements

Electrochemical performance evaluations were carried out at
ambient temperature using a conventional three-electrode
conguration on a Studio 6 electrochemical workstation
(Corrtest®, CS150M, Wuhan, China). CV measurements were
conducted within a potential window of 0.2–0.6 V at scan rates
ranging from 1 to 200 mV/s. GCD measurements were per-
formed at current densities of 1, 3, 5, and 10 A/g. In the three-
electrode system, the active material/nickel foam is used as
the working electrode, while a platinum wire and a saturated
Ag/AgCl electrode serve as the counter and reference electrodes,
respectively. A 6 M KOH aqueous solution was employed as the
electrolyte. The electrode slurry was prepared by dispersing the
active material, carbon black, and poly(vinylidene uoride) in
dimethylformamide and ultrasonically treating for 1 h to ensure
homogeneous dispersion.

The specic capacitance from GCD is calculated using
eqn (1):

Specific capacitanceðF=gÞ ¼

discharge currentðAÞ$discharge time ðsÞ
mass of active materialðgÞ$potential windowðVÞ (1)

The relationship between current and scan rate is deter-
mined using eqn (2):

log(i) = log(a) + b log(n) (2)

where: i, n, b represent peak current (A), scan rate, and slope of
log(i) vs. log(n).

Dunn Method (capacitive vs. diffusion contribution) is eval-
uated using eqn 3

iðVÞ
n1=2

¼ k1n
1=2 þ k2 (3)

where: k1n and k2n
1/2 represent the capacitive (surface-

controlled) contribution and the diffusion-controlled contri-
bution, eqn (4) and (5).

Capacitive contribution ¼ k1n

iðVÞ � 100 (4)

Diffusion contribution ¼ k2n
1=2

iðVÞ � 100 (5)

The oxygen evolution reaction (OER) was assessed by linear
sweep voltammetry (LSV) in a three-electrode setup, as previ-
ously detailed. Measurements were performed within a poten-
tial range of −1 to +1 V relative to an Ag/AgCl reference
electrode.
Results and discussion
Materials characterization

Fig. 1 represents the schematic representation of materials
synthesis. Magnetite (Fe3O4) nanoparticles and their carbon-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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based nanocomposites were produced by a simple ultrasonic-
assisted co-precipitation method. The approach facilitated the
synthesis of pure Fe3O4 nanoparticles and their conjugation
with three different carbon nanomaterials, such as graphite,
carbon bers, and carbon nanotubes. The alkaline reaction
conditions facilitated rapid nucleation and growth of magne-
tite, as indicated by the distinctive color change during
synthesis. The in situ integration of carbon materials during co-
precipitation enabled close interfacial contact between Fe3O4

nanoparticles and the carbon substrates, resulting in uniformly
dispersed magnetite coatings or magnetite nanoparticles
attached to the substrates. Ultrasonic irradiation signicantly
enhanced precursor dispersion, mitigated particle aggregation,
and improved the homogeneity of the resultant composites.
Post-synthesis washing and heat treatment produced stable,
phase-pure materials appropriate for subsequent structural,
morphological, and electrochemical characterization. The
materials were characterized using XRD (Fig. 2a), SEM images
(Fig. 2b and c), FT-IR (Fig. 2d), EDX analysis, and a TEM image
(Fig. 3–5).

Fig. 2a displays the XRD patterns of Fe3O4 and its carbon-
based composites. The XRD pattern of Fe3O4 displays distinct
diffraction peaks at 2q values of 30.09°, 35.50°, 56.98°, and
62.56°, corresponding to the (220), (311), (511), and (440),
respectively, thereby affirming the establishment of a spinel
structure of magnetite (JCPDS No. 19-0629). In the Fe3O4@G
composite, an extra diffraction peak is observed at 26.5°, which
corresponds to the (002) plane of graphitic carbon, hence vali-
dating the integration of graphite into the composite. The
Fe3O4@CF composite exhibits a broad diffraction peak at
around 12.76°, which is attributed to the carbon bers (Fig. 2a).
The extensive nature of this peak indicates the primarily
amorphous or inadequately graphitized structure of the carbon
bers, aligning with other ndings.
Fig. 1 Systematic representation for the synthesis of Fe3O4 and its com

© 2026 The Author(s). Published by the Royal Society of Chemistry
The Fe3O4@CNTs composite shows the distinctive magnetite
diffraction peaks, indicating that the crystalline structure of
Fe3O4 is preserved aer modication (Fig. 2a). A strong
diffraction pattern detected at a Bragg angle of 2q = 32.41°
indicates the existence of magnetite nanoparticles (Fig. 2a). The
lack of discernible CNT-related diffraction peaks may be due to
their low concentration or to interference with the magnetite
reections. Data analysis conrms the effective synthesis of
Fe3O4 and its carbon-based nanocomposites, with the carbon
components exhibiting distinct diffraction patterns while
preserving the magnetite phase’s crystalline structure (Fig. 2a).

The morphology and particle size of Fe3O4 nanoparticles
were evaluated via SEM (Fig. 2b). The SEM image demonstrates
that the Fe3O4 nanoparticles generally exhibit a spherical
morphology, with particle sizes ranging from 25 to 50 nm,
indicating a relatively homogeneous nanoscale distribution.
EDX was conducted to analyze the elemental composition of the
produced Fe3O4 nanoparticles (Fig. 2c). Upon removing
contributions from sputtered platinum, applied to the samples
to improve the image's contrast, and from carbon from sample
processing, the EDX spectrum veries the presence of solely
iron and oxygen. This outcome illustrates the high chemical
purity of the synthesized Fe3O4 nanoparticles and the lack of
identiable contaminants.

Fig. 2d displays the FT-IR spectra of the synthesized samples,
specically Fe3O4 and its composites. The spectra display
analogous proles across all materials, indicating the presence
of identical functional groups and suggesting that the addition
of carbon-based components does not substantially alter the
intrinsic chemical structure of Fe3O4. Distinct absorption bands
are observed at around 570 cm−1 and 656 cm−1, which can be
ascribed to Fe–O stretching vibrations, thereby affirming the
emergence of the Fe3O4 phase. Supplementary bands are
observed at 1130 cm−1 and 1388 cm−1, commonly linked to C–
O/C–N and C–H vibrations. Bands are observed at around
posites with carbon fiber, graphite, and carbon nanotubes.

RSC Adv., 2026, 16, 26880–26895 | 26883
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Fig. 2 Characterization of Fe3O4 and its composites using (a) XRD, (b) SEM image, (c) EDX analysis for pristine Fe3O4, and (d) FT-IR.
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570 cm−1 and 656 cm−1, which can be ascribed to Fe–O
stretching vibrations, thereby verifying the existence of surface
functional groups connected with carbon constituents or
residual organic entities. The band at approximately 1630 cm−1

is associated with bending vibrations of adsorbed water mole-
cules or with C]C stretching. The bands at 3450 cm−1 are
ascribed to O–H stretching vibrations, signifying the presence
of hydroxyl groups or absorbed moisture on the material's
surface. The FT-IR results validate the effective synthesis of
Fe3O4 and its composites.

Fig. 3a–c display the SEM images of graphite and the
Fe3O4@G nanocomposite, whereas Fig. 3d illustrates the related
EDX analysis. The SEM image of graphite displays a distinctive
layered architecture with particle sizes in the micrometer scale
(Fig. 3a). SEM images of Fe3O4@G demonstrate that the Fe3O4 is
dispersed on the graphite surface, with no signicant changes
in the particle size of Fe3O4 compared to the pristine nano-
particles (Fig. 3b and c). This observation indicates that the
composite preparation process does not promote particle
aggregation. The EDX spectrum of the Fe3O4@G composite
veries the presence of iron, oxygen, and carbon, with no
detectable impurities, indicating the high purity of the synthe-
sized composite and the successful conjugation of Fe3O4 with
graphite (Fig. 3d).
26884 | RSC Adv., 2026, 16, 26880–26895
Fig. 4a–c display the SEM images of CF and the Fe3O4@CF
nanocomposite, whereas Fig. 4d illustrates the associated EDX
analysis. The SEM image of CF displays distinct brous struc-
tures with an average diameter of about 4.5 mm (Fig. 4a). Post-
composite formation, the SEM images of Fe3O4@CF illustrate
the incorporation of Fe3O4 nanoparticles into the CF surface
(Fig. 4b and c). The magnetite nanoparticles are evenly
dispersed on the ber surface, demonstrating effective inter-
action between Fe3O4 and CF without considerable aggregation.
The EDX spectrum of the Fe3O4@CF composite corroborates
the presence of iron, oxygen, and carbon, hence affirming the
excellent purity of the synthesized composite and the lack of
observable impurity phases (Fig. 4d).

Fig. 5 illustrates the morphological and chemical analysis of
CNTs and the Fe3O4@CNT nanocomposite. Fig. 5a and b illus-
trate the TEM and SEM images of CNTs, respectively. The TEM
image shows the distinctive tubular morphology of CNTs, with
an average diameter of approximately 12.5 nm (Fig. 5a),
consistent with the SEM image (Fig. 5b). The SEM image of the
Fe3O4@CNT composite shows effective decoration of the CNT
surfaces with Fe3O4 nanoparticles, while preserving the original
magnetite particle size, indicating low aggregation during
composite synthesis (Fig. 5c). The EDX spectrum corroborates
the presence of iron, oxygen, and carbon, with no detectable
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–c) SEM images for (a) graphite and (b and c) Fe3O4@G and (d) EDX analysis.
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impurities, thereby affirming the exceptional purity of the
produced Fe3O4@CNT composite (Fig. 5d).
Electrochemical applications

Fig. 6 illustrates the CV curves for Fe3O4 (Fig. 6a), Fe3O4@G
(Fig. 6b), Fe3O4@CF (Fig. 6c), and Fe3O4@CNTs (Fig. 6d), ob-
tained at scan rates between 1 and 200 mV/s. For all samples,
the current response and the area under the CV curves increase
with increasing scan rate, indicating improved charge storage
behavior and excellent rate capacity. The CV curves of virgin
Fe3O4 exhibit distinct redox peaks at around 0.46 V (oxidation)
and 0.34 V (reduction), corresponding to the reversible Fe2+/Fe3+

redox processes (Fig. 6a). Signicant changes in the redox peak
positions are seen upon composite production. The Fe3O4@G
composite (Fig. 6b) displays oxidation and reduction peaks at
0.44 V and 0.31 V, respectively, whereas Fe3O4@CF (Fig. 6c)
presents peaks at 0.43 V and 0.29 V. The Fe3O4@CNTs
composite exhibits redox maxima at 0.43 V and 0.313 V (Fig. 6d).
The systematic variations in redox potentials compared to
pristine Fe3O4 suggest signicant interfacial interactions
between Fe3O4 nanoparticles and various carbon nanomaterials
(G, CF, and CNTs). These interactions enhance charge-transfer
kinetics and improve the performance of the Fe3O4-based
composites.

The charge–discharge characteristics of pristine Fe3O4 and
its carbon-based composites were examined by GCD tests, as
seen in Fig. 7. The measurements were conducted at 1, 3, 5, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
10 A/g. Fig. 7a–d illustrate the GCD curves for Fe3O4, Fe3O4@G,
Fe3O4@CF, and Fe3O4@CNTs, respectively. The GCD proles
reveal distinct charge–discharge characteristics for Fe3O4 and
its composites, highlighting the effect of carbon nanoparticles
on magnetite’s electrochemical properties. Pristine Fe3O4

exhibits charge–discharge curves with voltage plateaus, indi-
cating pseudocapacitive behavior arising from reversible Fe2+/
Fe3+ redox processes. This pseudocapacitive behavior is
retained upon combining Fe3O4 with carbon materials,
including graphite, carbon bers, and CNTs. The Fe3O4-based
composites exhibit hybrid charge-storage characteristics, inte-
grating pseudocapacitance from Fe3O4 with electric double-
layer capacitance (EDLC). This synergistic effect improves the
charge transport and promotes overall electrochemical perfor-
mance. Pristine Fe3O4 and Fe3O4@CNTs demonstrate shorter
discharge durations than Fe3O4@CF and Fe3O4@G, indicating
variations in ion diffusion kinetics and interfacial charge
storage processes among the composites.

Fig. 8 depicts the specic capacitance as a function of
current density (Fig. 8a) and electrode material (Fig. 8b) for
Fe3O4 and its carbon-based composites. Fig. 8a shows that the
specic capacitance decreases as the current density increases
from 1 to 10 A/g, a characteristic behavior of supercapacitor
electrodes, attributable to restricted ion diffusion and
decreasing active-site utilization at high charge–discharge rates.
At a low current density of 1 A/g, Fe3O4@CF has the largest
specic capacitance of 106 F/g, surpassing pristine Fe3O4 at 35.5
RSC Adv., 2026, 16, 26880–26895 | 26885
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Fig. 4 (a–c) SEM images for (a) carbon fibers and (b and c) Fe3O4@CF and (d) EDX analysis.
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F/g, Fe3O4@G at 49.5 F/g, and Fe3O4@CNTs at 19.2 F/g, as
illustrated in Fig. 8b. The improved performance can be
attributed to the synergistic interaction between Fe3O4

pseudocapacitance and the conductive, brous carbon frame-
work, which promotes efficient electron transport and ion
diffusion. As current density increases, Fe3O4@CF consistently
exhibits superior capacitance values compared to other mate-
rials, preserving 43.3, 27.1, and 12.5 F/g at 3, 5, and 10 A/g,
respectively. In contrast, Fe3O4 and Fe3O4@G exhibit reasonable
capacitance retention, whereas Fe3O4@CNTs shows the lowest
specic capacitance across all current densities. Among the
investigated composites, Fe3O4@CF exhibits the most advan-
tageous charge-storage characteristics, underscoring the bene-
ts of CF incorporation in enhancing capacitance and rate
performance through improved electrical conductivity and
structural accessibility.

The cycling stability of Fe3O4@CF was assessed for 5000
charge–discharge cycles at a current density of 10 A/g, as
depicted in Fig. 8c. The results reveal small variation in specic
capacitance during the cycling test, indicating superior
electrochemical stability. The consistent performance validates
the excellent recyclability of the Fe3O4@CF electrode and
underscores its structural integrity and prolonged durability
across numerous charge–discharge cycles. Carbon-based
nanomaterials have been shown to effectively mitigate oxida-
tive stress and enhancematerial resilience,64 consistent with the
26886 | RSC Adv., 2026, 16, 26880–26895
improved cycling stability observed in our Fe3O4@CF
composite.

The energy storage mechanism of the synthesized electrodes
was examined using b-value analysis and the Dunn technique,
as illustrated in Fig. 8d and 9. The determined b-values for
Fe3O4, Fe3O4@G, Fe3O4@CF, and Fe3O4@CNT are 1.0, 0.71,
0.76, and 0.71, respectively. A b-value near 1 signies primarily
surface-controlled capacitive (pseudocapacitive) activity,
whereas values ranging from 0.5 to 1 indicate a mixture of
capacitive and diffusion-controlledmechanisms. Consequently,
Fe3O4 exhibits near-optimal capacitive behavior, whereas the
composite materials exhibit hybrid charge-storage mechanisms
with considerable pseudocapacitive contributions. Additional
kinetic analysis was conducted utilizing the correlations
between log(i) and log(v) and sqrt(n) vs. i(V)/sqrt(n), as illustrated
in Fig. 9. The linear regression of log(i) against log(n) exhibits
remarkable correlation, with regression coefficients (R2) of
1.000, 0.998, 0.998, and 0.997, alongside minimal Root Mean
Squared Error (RMSE) values of 0.000, 0.026, 0.026, and 0.030
for Fe3O4, Fe3O4@G, Fe3O4@CF, and Fe3O4@CNT, respectively.
These ndings validate the robustness of the kinetic model and
the signicant correlation between current and scan rate.
Likewise, the sqrt(n) vs. i(V)/sqrt(n) graphs demonstrate strong
linearity for the composite materials, with R2 values of 0.976,
0.985, 0.959, and 0.955, accompanied by low RMSE values, so
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02171a


Fig. 5 (a) TEM and (b) SEM image of CNT, (c) SEM images for Fe3O4@CNTs, and (d) EDX analysis.

Fig. 6 CV curves for (a) Fe3O4, (b) Fe3O4@G, (c) Fe3O4@CF, and (d) Fe3O4@CNTs.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 26880–26895 | 26887
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Fig. 7 GCD curves for (a) Fe3O4, (b) Fe3O4@G, (c) Fe3O4@CF, and (d) Fe3O4@CNTs.
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reinforcing the credibility of the diffusion–capacitive separation
analysis.

The Dunn technique was subsequently employed to quantify
the relative contributions of capacitive (surface-controlled) and
diffusion-controlled processes at various scan rates. Fig. 9
illustrates that the contribution of each mechanism varies with
the material and the scan rate. Pure Fe3O4 and Fe3O4@G exhibit
predominant capacitive behavior, characterized by a signicant
surface-controlled contribution and negligible diffusion
impact. Conversely, Fe3O4@CF and Fe3O4@CNT exhibit a high
dependence on scan rate, with the capacitive contribution
increasing as the scan rate increases, while the diffusion-
controlled contribution decreasing. At a low scan rate of
1 mV/s, the capacitive contributions are approximately 99.5%,
91.9%, 23%, and 30% for Fe3O4, Fe3O4@G, Fe3O4@CF, and
Fe3O4@CNT, respectively, with the lower contribution attrib-
uted to diffusion-controlled processes. At high scan rates, the
capacitive contribution is high, especially in composite mate-
rials, owing to accelerated surface reactions and restricted ion
diffusion. These results indicate that the incorporation of
carbon nanomaterials affects the charge storage mechanism by
enhancing capacitive contributions and improving electro-
chemical kinetics, particularly at high scan rates.

Fig. 8 and Table 1 illustrate the electrochemical superiority
of Fe3O4@CF in comparison to pristine Fe3O4 and other Fe3O4-
based composites. In this study, Fe3O4@CF demonstrates the
26888 | RSC Adv., 2026, 16, 26880–26895
highest specic capacitance of 106 F/g at 1 A/g, nearly threefold
that of pristine Fe3O4 (35.5 F/g) and more than double that of
Fe3O4@G (49.5 F/g). This improvement is due to the efficient
incorporation of Fe3O4 nanoparticles into the conductive
carbon ber matrix, which enhances electrical conductivity,
promotes ion transport, and optimizes the use of electro-
chemically active sites. A comparison with previously reported
magnetic nanoparticles further underscores the competitive
efficacy of Fe3O4@CF. An environmentally sustainable anode
material composed of activated carbon from Abelmoschus
esculentus seed biomass (AE-AC) doped with Fe3O4 nano-
particles exhibited a high specic capacitance of 205.86 F/g at
a low current density of 0.05 A/g.40 This value exceeds that of
Fe3O4@CF, however it was achieved at a far lower current
density and incorporated chemical activation processes along
with biomass-derived precursors. Conversely, the current
Fe3O4@CF composite was synthesized via a straightforward
one-pot co-precipitation method and exhibited signicant
capacitance at a higher and more practical current density of
1 A/g. In a similar manner, in situ carbon-coated Fe3O4 (ISCC-
Fe3O4) produced with glucose as a carbon precursor exhibited
a specic capacitance of 150 F/g at 1.5 A/g in a Na2SO4 electro-
lyte.42 The improved performance of ISCC-Fe3O4 was ascribed to
its multi-porous architecture and uniform carbon coating
developed at a high carbonization temperature (1200 °C). While
ISCC-Fe3O4 exhibits superior capacitance, its synthesis requires
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a and b) Specific capacitance vs. (a) current densities and (b) different materials, (c) recycling of Fe3O4@CF at a current density of 10 A/g,
and (d) b-value.
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high-temperature processing and polymer additives, whereas
Fe3O4@CF achieves commendable performance via a simpler,
energy-efficient synthesis method. Complex nanostructured
systems, such as Fe3O4 on reduced graphene oxide (Fe3O4@-
rGO), have demonstrated remarkably high capacitance values of
326 F/g, accompanied by high energy density.43 Similarly,
carbon-coated Fe3O4 hybrid nanoparticles produced by
electrospraying and vapor-deposition polymerization demon-
strated a capacitance of up to 455 F/g.45 Although these systems
exceed Fe3O4@CF in absolute capacitance, they depend on
complex fabrication methods, expensive precursors, and multi-
stage processing. In contrast, Fe3O4@CF offers an advantageous
balance among electrochemical performance, simple synthesis
procedures, and material cost. The carbon ber matrix
enhances electronic conductivity, provides mechanical stability,
and facilitates efficient access to the electrolyte, thereby
improving the pseudocapacitive behavior of the Fe2+/Fe3+ redox
system. The specic capacitance of 106 F/g at 1 A/g highlights
the viability of Fe3O4@CF as a scalable, cost-effective electrode
material for supercapacitor applications, particularly in appli-
cations where cost-effectiveness and ease of production are
essential.

Oxygen evolution reaction (OER). The OER activity of Fe3O4

and its carbon-based composites was assessed via LSV, as
© 2026 The Author(s). Published by the Royal Society of Chemistry
illustrated in Fig. 10. No signicant current response was
detected in the negative potential region, indicating the absence
of the hydrogen evolution reaction (HER) under the specied
conditions. A notable increase in anodic current was observed
upon raising the applied potential above approximately 0.55 V
vs. Ag/AgCl, thereby affirming the initiation of the OER and
demonstrating the electrocatalytic efficacy of the examined
materials (Fig. 10a).

Varied electrochemical characteristics were noted among the
samples. Pristine Fe3O4 and Fe3O4@CNT exhibited signicant
anodic behavior, with a peak at approximately 0.46 V vs. Ag/
AgCl. Conversely, Fe3O4@CF and Fe3O4@G exhibited wider
anodic responses with a negative potential shi to approxi-
mately 0.43 V, signifying altered surface kinetics and improved
charge-transfer properties resulting from carbon incorporation
(Fig. 10a).

The LSV curves were transformed to the reversible hydrogen
electrode (RHE) scale for precise comparison (Fig. 10c). The
OER overpotentials were subsequently assessed at a constant
current density, and the results are shown in Fig. 10d. The
determined overpotential values were 380 mV for Fe3O4, 360 mV
for Fe3O4@G, 390 mV for Fe3O4@CF, and 400 mV for Fe3O4@-
CNT (Fig. 10a).
RSC Adv., 2026, 16, 26880–26895 | 26889
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Fig. 9 b-Value and Dunn methods for (a–c) Fe3O4, (d–f) Fe3O4@G, (g–i) Fe3O4@CF, and (j–l) Fe3O4@CNT.
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Among the tested catalysts, Fe3O4@G exhibited the lowest
overpotential, indicating improved OER kinetics driven by
enhanced electrical conductivity and synergistic interactions
between Fe3O4 and the graphite support. While Fe3O4@CF
exhibited exceptional performance in supercapacitor applica-
tions, its OER activity was lower, underscoring the unique
structure–property interactions that govern energy storage and
electrocatalytic behavior.

Table 2 compares the overpotentials for OER of Fe3O4-based
electrocatalysts reported in the literature. The Fe3O4 composites
produced in this study exhibit low, competitive overpotentials
(360–400 mV), indicating efficient OER activity despite their
straightforward synthesis and lack of noble metals or intricate
structures. In contrast to Fe3O4/N-doped carbon foam (Fe3O4/N-
CF), which demonstrated improved OER performance under an
external magnetic eld with a bifunctional potential differential
of 700 mV,65 the current materials exhibit similar overpotential
26890 | RSC Adv., 2026, 16, 26880–26895
values in the absence of a magnetic eld. Au/Fe3O4 electro-
catalysts exhibited a signicant decrease in overpotential due to
enhanced interfacial charge transfer; however, their efficacy
depended on the inclusion of noble metals and supplementary
fabrication steps.66 Core–shell Fe3O4@CoFe2O4 systems exhibi-
ted OER activity that was signicantly inuenced by the catalyst
layer thickness, with high overpotentials resulting from charge-
transport resistance at higher loadings.67 Coral-like Fe3O4

nanostructures exhibited a remarkably low overpotential of
234 mV at 10 mA/cm2, owing to optimal shape and calcination
conditions, necessitating temperature control during
synthesis.68 The Fe3O4 and Fe3O4/carbon composites presented
herein exhibit competitive OER overpotentials compared to
previously reported Fe3O4-based catalysts, while offering the
advantages of simpler preparation, reduced cost, and enhanced
structural stability, underscoring their viability as practical OER
electrocatalysts.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of different Fe3O4 reported for supercapacitors

Materials Synthesis methods Conditions Electrolytes Specic capacitance Recyclability Ref.

AE-AC Extraction
carbonization

500 °C for 2 h 1 M H2SO4 119.97 F/g 0.05 A/g 91.34% aer 1000
cycles at 0.1 A/g

40

AE-AC-doped
Fe3O4

Precipitation
freeze-drying

30 min at 90 °C for
30 min 1000 rpm for 6 h
freeze-drying

205.86 F/g at
0.05 A/g

88.20% aer 1000
cycles at 0.2 A/g

ISCC-Fe3O4 Carbonization Argon atmosphere at
1200 °C

1 M Na2SO4 150 F/g at 1.5 A/g 42

Fe3O4@rGO Hummer's method
reduction hydrolysis

Reducing GO in NaOH
solution at 80 °C
heating the mixture to
80 °C

1 LiOH 326 F/g at 0.5 A/g 95% aer 1000
cycles at 2 A/g

43

FeCHNPs Electrospray heating
carbonization

Stirring at 70 8C for 4 h
dried at 60 °C for 12 h
vaporized pyrrole for
5 min at room
carbonized at 400 °C for
1 h in an argon

1 M Na2SO3 455 F/g at 1 A/g 91% aer 3000
cycles at 1 A/g

45

PPy NPs Polymerization FeCl3-catalysis 105 F/g at 1 A/g
Fe3O4@CF Precipitation

ultrasonication
60 °C for 30 min 6 M KOH 106 F/g at 1 A/g 100% aer 5000

cycles at 10 A/g
This
study

Fig. 10 (a–c) LSV curves for (a and b) vs. Ag/AgCl and (c) vs. RHE, and (d) overpotential for different materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 26880–26895 | 26891
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Table 2 Summary of different Fe3O4 reported for OER

Materials Synthesis methods Conditions Electrolytes Overpotential Ref.

Fe3O4/N-CF NaCl-assisted method
carbonization

750 °C for 2 h 0.1 M KOH 700 mV@10 mA/cm2 65

Fe3O4/Au Hydrothermal electrochemical
deposition

200 °C for 12 h
−0.9 V (vs. SCE) for 3 min

0.1 M KOH 640 mV@10 mA/cm2 66

Fe3O4@CoFe2O4 Seed-mediated growth,
thermal decomposition

Reux for 15 min
100 °C for 30 min reux for 2 h

0.1 M NaOH 150–250 mV@10 mA/cm2 67

Fe3O4 Template-assisted
dipping adsorbing-calcining

Heating at 600 °C for 2 h 1.0 M NaOH 234 mV@10 mA/cm2 68

Fe3O4@G Precipitation ultrasonication Heating at 60 °C for 30 min 6 M KOH 360 mV@20 mA/cm2 This study
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Conclusions

In conclusion, Fe3O4 nanoparticles and their composites with
graphite, carbon bers, and carbon nanotubes were effectively
produced using a straightforward ultrasonic-assisted co-
precipitation technique. Structural and morphological investiga-
tions veried the retention of magnetite crystallinity and nano-
scale particle dimensions following composite production.
Electrochemical analyses demonstrated that carbon insertion
markedly improved charge-storage characteristics, yielding hybrid
supercapacitive performance that combines electric double-layer
capacitance with Fe2+/Fe3+ redox activity. Among the examined
materials, Fe3O4@CF demonstrated exceptional electrochemical
performance, achieving a specic capacitance of 106 F/g at 1 A/g
and exhibiting notable cycling stability over 5000 cycles.
Furthermore, Fe3O4 and its composites exhibited notable oxygen
evolution reaction activity with low overpotentials, affirming their
viability as economical OER electrocatalysts. The ndings under-
score the efficacy of straightforward carbon–magnetite integration
techniques for creating multifunctional materials suitable for
energy storage and water-oxidation applications.
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