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Spinel ferrites have emerged as promising electrode materials for supercapacitors due to their high theoretical capacitance and fast redox
kinetics. In this study, pristine NiFe204 and Co-modified NiFe204 were synthesized via a facile, cost-effective and scalable approach,
followed by comprehensive structural and electrochemical characterization. Co-modification was associated with enhanced electrochemical
performance, which may arise from changes in surface chemistry, redox-active species, morphology and electrode resistance. The
NiFe204/200 mg Co electrode exhibited a specific capacitance of 236 F gt at 2 A g, compared with 148 F g for pristine NiFe20s under
the same measurement conditions. The Co-treated electrode retained approximately 92.1% of its initial capacitance after 5000 charge-
discharge cycles in three electrode configuration and 89.3% retention in two-electrode system over the same cycle life. The device
delivered a maximum energy density of 6.9 W kg and a power density of 4999.2 W kg2. These electrochemical results establish

Co-modified NiFe20a4 as a promising electrode material for supercapacitor applications.
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INTRODUCTION

The integration of renewable energy sources into decarb-
onization strategies has increased the need for efficient energy
storage systems that support grid stability and ensure reliable
power delivery [1-4]. The growing use of wearable devices and
portable electronics has also created demand for affordable
and lightweight energy storage technologies with high power
density and rapid charge—discharge capability [5].

Supercapacitors (SCs) have attracted considerable atten-
tion due to their high-power density and excellent cycling
stability and their ability to charge and discharge rapidly com-
pared with conventional batteries [6]. Research in this field has
focused on improving electrode materials based on transition
metal oxides and ferrites along with their composites through
suitable synthesis methods and electrolyte optimization [7].
Transition metal oxides and ferrites are widely studied as elec-
trode materials due to their redox-active sites facilitate Faradaic
charge storage [8]. Bimetallic ferrites offer multiple oxidation
states and enhanced redox activity, which can improve their
charge storage performance [9]. For example, NiFe;O4 thin
films prepared by spray pyrolysis have exhibited a specific

capacitance of 600 F g* [10] whereas hydrothermally synthe-
sized NiFe,O4 has shown a value of 266 F g [11]. Such
differences highlight the influence of synthesis conditions
and surface morphology on electrochemical performance.
Structural modification and metal-ion doping have also been
investigated as strategies to improve the charge storage
capability and cycling stability of NiFe,O4 electrodes [12].
Nickel ferrite has received particular interest for supercapa-
citors and other applications such as water purification and
catalysis. Its electrochemical performance can be further
improved through the incorporation of conductive materials
or suitable metal dopants [10]. Cobalt is of interest in this
context since its redox activity can contribute to pseudo-capa-
citive charge storage and improved electrical transport [13].

Despite these advantages the relatively low electrical con-
ductivity of NiFe,O4 remains a limitation for supercapacitor
applications. Nanostructuring and surface engineering and
partial substitution with other transition metal ions have been
explored to address this issue [14-16]. Cobalt containing ferr-
ite composites have shown improved pseudocapacitive beha-
viour through enhanced redox activity and charge transport
[17,18]. For example, NiFe,0s-CoFe,O, composites have
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been reported to deliver a specific capacitance of 800 F g
while retaining 85% of their initial capacitance after 10,000
cycles [19].

Although NiFe;O4s-based materials have been widely
investigated for supercapacitor applications systematic studies
of Co-modified NiFe;O4 prepared through simple and scal-
able synthesis routes remain limited particularly those comp-
aring electrochemical performance in both three-electrode and
two-electrode configurations. In this study, Co modification
of preformed NiFe,O4 was investigated to examine its effects
on structural and morphological characteristics and electro-
chemical performance. Materials with different cobalt concen-
trations were prepared using straightforward and cost-effective
methods. The optimized electrode was further evaluated in a
two-electrode configuration to assess its practical energy
storage performance and cycling stability.

EXPERIMENTAL

All chemicals were of AR grade and used without further
purification. Nickel nitrate hexahydrate [Ni(NO3).-6H20],
ferric nitrate hexahydrate [Fe(NOs)s], cobalt nitrate hexahy-
drate  [Co(NOs)2-6H20], sodium hydroxide, N-methyl-2-
pyrrolidone (NMP), citric acid, carbon black, polyvinylidene
fluoride (PVDF) were used. Acetone and double distilled
water were used as solvents during synthesis and electrode
preparation.

Synthesis of NiFe2Os and Co-Modified NiFe2O4:
NiFe,04 spinel ferrite was synthesized through a simple
solution-based method. Initially, 0.5 g of Ni(NO3)-6H,0 and
1 g of Fe(NOs) were dissolved in 100 mL of double distilled
water under continuous stirring for 35 min to obtain a homo-
geneous solution. Subsequently, 500 mg of citric acid was
added as a complexing agent and the solution was further
stirred for 35 min to ensure uniform complex formation between
the metal ions. To facilitate precipitation, a few drops of 0.1 M
NaOH solution were added gradually under continuous stirring
for 60 min to adjust the pH and facilitate the formation of the
corresponding metal hydroxide precursor. The resulting sus-
pension was centrifuged and the precipitate was collected and
washed several times with double-distilled water to remove
residual impurities. The washed precipitate was then dried in
a hot air oven and subsequently calcined at 650 °C for 3.5 h
to obtain crystalline NiFe,O4. Subsequently, the preformed
NiFe,O4 was subjected to Co treatment using two different
amounts of cobalt precursor (100 and 200 mg). The required
amount of Co(NOs),-6H,0 was mixed separately with 100
mg of the synthesized NiFe,O4 powder. Each mixture was
mechanically ground for 1 h to promote uniform distribution
of the cobalt-containing species followed by ultrasonication
for 2 h to improve dispersion. The resulting mixtures were
dried and subsequently calcined at 650 °C. The resulting
materials are designated as NiFe204/100 mg Co and NiFe;O4/
200 mg Co, respectively and are referred to as Co-modified
NiFe»Oa. In this study, the modification level is expressed in
terms of the Co precursor loading rather than the actual Co
content or a specific Co substitution level in the NiFe,Oy4 lattice.
The samples were stored in airtight containers for further
characterization.

Electrochemical studies: The electrode slurry was pre-
pared by combining 10 mg of PVDF, 10 mg of carbon black
and 80 mg of NiFe;O4 or Co-modified NiFe;O4 in the pres-
ence of NMP. After that, a resulting slurry was applied on Ni-
foam and dried at 80 °C for 6 h. Acetone and double distilled
water were used to wash the Ni-foam prior to coating. The
obtained electrode was used as the working electrode, while
the Ag/AgCl electrode was used as the reference electrode with
the Pt electrode (counter electrode). Electrochemical studies
were conducted in the presence of 1 M KOH solution. The
electrode capabilities have been investigated using cyclic
voltammetry (CV), capacity retention, electrochemical impe-
dance spectroscopy (EIS) and galvanostatic charge-discharge
(GCD), respectively.

RESULTS AND DISCUSSION

FTIR analysis: The FTIR spectra (Fig. 1) were analyzed
to identify the functional groups and metal-oxygen bonds in
the synthesized spinel ferrites. Pristine NiFe,O4 exhibited
absorption bands at 3471 and 1636 cm™, which is assigned
to the O-H stretching and bending vibrations of surface
hydroxyl groups and adsorbed water molecules. Such bands
are commonly observed in the spinel ferrite nanoparticles [20].
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Fig. 1. FTIR spectra of NiFe,O,, NiFe,0,/100 mg Co and NiFe,0,/200 mg
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The absorption band near 605 cm is attributed to M—O vib-
rations associated with the ferrite lattice. These vibrations
generally occur in the 600-400 cm™ region and are charac-
teristic of spinel ferrites [21,22].

The bands at 1553 and 1337 cm* may be associated with
O-H bending and C-O stretching vibrations arising from sur-
face species or residual organic compounds from the synthe-
sis process [23]. The NiFe;04/100 mg Co composite exhibited
absorption bands at 3437, 1537, 1340, 654 and 562 cm . The
bands at 654 and 562 cm™? fall within the characteristic M-O
vibration region of ferrite materials [24,25]. For the NiFe2O4/
200 mg Co composite, the main absorption bands appeared
at 3447, 1535, 666 and 557 cm™*. These bands are assigned to
O-H stretching and bending vibrations and M-O vibrations
associated with the ferrite framework [26-32].

Small shifts in the absorption bands were observed after
Co treatment. These changes may arise from variations in the
local chemical environment and metal-oxygen interactions.
The bands in the 700-400 cm™ region provide the main FTIR
evidence for M—O bonding in the spinel ferrite framework,
whereas the higher-wavenumber bands are primarily associ-
ated with surface hydroxyl groups and adsorbed water. The
observed spectral changes are consistent with modifications
in the surface or local bonding environment after Co treat-
ment.

XRD analysis: Fig. 2 shows the XRD patterns of
pristine NiFe;O4 and Co-modified NiFe,O4 samples. Pristine
NiFe204 exhibits characteristic diffraction peaks at 26 =~ 30.5°,
35.6°, 43.5°, 53.8°, 57.3° and 62.8°, corresponding to the
(220), (311), (400), (422), (511) and (440) planes of the cubic
spinel structure. These reflections agree with JCPDS card No.
10-0325 [33]. The principal NiFe,O4 reflections remain visible
in the samples treated with 100 and 200 mg of Co. The
changes in peak intensity and broadening suggest variations
in crystallinity and microstructural characteristics after Co
treatment. The crystallite sizes estimated from peak broad-
ening range from 0.53 to 38.60 nm, with an arithmetic mean
of approximately 11.91 nm. The weak additional diffraction
peaks appear in the Co-treated samples and are assigned to
cubic spinel Co304 according to JCPDS card No. 42-1467.
These reflections indicate the presence of a separate crysta-
lline Co304 phase alongside the NiFe,O4 phase. The XRD
results support the formation of a Co-modified NiFe;O4
composite rather than confirming the formation of a single-
phase Nii.xCoxFe,0. solid solution [34-39]. The retention of
the main NiFe,O4 reflections confirms that the parent spinel
phase remains detectable after Co treatment, while the addi-
tional Co304 peaks and changes in diffraction profiles point
to modifications in the phase composition and micro-
structure.

Morphological analysis: The surface morphology of
pristine NiFe,O4 and Co-modified NiFe,O4 samples was
examined by scanning electron microscopy (SEM), as shown
in Fig. 3a-f. Pristine NiFe,QO, exhibits irregularly shaped and
agglomerated particles, a common feature of ferrite nano-
particles prepared by solution-based methods due to magnetic
interactions and high surface energy [21,40]. After Co treat-
ment, changes in particle morphology and distribution were
observed. The NiFe;04/200 mg Co sample exhibits predomi-
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nantly spherical to semi-spherical particles with a comparatively
more uniform distribution. These changes may be associated
with surface modification and particle interactions during
grinding, sonication, drying and calcination. Such morpho-
logical features may influence electrochemical performance
by affecting the accessible surface area and electrolyte trans-
port [41]. The energy-dispersive X-ray spectroscopy (EDX)
profiles in Fig. 4 confirm the presence of Co in the treated
samples. Since EDX is a semi-quantitative technique that
provides localized elemental information, the detection of Co
does not establish its substitution at Ni?* sites within the
NiFe,O; lattice.

Transmission electron microscopy (TEM) images of
NiFe204/200 mg Co (Fig. 5) further reveal spherical to semi-
spherical particles with some degree of agglomeration, which
is commonly observed in nanoscale ferrite materials [42,43].
The combined SEM, EDX and TEM results confirm the pre-
sence of Co in the treated material and reveal changes in
particle morphology and aggregation. These observations
support the formation of a Co-modified NiFe,O. material but
do not independently establish Co incorporation into the ferrite
lattice.

Electrochemical study of NiFe:O4 and Co-incorporated
NiFe204

CV analysis: The electrochemical performance of pris-
tine NiFe;04 and Co-modified NiFe,O4 samples containing
100 and 200 mg of Co was investigated using three-electrode
and two-electrode configurations. Figs. 6a-d presents the cyclic
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Fig. 3. SEM images of (A-B) pristine NiFe20s, (C-D) NiFe204/100 mg Co, (E-F) NiFe204/200 mg Co
450K . , voltammetry (CV) curves recorded at different scan rates.
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L, istics [44].
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0 067 134 201 268 335 402 469 535 603 two configurations. The three-electrode system, comprising
Ag/AgCI as the reference electrode and Pt as the counter
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1-2% 3] (b) oK 84 248 working electrode to be evaluated. In the two-electrode sys-
126K FeK 462 39.0 tem, both electrodes contribute to charge storage and the
1.05K g fes e 22 measured response is influenced by device-level factors such
8-gg§ H as internal resistance, electrode polarization and ion transport
0.42K 8 [45].
gggﬁ — The CV curves exhibit quasi-rectangular profiles with
0 13 26 39 52 65 78 91 104 1.7 130 broad Faradglf: fea'Fures across the |nve§t|gated scan rates.
The Co-modified NiFe,O4 electrode containing 200 mg of Co
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205K |@ ?(1,:3 by arise from overlapping Faradaic reactions involving Ni-, Fe-
]-gg& and Co-containing surface species in the alkaline electrolyte.
0.82K These reactions may involve Ni?*/Ni** and Co*/Co** redox
0.41K transitions.
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Fig. 4. EDX spectra along with the elemental composition of (a) pristine
NiFe;Os, (b) NiFe;04/100 mg Co and (c) NiFe,04/200 mg Co

NiFe,O4 and may influence charge transport through changes
in surface chemistry and the availability of electrochemically
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Fig. 5. TEM images of NiFe204/200 mg Co
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Co under two electrode system

active sites. Variations in particle morphology and electrode—
electrolyte interactions may further affect ion accessibility and
charge-storage performance. These factors may contribute to
the enhanced specific capacitance of the Co-modified elec-
trode [46-48]. Further evidence is required to establish the
specific contributions of conductivity changes and individual
redox couples to the observed electrochemical improvement.

GCD analysis: Figs. 7a-d presents the galvanostatic
charge—discharge (GCD) profiles of pristine NiFe,O4 and Co-
modified NiFe;O4 containing 100 and 200 mg of Co under
three-electrode and two-electrode configurations. The charge
storage in the Co-modified electrode may involve Faradaic
reactions of Ni- and Co-containing species in the alkaline
electrolyte alongside electrical double-layer contributions at
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the electrode-electrolyte interface. The changes in surface
chemistry and particle morphology may influence the availa-
bility of active sites and electrolyte ion transport [49].

Under the three-electrode configuration (Fig. 8a) the
specific capacitance of pristine NiFe,O, was 148, 48, 22, 14
and 10 F gt at current densities of 2, 4, 6, 8 and 10 A g},
respectively. NiFe;04/100 mg Co exhibited values of 170,
52, 26, 16 and 12 F g under the same conditions. The
highest values were obtained for NiFe.0./200 mg Co at 236,
76, 36, 22 and 16 F g™*. In the two-electrode configuration, a
symmetric device was assembled using two identical
NiFe»04/200 mg Co electrodes coated on Ni foam. Without
a reference electrode, the measurements represented the full
cell voltage response. The device exhibited specific capaci-
tances of 50, 28, 24, 20 and 15 F g at current densities of 2,
4,6,8and 10 A g}, respectively (Fig. 8b).

At 2 A g%, the Co-modified electrode delivered 236 F g*
compared with 148 F g for pristine NiFe,O4, which represent
an increase of approximately 59.5%. The specific capacitance
decreased with increasing current density, which may be
attributed to restricted ion diffusion and incomplete utiliza-
tion of electrochemically active sites during rapid charge—
discharge. At lower current densities, ions have more time to

access the electrode surface and internal active sites. Higher
current densities can limit ion transport and increase polariza-
tion and thus reduce the effective contribution of the elect-
rode material to charge storage. Despite this decrease, NiFe;Ou/
200 mg Co retained a capacitance of 16 F g at 10 A gt in
the three-electrode configuration and 15 F g in the two-
electrode device. The improved capacitance following Co
treatment may be associated with changes in redox activity
and electrode—electrolyte interactions [50].

Retention, energy and power densities analysis: The
NiFe,04/200 mg Co electrode retained 99.1% of its initial
capacitance after 500 GCD cycles and 97.5% after 2000
cycles in the three-electrode configuration. The capacitance
retention remained at 93.2% after 4000 cycles and 92.1%
after 5000 cycles. In the two-electrode configuration, the
electrode retained 96.3% of its initial capacitance after 500
cycles and 94.2% after 2000 cycles with 89.3% retention after
5000 cycles (Fig. 8c). These results indicate good cycling
stability under both configurations.

The symmetric two-electrode device delivered energy
densities of 6.9, 3.9, 3.4, 2.8 and 2.1 Wh kg™ at correspon-
ding power densities of 999.9, 1999.5, 2999.7, 3998.8 and
4999.2 W kg (Table-1). A comparison with previously
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TABLE-1
ENERGY AND POWER DENSITIES DATA OF NiFe204/200 mg Co

Energy density (Wh kg)

Power density (W kg?)

6.9 999.9

3.9 1999.5
34 2999.7
2.8 3998.8
2.1 4999.2

reported Ni—Co ferrite electrodes is provided in Table-2. The
hydrothermally synthesized NiosCogsFe204 exhibited a spe-
cific capacitance of 522.80 F g at 2.25 A g [51] while
solvent free-synthesized Nio4CoosFe.04 delivered 237 F gt
at 1 A g [52]. Higher capacitance values have also been
reported for compositionally controlled Ni;xCoxFe;O4 syst-
ems [53]. Direct comparisons require consideration of differ-
ences in the current density and electrolyte composition and
electrode configuration and active-material loading. There-
fore, the present study does not establish superior performance
over previously reported Ni—Co ferrites. Instead, the improve-
ment observed relative to pristine NiFe.O4 under identical
experimental conditions demonstrates the beneficial effect of
the present Co-treatment approach on charge-storage perfor-
mance.

EIS analysis: In present study, NiFe;Oa, NiFe;04/100
mg Co and NiFe;04/200 mg Co electrodes were analyzed
using Nyquist and Bode plots. The Nyquist plots along with
their corresponding equivalent circuit models are shown in
Fig. 9, while the Bode plots are shown in Fig. 10. The
electrochemical parameters extracted from the equivalent

circuit fitting include the series resistance (Rs), charge
transfer resistance (R¢) and Warburg diffusion element (Z.).
For pristine NiFe;O., the values of Rs, Rt and Z, were found
to be 4.464 Q, 1.015 x 102 Q and 4.87 x 1077, respectively.
For the NiFe,04/100 mg Co electrode, these values were
4.466 Q, 1.043 x 102 and 1.70 x 1073, respectively, whereas
for NiFe;04/200 mg Co they were 3.387 Q, 1.664 x 102 Q
and 4.51 x 1073, respectively. The series resistance (Rs)
decreases from 4.466 Q for pristine NiFe;O4 to 3.387 Q for
NiFe204/200 mg Co, suggesting reduced ohmic resistance
within the electrode/electrolyte system. In contrast, the charge
transfer resistance (Rc) increases from 1.015 x 102 to 1.664
x 1072 Q upon increasing the Co treatment, which indicate
that the improvement in the electrochemical performance can-
not be attributed solely to faster interfacial charge-transfer
kinetics. The enhanced capacitance may be attributed to the
changes in surface chemistry and morphology and improved
accessibility of electroactive sites. EIS analysis indicates lower
series resistance but does not directly confirm faster charge-
transfer kinetics. The changes in the Warburg parameter sug-
gest modified diffusion-related impedance, whereas Bode plots
support the equivalent-circuit analysis and indicate coupled
charge-transfer and ion-diffusion processes [49,54].

Conclusion

In this study, pristine NiFe,O4 and Co-modified NiFe;04
materials were synthesized and evaluated as electrode mater-
ials for the supercapacitor applications. Structural and morp-
hological analysis confirmed the formation of crystalline
spinel ferrite with changes in particle morphology following

TABLE-2
COMPARISON OF THE ELECTROCHEMICAL PERFORMANCE OF
Co-MODIFIED NiFe20s WITH REPORTED Ni-Co FERRITE ELECTRODES

Current Specific
Material Synthesis density capacitance Cyclic stability Ref.
(Agh (Fg?
NiFe204 Hydrothermal 0.25 467.43 - [51]
Nio5C00.5Fe204 Hydrothermal 0.25 522.80 82%, 1500 [51]
CoFe204 Hydrothermal 0.25 [51]
Nio.4C00.6Fe204 Solventless 1.00 237.00 100%, 4000 [52]
Nio5C00.5Fe204 Auto-combustion - 996.00 90%, 5000 [53]
NiFe204/200 mg Co  Co treatment of performed NiFe2O4 2.00 236.00 92.1% after 5000 cycles Present work
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