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ABSTRACT

Published: 30.03.2026

This study reports a green, mechanochemical one-pot synthesis of a nickel ferrite/reduced graphene oxide
(NiFe:0:@rGO) hybrid designed for dual applications in energy storage and environmental remediation. The integration of
NiFe»04 nanoparticles with rGO forms a conductive nano-network that significantly enhances charge transport and interfacial
redox activity. In a three-electrode configuration using 4.0 M NaOH electrolyte, the NiFe:O4@rGO hybrid delivers a high
specific capacitance of 496 F g at a current density of 1 A g™!, markedly outperforming pristine NiFe.Os. A symmetric
supercapacitor assembled from the hybrid exhibits a specific capacitance of ~103 F g* at 1 A g with an excellent cycling
stability, retaining 93.16% of its initial capacitance after 5000 charge—discharge cycles. In addition, the NiFe:O4@rGO hybrid
demonstrates outstanding photocatalytic activity, achieving over 99% degradation of rhodamine B dye within 60 min under
UV irradiation, along with high reusability and structural stability. The enhanced electrochemical and photocatalytic
performances are attributed to the synergistic interaction between NiFe.Os+ and rGO, which promotes efficient electron
transport and active site utilization. This work presents a scalable, eco-friendly synthesis strategy for a multifunctional hybrid
material capable of bridging high-performance supercapacitor technology and wastewater treatment applications.

Keywords: Photocatalysts; Graphene oxide; Pseudocapacitive behavior; Rhodamine B dye; Ecofriendly.

1. INTRODUCTION

The two main concerns of sustainable energy
systems are energy conservation and the reduction of
environmental contamination (Anantha et al. 2025). A
GO-supported ternary ferrite composite (NiFe:0s—
MnFe:04—CoFe204) delivered high energy density of
50.5 Wh kg excellent cycling stability. The material
demonstrated  strong potential as anode for
supercapacitors (Moradi and Ghobadi, 2024). Despite
extensive studies on NiFe:Os—rGO hybrids, most rely on
multistep, solvent-intensive synthesis and focus mainly
on energy storage, leaving a gap in sustainable routes for
dual-function materials. Mechanochemical synthesis
offers an eco-friendly, scalable alternative to
simultaneously achieve strong interfacial coupling and
integrated supercapacitor—photocatalytic performance.

The cycling stability and superior performance
(rGO/NiFe:04/polyaniline) arose from synergistic EDLC
and pseudocapacitive charge-storage mechanisms

(Sardana et al. 2022). Binder-free
NiFe:04@Fe;0s@Fe:N composites grown at N-doped
rGO-wrapped  nickel foam  exhibited  high
pseudocapacitive  behavior and  whole-electrode
capacitance. Flexible all-solid-state device achieved high
power density (1670.4 W kg™') and energy density (92.8
Wh kg™) (Jiang et al. 2021). A hollow-cube hierarchical
NiFe:04—NiCo-LDH@rGO composite delivered a high
SC of 750 C g! with excellent cycling durability, an
energy density of 50 Wh kg™ and also demonstrated
promising electrochemical glucose sensing performance
(Chu et al. 2020). Hydrothermally synthesized NiFe.Oa
microstructures exhibited a pure cubic spinel phase and
delivered a high SC of 744 F g! with 88% retention over
10,000 cycles and confirm NiFe.Os microstructures as
robust electrode materials for advanced supercapacitors
(Hiragond et al. 2025).

The hybrid device NiFe:04@PANI composites
demonstrated good cycling stability with power and
energy densities of 900 W kg™ and 13.5 Wh kg!
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(Alburaih et al. 2025). Bi-doped NiFe.O4 nanoparticles
exhibited enhanced electrochemical and magnetic
memory behavior, with the 20% Bi-doped sample
achieving 339.16 F g' and 90.76% retention over 5000
cycles. Two-electrode results confirmed their suitability
for practical supercapacitor devices (Hsu et al. 2025).
Ag-NiFe.Os nanoparticles uniformly dispersed on
graphene nanoplatelets delivered a high SC of 913 F g™
due to synergistic interfacial effects. (Saha et al. 2025).
ZnO-NiFe:04 nanocomposites exhibited tunable optical,
dielectric, and magneto-capacitance properties with
improved antimicrobial activity (Veeramani et al. 2025).
ZnFe>04/NiFe.04/CeQ: ternary nanocomposites showed
enhanced surface area and electrochemical reversibility,
achieving 102.4 F g1 at 0.25 A g'! (Manohar et al. 2024).

Tannic acid—based bio-epoxy was developed
and used to fabricate hybrid Ziziphus jujuba seed particle
/ Holoptelea integrifolia fiber composites. Fuzzy logic
model accurately predicted tensile, impact, and flexural
strengths with an overall prediction accuracy of 87%
(Kandavalli et al. 2025). The electrodes demonstrated
good stability, indicating suitability for high-performance
supercapacitor uses (Khawale et al 2024). A
hydrothermally synthesized MgCr.04/rGO nanohybrid
delivered a high SC of 1083.51 F g' with 96.08%
retention after 4000 cycles. The reduced solution
resistance and enhanced Faradaic kinetics confirmed its
suitability for supercapacitor electrodes (Razzaq et al.
2026). A ternary MnFe.0+rGO/SnS: nanocomposite
synthesized hydrothermally achieved a high SC of 1068
F g' at 3 A g'. The electrode also delivered energy
density of 38.86 Wh kg™ with good power capability
(Sahoo et al. 2026).

The novelty of this work lies in the green
mechanochemical one-pot synthesis of NiFe:04@rGO
hybrid, which simultaneously integrates energy storage
and photocatalytic functionalities within a single
multifunctional material. Unlike conventional multistep
or solvent-intensive synthesis routes, the proposed
mechanochemical approach offers a simple, scalable, and
eco-friendly strategy for constructing intimate interfacial
coupling between nickel ferrite nanoparticles and
reduced graphene oxide. The study uniquely
demonstrates how rGO acts as a conductive nano-
network, enhancing charge transport, redox activity, and
interfacial  electron  transfer, thereby enabling
exceptionally high SC for supercapacitor electrodes and
rapid photocatalytic degradation of organic dye
pollutants. By systematically validating the dual-
application  performance of NiFe:04@rGO in
electrochemical energy storage and environmental
remediation, this work establishes a cost-effective,
sustainable, and multifunctional hybrid material that

bridges the gap between energy conversion and
wastewater treatment.

2. MATERIALS AND METHODOLOGY
2.1 Materials

Nickel ferrite (NiFe204) , graphene oxide (GO)
was procured from Matrics Enterprises, Nagercoil, Tamil
Nadu, India. Sodium hydroxide (NaOH) was obtained
from Kovai Cheenu Enterprises, Coimbatore, Tamil
Nadu, India. Deionized water was utilized throughout
entire process.

2.2 Synthesis of Nickel Ferrite

Nickel ferrite (NiFe:04) nanoparticles were
synthesized using a sol-gel auto-combustion method.
Stoichiometric amounts of nickel nitrate hexahydrate and
iron nitrate nonahydrate were dissolved in deionized
water with citric acid as a fuel, maintaining a 1:2
precursor-to-fuel ratio (Srinivasan et al. 2025). The
solution was heated at 80 °C under continuous stirring
until gel formation, followed by self-combustion. The
resulting powder was ground and annealed at 600 °C for
3 h to obtain the crystalline spinel phase.

2.3 Synthesis of Reduced Graphene Oxide

Graphene oxide (GO) was produced with
modified Hummers' technique. Subsequently, GO was
subjected to thermal reduction to yield reduced rGO by
heat treatment at 280 °C for 3 hours (Srinivasan et al.
2025). This technique provides removal of oxygen
functional groups from GO structure, restoration of sp?
hybridization and the cleavage of sp* carbon bonds. The
reestablishment of =n-bonding among carbon atoms
improves electrical conductivity. The residual oxygen
content and electrical conductivity were modified by
changing reduction conditions, hence influencing
material's electronic and functional properties.

2.4 Preparation of NiFe,0,@rGO by Green
Synthetic Approach

The NiFe:04@rGO hybrid was synthesized via
a green mechanochemical approach by integrating
NiFe:O4 nanoparticles with reduced graphene oxide
(rGO). rGO was dispersed in distilled water through
ultrasonication, followed by the gradual addition of
NiFe:0O4 under continuous stirring to ensure uniform
distribution. Ethanol was used in minimal quantity to
improve dispersion and prevent agglomeration, without
compromising the overall solvent-reduced
mechanochemical nature of the synthesis. The resulting
slurry was dried at 80 °C, gently ground, and mildly
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annealed at 300 °C for 2 h to enhance interfacial bonding
while preserving the spinel structure.

2.5 Electrochemical Evaluation

The  electrochemical  characteristics  of
NiFe;O4@rGO hybrid, pristine rGO, and pristine
NiFe,O4 were evaluated in three-electrode cell correct
conditions. Three-electrode cell had a mercury oxide /
mercury reference electrode, an active material on nickel
,and a platinum wire counter electrode foam serving as
working electrode. The working electrode was
constructed with carbon black, active material, PVDF,
and N-methyl-2-pyrrolidinone. The slurry was prepared
and coated onto the cleaned Ni foam with geometric area
of 1 x 1 cm? by a cosmetic brush. Coated nickel foam was
kept in an oven for 10 hours at 60 °C. Discharging (GCD)
/ galvanostatic charging and CV measurements was
achieved within the potential window of -0.1 to +0.5 V.
EIS investigations were performed with a frequency of
0.01 Hz - 100 kHz. Cs was computed by

C_det 1

ST mxAV - M
— td

=100 x — o (2)

In this context, AV refers to the voltage window,
m indicates the active mass, dt shows discharge time, I
shows current, whilst tc and td signify charging and
discharging durations,

2.6 Fabrication of Symmetric Supercapacitor

About 2 g of PVA was mixed with 10 mL of
distilled water in a glass beaker and stirred until a
homogeneous mixture was obtained. Subsequently, 1 g of
NaOH was added, and the mixture was continuously
agitated in a water bath at 80 °C for roughly 2 hours until
the gel achieved complete clarity. The gel was kept at
room temperature for cooling. Filter papers were
immersed in the gel for a specified duration and
subsequently placed between the electrodes of
NiFe,04@rGO hybrid. The CV and GCD were evaluated
within the 0—0.5 V potential range.

2.7 Photocatalytic Test

Photocatalytic experiments were studied using
rhodamine B dye (RhB) by UV irradiation. The sample
was exposed to UV radiation in the upper portion of
reactor. In all experiments, 10 mg of the sample was
dispersed in 50 mL of RhB solution and ultrasonicated
for 5 minutes to ensure a homogeneous suspension.
Before UV irradiation, the synthesized catalyst
suspension was subjected to magnetic agitation for 30
minutes in the dark to evaluate adsorption/desorption.

Under continuous agitation and controlled conditions, the
diluted solution was exposed to UV irradiation at an
intensity of 122 mW/cm?. Thereafter, the concentration of
RhB was determined using Vis-NIR (visible and near-
infrared) spectrometry (Shimadzu UV 2550) at a
wavelength of 556 nm, employing the subsequent
equation:

Degradation (%) = 100 X % .03

C; and Cp represent starting and final
concentration of RhB. Furthermore, five cycles were
analysed to evaluate stability and reusability. In
summary, the same photocatalyst was employed for the
initial cycle, after which it was centrifuged and washed
with distilled water to remove adsorbed species. The
recovered specimen was subsequently dried in an oven at
70 °C.

2.8 Trapping Species Experiment

The photodegradation (NiFe,O4, rGO, and
NiFe,04@rGO hybrid) were then analyzed using a
reactive species trapping method to identify the active
radicals involved. Ammonium oxalate (AO), Isopropyl
alcohol (IPA) and P-benzoquinone (BQ), was analysed
for O>-, h+, and OH to analyze reactive samples. The
trapping experiments were conducted under identical
conditions with the addition of 2 uM of the trapping
agent.

2.9 Material Characterizations

The XRD patterns were acquired utilizing a
Bruker D8 diffractometer with Ni-filtered CuKa to
ascertain phases in the samples. The specific surface
areas of the compounds were ascertained by BET method
(Anton Paar Autorb iq, USA) utilizing a surface area
analyzer, employing a nitrogen isotherm at —189 °C. The
specimen underwent degassing at 140 °C for 3 hours. The
absorption spectra were acquired by JASCO V-770 UV—
vis over wavelength range of 190-3200 nm at room
temperature. Samples for UV-vis analysis were
dissolved in deionized water to get a homogeneous
suspension. The composition and morphology of
materials were examined utilizing field-emission
scanning electron microscopy (ZEISS, Gemini).

3. RESULTS AND DISCUSSIONS
3.1 Evaluation of Structural Behaviour

Fig. 1 depicts the crystalline properties and
phase purity of produced rGO, NiFe;O4, and
NiFe;04@rGO hybrid, as analyzed using powder XRD.
The XRD pattern confirms crystalline structure of
NiFe;O4 and NiFe;O4@rGO (hybrid). The diffraction
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peaks of pristine NiFe,O4 closely align with standard
patterns. Additionally, within the two diffraction peaks of
the NiFe,04@rGO hybrid, notable diffraction peaks are
ascribed to (220), (311), (400), (511), and (440) planes; a
prominent diffraction peak at 26 = 28.96° was observed,
corresponding to the (002) crystallographic plane of rGO.

@1
(222) (400) (422) B11)
(111) (002) (220 N

Pristine rGO
Pristine NiFe,0,
—NiFe,0,@rGO

10 20 30 40 50 60 70 80
26(°)

(533)

Intensity (a.u)

Fig. 1: XRD pattern for 1GO, NiFe;04 and NiFe:0,@rGO

BET study were performed to approve surface
characteristics of NiFe;O4@rGO hybrid (Fig. 2). The
porosity and specific surface area was evaluated using N»
Barrett-Joyner-Halenda (BJH) and adsorption/desorption
techniques. The unaltered rGO, unaltered NiFe;O4, and
NiFe;04@rGO hybrid desorption / adsorption. Surface
areas of NiFe;O4, NiFe;O4@rGO hybrid were measured

at 5.59 m? g!, and 4.12 m? g'. Although BET analysis
shows a slight reduction in the specific surface area of the
NiFe:04@rGO hybrid, this is attributed to partial
coverage of NiFe.Os nanoparticles by rGO sheets.
Importantly, the formation of a conductive nano-network
enhances charge transport and redox accessibility,
increasing the number of electrochemically active sites
despite the reduced physical surface area. Pore volume of
NiFe;O4@rGO hybrid diminished (from 0.085 cm?® g™)
compared to rGO and NiFe,Os, known to raise transfer
resistance of electrolyte ions.

The ultraviolet (UV) characteristics of reduced
graphene oxide (rGO), nickel ferrite (NiFe;O4), and the
NiFe;O4@rGO hybrid was evaluated by UV-visible
spectrophotometry, as depicted in Fig. 3. Pristine rGO
exhibits stronger UV absorption in the UVB region
compared to NiFe.O4. However, a decrease in absorption
was observed beyond 244 nm, with a distinct absorption
edge at 322 nm. The UV spectra of pure NiFe,O4 display
two different absorption band edges within the range 320
to 420 nm and 620 to 720 nm. The edges relate to plasma
resonance absorption of NiFe>Os4. The integration of rGO
with NiFe.O. significantly enhanced light absorption
across the 200-800 nm wavelength range. Fig. 4
illustrates the summary of ultraviolet absorption over the
different spectra zones. NiFe,O4@rGO hybrid displayed
a reduced bandgap of 1. 3 eV compared to the bandgaps
of rGO (about 0.8eV) and NiFe,O4 (around 1.00 eV) is
shown in Fig. 5.
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Fig. 2: Porosity analysis using N, isotherms and BJH curves
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Fig. 3: UV absorption spectra of pristine rGO, pristine
NiFez04 and NiFe:0,@1GO
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Fig. 4: Comparative UV absorption intensities at selected
wavelengths

X-ray photoelectron spectroscopy (XPS) was
employed to investigate the elemental composition and
oxidation states of the NiFe.0s@rGO hybrid (Fig. 6).
The survey spectra confirm the presence of Ni, Fe, C, and
O, with no extraneous elements detected, indicating
successful hybrid formation. The Ni 2p spectrum exhibits
two main peaks at approximately 855.6 ¢V (Ni 2ps/2) and
873.3 eV (Ni 2pi/2), along with characteristic satellite
peaks, confirming the presence of Ni?* species in the
spinel NiFe:O4 structure. The Fe 2p spectrum shows
distinct peaks at around 711.0 eV (Fe 2ps/2) and 724.5 eV
(Fe 2pi1/2), corresponding to Fe*" oxidation state. The O
Is spectrum can be deconvoluted into multiple
components, with peaks centered at ~529.6 eV attributed
to lattice oxygen (metal-oxygen bonds in NiFe:0a),

~530.8 eV associated with oxygen vacancies or defect-
related oxygen, and ~531.8 eV corresponding to surface-
adsorbed oxygen or hydroxyl groups. The C s spectrum
confirms the presence of rGO, showing contributions
from sp*-hybridized C—C bonds and residual oxygen-
containing functional groups. These results collectively
confirm the successful formation of the NiFe:0s@rGO
hybrid and strong interfacial interaction between NiFe.Oa

nanoparticles and rGO sheets.

Pristine rGO
Pristine NiFe,O,
—— NiFe,0,@rGO
<
>
t\I.l‘l.l
£
A
s
>
<
CA
T T T T T T T T T
1.0 15 20 25 3.0 35 4.0 45 5.0 55 6.0

Energy (eV)

Fig. 5: Tauc's plot for NiFe204 and NiFe20,@rGO hybrid

Fig. 7 depicts the morphology of rGO, NiFe;Oy4,
and NiFe;O4@rGO porous spheres, showcasing the
nanoporous architecture. The pristine rGO has a sheet-
like morphology but SEM pictures of pure NiFe,O4 show
agglomerated particles. Fig. 7 distinctly demonstrates
that the hybrid NiFe;O4@rGO was produced with a
sponge-like porous interconnecting architecture.

3.2. Electrochemical analysis

The electrochemical efficiency of
NiFe;04@rGO hybrid was evaluated by galvanostatic
charge-discharge profiles and cyclic voltammetry,
measured at —0.1 to +0.5 V at 4.0 M NaOH (Girimurugan
et al. 2024). Fig. 8 illustrates the comparative cyclic
voltammetry profiles of pristine reduced graphene oxide
(rGO), pristine nickel ferrite (NiFe2Os), and
NiFe;04@rGO hybrid electrodes at scan rate of 3.8
mV/s.

The non-rectangular CV profile shows that
charge storage primarily arises from the pseudo-
capacitance mechanism, resulting from the reversible
redox process. The prominent redox peaks were chiefly
ascribed to Faradaic reaction at NiFe;Os.
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Fig. 6: XPS analysis of NiFe,0,@rGO: survey and elemental spectra
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Fig. 7: SEM images (a) rGO, (b) NiFe204, (c) NiFe204@rGO
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Pristine rGO
Pristine NiFe,O,
—— NiFe,0,@rGO

Current (mA)
o
1

-0.1 0.0 04 02 03 04 0.5
Potential (V vs. Hg/HgO)

Fig. 8: Cyclic voltammetry of rGO, NiFe,0,, and hybrid
electrodes;

CoOOH + OH™ & Co0, + H,0 + e~ ... (4)

Co50, + OH + H,0 & 3Co00H + e™... (5)

CV of NiFe;04@rGO hybrid electrode displays
redox peaks. Nonetheless, a displacement at reduction
and oxidation peak was noted, ascribed to significant
CsN4 on NiFe,O4 during redox reaction. Pristine rGO
exhibits typical electric double-layer capacitive behavior,
characterized by quasi-rectangular CV profiles and short
discharge durations, indicating rapid surface charge
adsorption but limited charge storage capacity. NiFe.Oa
shows distinct redox peaks associated with reversible
Faradaic reactions, confirming pseudocapacitive
behavior. However, its electrochemical performance is
constrained by poor electrical conductivity and higher
charge-transfer resistance. The NiFe:04@rGO hybrid
combines the advantages of both components, exhibiting
enhanced redox current response, prolonged discharge
times, and reduced internal resistance. The rGO network
facilitates efficient electron transport, while NiFe:Oa
provides abundant redox-active sites, resulting in
superior electrochemical performance. The
voltammograms maintained their structure at an
increased scan rate of 50 mVs'!, its results were
mentioned in Fig. 9. The CV profile of NiFe;O4@rGO
hybrid electrode mostly maintained its shape despite the
presence of redox peaks, signifying improved
reversibility during rapid discharging and charging
cycles.

An improved high-rate discharge capability is
crucial for assessing electrode materials at supercapacitor
efficiency. NiFe;O4@rGO hybrid, rGO, and NiFe>O4
electrodes were subjected to discharging and charging
profiles at current density of 1 A g™! of —0.1 to +0.5 V;
outcomes are shown in Fig. 10. Double-layer capacitor,
nonlinear discharge curve demonstrates pseudo-
capacitance of NiFe;Os. The outcomes demonstrate that
NiFe;04@rGO hybrid electrode possesses longest
discharge time in comparison to rGO and NiFe,O4

electrodes, hence showing superior capacitance. Fig. 11
depicts the GCD profile of the NiFe,O4@rGO hybrid
electrode at current density of 1, 2, 3, and 5 A g—1. GCD
profiles of unaltered NiFe;O4 and unaltered rGO
electrodes at densities of 1, 2, 3, and 5 A g1. Cs values
calculated by Equ. (1) were 496, 345, 275, and 119 F
g 'Fg!, for the NiFe2O4@rGO hybrid electrode; 119.83,
206, 28 and 118 Fg!, for NiFe;Os; and 65, 39, 14 and 24
Fg!, for rtGO on 1, 2, 3, and 5 Ag' (Fig. 12). The
NiFe;04@rGO hybrid electrode maintains a high
capacitance of 83.28 Fg ' at 5 Ag™'.

8

——10 mvs™
6] ——20 mvs™
——30mvs™
——40 mvs™
——50 mVs™'

Current (mA)

-0.1 0.0 01 02 03 0.4 0.5
Potential (V vs.Hg/HgO)

Fig. 9: Properties of three electrode measurement: (b) CV
profiles 10-50 mV.s™! for NiFe204@rGO hybrid electrode
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o
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Fig. 10: GCD comparison of rGO, NiFe,0,, and NiFe,0,@rGO
electrodes

Fig. 13 illustrates Nyquist plot representing
fitting data, with the component Z" plotted against the
real component Z for rGO, NiFe;Os, and NiFe,O4@rGO
hybrid electrodes. Rs of NiFe,O4@rGO electrode (1.3 )
were significantly lower pure NiFe,O4 (1.7 Q) and rGO
(2 Q). Findings demonstrate that NiFe,O4@rGO hybrid
electrode possesses enhanced conductivity compared to
the unmodified NiFe,Os electrode. As reported in earlier
studies, ternary NiFe:04/rGO/PPy nanocomposite
provided five-fold raise in capacitance compared to
NiFe:04 due to improved conductivity and electron
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transport. The asymmetric supercapacitor achieved an
energy density of 29.2 Wh kg with good cycling (Kasif
et al. 2025). Charge transfer resistance (R¢) of
NiFe;O4@rGO hybrid electrode recorded at 1.17 Q,
markedly lower than NiFe;O4 electrode (1.46 Q) and
rGO (2.29 Q), shows an enhanced charge transfer rate at
NiFe;04@rGO hybrid electrode with GCD the and CV
profiles.

0.5

—5Ag1
—3Ag-1
R 04 —2AgH
) —1Ag-1
L o034
o
T
¢
3 02
s
g o
o
o
00
-0.14 T

T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Time (s)

Fig. 11: Rate-dependent GCD profiles of NiFe,0,@rGO hybrid
electrode
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[
5§ °
& 200 @
L
=
2 100 = © e -
8 L J
A -
= [ ]
04
T T T T T
0 1 2 3 4 5 e
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Fig. 12: Specific capacitance variation with current density
for different electrodes

As summarized in Table 1, the NiFe:04@rGO
hybrid prepared via a green mechanochemical route
delivers competitive capacitance and excellent cycling
stability compared to recently reported NiFe:0s—rGO
systems synthesized using more complex or solvent-
intensive methods.

A supercapacitor was created by two electrodes
to demonstrate the possible applicability of the improved
NiFe;04@rGO hybrid. Fig. 14 depicts the cyclic
voltammetry profiles of NiFe,O4@rGO at different scan
rates across 0-0.5 V potential range. The shape of CV
profile was ascribed to charge storage mechanism. As a
result, CV profiles have quasi-rectangular shape lacking
identifiable peaks, signifying superior capacitive
efficiency. Moreover, CV profiles maintained their

integrity at high scan rates demonstrating rapid
discharging and charging capacities.

140
@ Pristine rGO
1204 — Fit
A Pristine NiFe204
— Fit
1004 NiFe204@rGO
— Fit A

1Z"1(Q)

1Z'1(Q)

Fig. 13: Properties three electrode measurements: for EIS
measurement rGO, NiFe204 and NiFe-0,@rGO hybrid
electrode

3.3 Symmetric Supercapacitor Evaluation

0.20
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0159 —— 30 mvs™
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2
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-0.10 T T T T T
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Fig. 14: Scan-rate-dependent cyclic voltammetry of
NiFe,0,@rGO hybrid

To analyze the stability efficiency of the device,
many CV cycles was analyzed at 0.3 V, depicted in Fig.
15. Enhanced NiFe,O4@rGO hybrid device showed
remarkable stability with increased rates exerting no
influence on its electrochemical performance, hence
signifying greater rate capability.

Triangular topologies of discharging/charging
profiles at different densities validate enhanced
electrochemical characteristics of optimized
NiFe,04@rGO hybrid device, as depicted in Fig. 16.
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Table 1. Comparative electrochemical performance of NiFe.0.—1GO based electrodes

Specific Capacitance (F

Material system Synthesis Method Electrolyte o) Cycling Stability Reference
NiFe:04/rGO fiber Sol-gel + electrospinning KOH 650at 1 Ag! 92% (5000 cycles)  (Gad et al. 2026)
Yb-NiFe:04/rGO Waste-derived chemical route ~ KOH 926at 1 Ag! 90% (5000 cycles) (Vinoth ez al. 2025)
Co-doped | L 85.5% (5000 (Vijayakanth et al.
NiFe:04/fGO/MWCNT Sol-gel KOH 2958atlAg cycles) 2025)
Cuo.sNio.sFe204-1rGO-TiO: Hydrothermal NaOH 410at1 A g 88% (4000 cycles) (Sadiq et al. 2025)
NiFe:04rGO Microwave-assisted KOH 1320C g™ 94% (5000 cycles) (Carmel et al. 2022)
. 5 0,
NiFe:04@rGO (this work) ~ Oreen mechanochemical one- . oy 496at1Ag! 93.16% (5000 Present study
pot cycles)
012 1 st cycl 25 th cycl 1o
st cycle cycle ;
oo 2 nd cycle 31 th cycle ° ® NiFe,0,@rGO
197 ——10 th cycle —— 45 th cycle 100+
——16 th cycle -+ 50 th cycle =
0.08 D 90
w
E 0.06 4 g 804
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Fig. 15: Electrochemical performance of symmetric solid- ity (Ag7)

state NiFe,0,@rGO supercapacitor
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Fig. 16: GCD profiles of symmetric NiFe,0,@rGO
supercapacitor at varying currents

The enhanced NiFe>O4@rGO hybrid symmetric
device, exhibiting current density of 1.0 Ag™', has
superior SC (about 103 Fg™"). The Cs values were roughly
31.07 Fg™!, 46.94 Fg™!, and 47.17 Fg! as illustrated in
Fig. 17.

Fig. 17: Specific capacitance variation in NiFe,0,@rGO with
current density

The cycle performance employing the GCD
profile is a vital measure in practical uses. Cycling
lifespan of optimized NiFe,O4@rGO hybrid device was
assessed at a current density 10 A g”! throughout potential
of 0 Vto 0.5 V. According to earlier studies, KCusS4/rGO
nanocomposites grown in situ on flexible stainless-steel
mesh exhibited an ultrahigh Csof 17474 F g'at1 Ag™.
The assembled flexible symmetric supercapacitor
delivered 60.4 Wh kg with 72% retention after 6000
cycles (Mo et al. 2026). The outcomes depicted in Fig.
18 were remarkably advantageous. The device retained
around 93.16% capacitance after 5000 charge-discharge
cycles.

EIS further confirmed the feasibility of
electronic transport at enhanced NiFe;O4@rGO hybrid
device. Fig. 19 presents Nyquist curve of optimized
NiFe;04@rGO hybrid device, with the inset illustrating
corresponding circuit. The Re and Rs values were
recorded at roughly 0.345 Q and 0.765 Q, confirming the
improved conductivity, signifying low resistance of this
device. The findings confirm enhanced NiFe,O4@rGO

486



V. Y. Ganvir et al. / J. Environ. Nanotechnol,, Vol. 15(1), 478-491 (2026)

hybrid demonstrates considerable potential owing to the
exceptional capacitive efficiency of the device.

NiFe,0,@rGO
204 — Fit
154
g
N 10-
54
0 n T T T T
0 2 4 6 8 10
1Z'(Q)

Fig. 18: EIS spectra of pristine and NiFe,0,@rGO symmetric
supercapacitors

3.3 Equivalent Circuit Fitting Analysis

To quantitatively validate the EIS interpretation
(Table 2), the impedance spectra were fitted using an
equivalent circuit model consisting of solution resistance
(Rs), charge-transfer resistance (Rc), constant phase
element (CPE), and Warburg diffusion element (W). The
fitted parameters confirm the improved conductivity and
faster charge-transfer kinetics of the NiFe.0.@rGO
hybrid compared to pristine electrodes.

Coulombic performance is an essential criterion
for evaluating electrode stability of devices in practical
applications. The coulombic efficiency of NiFe,O4@rGO
hybrid device was analyzed at a current density of 10 A
g at 5000 cycles. The coulombic performance was
assessed utilizing Equ (2). It approached 92% during
1000 cycles, with a 4.5% decline in capacitance noted
after 3000 cycles. The device retained 93.16% of its
initial capacitance after 5000 cycles with a density of 10
Ag!. This cycling performance is due to remarkable
stability resulting from enhanced electronic conductivity.
At a current density of 5 A g7, the electrode exhibited a
Coulombic efficiency of 93.16% over 5000 charge—
discharge  cycles.  Results  demonstrate  that
NiFe;04@rGO symmetric device shows diminished
coulombic performance at low densities, which enhances
at high current densities owing to its superior capability.
The maximum energy density and power density were
12.2 Wh kg and 1322 W kg!, respectively. In prior
studies, rGO—Cos04 nanocomposites exhibited excellent
electrochemical performance, achieving a high Cs of
1006 F g! in a symmetric supercapacitor device. The

device showed 80% stability over 10,000 cycles with
100% coulombic efficiency, supporting portable energy
storage applications (Babu et al. 2026). The remarkable
capacitive efficiency of NiFe,O4@rGO hybrid device can
be attributed to its carefully engineered morphology,
which offers an expanded surface area.

94

—=—NiFe,0,@rGO

Capacity retentions (%)
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~ oo © o —_ N w
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Fig. 19: Cycling stability and capacitance retention at 10 A
g—'l

Table 2. Equivalent circuit fitting parameters obtained from

EIS analysis
Electrode Rs () Ret () (FC_ IS).E) n W(@Qs'?)
rGO 2.00 229 0.0016 0.82 1.15
NiFe204 1.70 146 0.0023 0.85 0.92
NiFe:0:@rGO hybrid 1.30 1.17  0.0041 0.89 0.61

3.4 Evaluation of Photocatalytic Activity

Fig. 20-23 demonstrates effectiveness of RhB
photodegradation when subjected to UV irradiation. The
RhB exhibited a peak absorption maximum at 528 nm
(S8). A control experiment using RhB was performed to
confirm that photolysis was suppressed, as the absorption
spectra exhibited only a minimal decrease after 60
minutes of UV irradiation (Muruganandhan et al. 2023).
In low-light conditions, the absorption intensity of RhB
remained constant in the presence of the NiFe,O4@rGO
hybrid, signifying no desorption or adsorption. The RhB
absorption spectra displayed negligible deterioration
when mixed with pristine NiFe;O4 in darkness. After
approximately 60 minutes of UV irradiation, RhB
experienced gradual degradation attributed to the
existence of pristine NiFe;Os, as depicted in the
absorption spectra (Fig. 20).
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Fig. 20: UV-driven photocatalytic activity of NiFe,0,@rGO
hybrid

The incorporation of rGO markedly improved
the degradation efficiency of RhB, highlighting its
synergistic interaction with NiFe.Os under UV
irradiation. The results are illustrated in Fig. 21. About
52% of RhB was degraded during first 20 minutes and
almost completely removed after 50 minutes of UV
irradiation. Findings show that NiFe;O4@rGO hybrid
exhibited superior photocatalytic performance compared
to pure NiFe,O4, presumably attributable to chemical and
morphological characteristics of produced structure. The
rGO-integrated  NiFe,O4 exhibits ~ remarkable
photocatalytic due to synergistic effect, suggesting that
NiFe,04@rGO hybrid is a promising candidate for
effective photocatalytic applications.
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Fig. 21: UV-driven photocatalytic performance of NiFe,0,

Fig. 22: C,/C, variation with UV irradiation time
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Fig. 23; Photocatalytic stability: degradation efficiency
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Fig. 24: Active species trapping study of pristine NiFe,0,

under UV
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depicted in Fig. 24. RhB with rGO in the presence of
radical scavengers was similarly recorded (Fig. 25). The
incorporation of IPA into RhB solution with
NiFe;O4@rGO hybrid led to a reduction of almost 50%
in the RhB relative to those produced with pure rGO and
pure NiFe;O4. Earlier findings reported that, the
biowaste-derived rGO decorated with NiO and NiFe:O4
nanoparticles exhibited excellent multifunctionality. The
composite also showed high visible-light photocatalytic
efficiency of 96.5%, indicating dual energy—
environmental applications (Tamilselvi ez al. 2022).
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Fig. 25: Active species trapping study of pristine rGO under
uv
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Fig. 26: Active species trapping study of NiFe,0,@rGO under
uv

The reusability and stability of the
NiFe,04@rGO hybrid photocatalyst were evaluated for
the degradation of RhB dye during five successive cycles
under UV irradiation. Fig. 23 demonstrates that the
photocatalytic efficiency of the NiFe,O4@rGO hybrid for
degrading RhB dye remained stable after 5 cycles,
showing approximately 99% lower at degradation
efficiency, suggesting that NiFe;O4@rGO hybrid can
serve as a reliable catalyst for photodegradation.

3.5 Evaluation of Active Trapping

The photocatalytic  reaction employing
NiFe;04, 1GO, and NiFe;O4@rGO  hybrids,
investigations involving the entrapment of reactive
species were performed utilizing trapping agents. Figure
24-27 illustrates absorption RhB in the presence and
absence of radical scavengers, employing NiFe,O4, rGO,
and NiFe;O4@rGO hybrids. The RhB degradation
exceeded those of pure NiFe>O4 on the inclusion of IPA
(OH) when compared to AO (h*) and BQ (072, as

100 +
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Fig. 27: Effect of scavengers on C,/C, during UV
photocatalysis

4. CONCLUSION

A NiFe:04@rGO hybrid was successfully
synthesized via a green mechanochemical one-pot
approach, offering a sustainable and scalable route for
multifunctional material development. Structural and
surface analyses (XRD, XPS, SEM, BET, and UV—Vis)
confirmed the successful formation of the hybrid with
strong  interfacial coupling between  NiFe:0Os
nanoparticles and rGO sheets. Although the BET surface
area showed a slight reduction after hybridization, the
formation of a conductive rGO network significantly
enhanced charge transport and redox accessibility,
leading to improved electrochemical performance. The
NiFe:04@rGO hybrid delivered a high specific
capacitance of 496 F g at 1 A g! in a three-electrode
configuration and exhibited good rate capability and
cycling  stability. The  assembled symmetric
supercapacitor retained 93.16% of its initial capacitance
after 5000 cycles, demonstrating reliable long-term
performance. In addition, the hybrid showed excellent
photocatalytic activity, achieving over 99% degradation
of rhodamine B under UV irradiation, with *O--identified
as the dominant reactive species. The enhanced
electrochemical and photocatalytic performances arise
from the synergistic interaction between NiFe.Os and
rGO rather than surface area effects alone. This study
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highlights the potential of mechanochemically
synthesized NiFe:04@rGO hybrids as promising
candidates for sustainable energy storage devices and
environmental remediation applications, while offering a
pathway for future development of multifunctional, eco-
friendly materials.
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