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ARTICLE INFO ABSTRACT

Article History Ferrite-based materials have been studied for the electrode materials for supercapacitors
Received: November 30, 2025 because of their low cost and rapid, reversible surface Faradaic reactions. In this study, we
Reviewed: December 10, 2025 have developed two electrode materials named NiFe204/Cu-1 and NiFe.O4/Cu-2. The
Accepted: December 15, 2025 fabrication method was found to be inexpensive, effective, and efficient. The synthesized
Published: March 31, 2026 materials were analyzed via FTIR, XRD, SEM, and TEM methods. FTIR results indicated
Keywords: the presence of O-H, C-H, C-O, Ni-Fe, Fe-Cu, Cu-O, etc. bonds on the surface of these
Supercapacitors; materials. The XRD patterns indicated the amorphous nature of NiFe.O4 and the semi-
NiFe:04/Cu-1 and NiFe,04/Cu-2; crystalline nature of NiFe204/Cu-1 and NiFe.O./Cu-2. The SEM analysis indicated that the
Synthesis; Characterization; particles are semi-spherical, and some are irregular in NiFe.Oa. The sphere-shaped particles
Electrochemical study. were observed in the case of NiFe:04/Cu-1 and NiFe.0./Cu-2, respectively. The

electrochemical study has been conducted using different electrochemical parameters. The
NiFe.0./Cu-2 exhibited a power density of 4992 W/kg, an energy density of 5.9 Wh/kg, a
retention of 91.3%, and a specific capacitance of 222 F/g. It was additionally found that the
NiFe.0./Cu-2 was appropriate for device systems with a 42 F/g specific capacitance (under
a 2-electrode system).

Copyright ©2026 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Green energy sources offer affordable, renewable energy alongside lowering greenhouse gas emissions and promoting economic
growth. Energy storage technology is a sustainable way to achieve the goal of a net-zero carbon footprint and a green energy transition.
This technology promotes the reduction of the emission of greenhouse gases. Energy storage mitigates the fundamental fluctuation of
renewable energy, manages high demand periods, and allows the integration of small-scale systems[1]. To maintain system frequency
and voltage, smooth power, and provide fault ride-through assistance, energy storage has been considered to be a revolutionary solution
for the integration of variable renewables [2]. One of the main solutions to the energy challenges facing our civilization is electrical energy
storage. The most common rechargeable electrochemical energy storage systems include metal-air batteries, lithium-ion batteries,
supercapacitors, and sodium-ion batteries, which are utilized in different electronic gadgets and transportation[3].

Supercapacitors offer many advantages, such as long life, efficient charge and discharge, high power density, flexibility, and
lightweightness. Studies are going on for the development of efficient and low-cost electrode materials. The green energy goals need
environmentally friendly, durable, and electrochemically efficient electrode materials[4], [5]. The choice of electrolytes for
supercapacitors also affects the electrochemical parameters. The choice of electrolyte depends on the application and performance
requirements. The aqueous electrolytes, such as KOH, have high ionic conductivity, decrease the internal resistance, are low-cost, and
are suitable for large-scale systems. This type of electrolyte promotes rapid charge-discharge cycles and power density[6], [7]. Electrode
materials for supercapacitors must have high electrical conductivity, excellent electrochemical stability, and large surface area and
porosity. Some common electrode materials include carbon-based, metal- and metal-oxide-based, conducting polymers, and hybrid
materials of all of these[8].
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The term "ferrite,” which comes from the Latin word "ferrum," refers to ceramic compositions where iron oxide is combined
with other metals. Since ferrites are ferrimagnetic, a magnetic field may readily attract them[9]. These materials have been used in solar
energy devices, batteries, supercapacitors, biomedicals, electronic devices, and magnetic fluids [10], [11]. Low magnetic loss, high
magnetic permeability, and moderate coercivity are some of the outstanding magnetic properties of NiFe2Os that have generated attention
for applications in electronics, sensors, energy storage systems, and telecommunications [12]. In nickel ferrite (NiFe204), nickel and iron
cations partially occupy a face-centered cubic lattice of oxygen atoms with interpenetrating tetrahedral and octahedral sites. This
separation allows adjustable magnetic characteristics. Doping with foreign metals affects the magnetism of the material via altering cation
occupancy and interactions[13]. The materials based on NiFe.O4 shows high electrochemical stability and efficiency and are found
suitable for supercapacitors[14]. Cu-based materials have also been recognized for their low cost, efficiency, and outstanding
electrochemical performances. They can effectively be utilized in the development of hybrid electrode materials for supercapacitors[15].
The characteristics such as non-toxicity, easy preparation, and outstanding optical, electrochemical, and electric properties make them
potential candidates for the supercapacitors[4]. Copper (Cu) significantly improves the electrochemical performance of supercapacitors.
The remarkable redox potential, high electrical conductivity, and unique structural features of Cu enhance the supercapacitive
performance of electrodes. Cu-based materials are capable of enhancing charge transfer and redox behavior and lowering electrical
resistance. These materials are also able to boost cyclic stability and specific capacitance[15], [16].

Similar work has been done by other researchers in the recent past. The electrochemical potential of a nanocomposite based on
Ni/CoFe204/MXene for supercapacitors was reported by Infancy et al.[17]. A 1 M KOH solution was used for the electrochemical
investigation. Ni/CoFe204 and Ni/CoFe.04/MXene samples showed specific capacitances of 361 C/g and 367 C/g, respectively. The
supercapacitive performance of a nanocomposite based on cobalt ferrite (CoFe204) and polyaniline (PANI) was investigated by Mandal
and Dasmahapatra[18]. With a good cyclic life (~91% retention after the 1500 cycles), the supercapacitor electrode demonstrated a
maximum specific capacitance of 460.1 F/g at 0.5 A/g. The electrochemical potential of MnFe2O. using multiple electrolytes, including
1 M LiNOs, 1 M LisPOs, and KOH, was reported by Vignesh et al.[19]. Maximum specific capacitances of 173, 31, and 430 F/g were
achieved in a three-electrode setup, which corresponded to electrolytes of 3.5 M KOH, 1 M LiNOs, and 1 M LisPOsa, respectively. Also,
at the high current density of 1.5 A/g, the specific capacitance of 105% was maintained after 10,000 cycles, and the coulombic efficiency
of all 10,000 cycles stayed constant, indicating the exceptional electrochemical durability of MnFe20a. MnFe20./rGO nanocomposite
for supercapacitors was reported by Shih and Tseng[20]. A high specific capacitance of 196.6 F/g at 0.5 A/g was evaluated, and 90.22%
of the capacitance was retained after 6000 cycles. The synergistic effects of rGO and MnFe2O. contributed to the improved performance.
In the present work, we have improved the electrochemical performances of NiFe.Oa after incorporating it with Cu. The achieved
outstanding electrochemical ability of Cu-blended NiFe.Os makes them promising candidates for electrode material of supercapacitors.

Il. MATERIALS AND METHOD

All chemicals used were of AR grade. These chemicals were purchased from Merck, SRL, and LOBA. In this work, potassium
hydroxide (KOH), sodium hydroxide (NaOH), lithium nitrate (LINO3), lithium phosphate (Li3PO4), copper acetate [Cu(CH3CO0)2],
nickel nitrate [Ni(NO3)2], ferric nitrate [Fe(NO3)3], polyvinylidene fluoride (PVDF), N-methyl-2-pyrrolidone (NMP), and acetone
(CH3COCHS3) were used.

11.1 SYNTHESIS OF NIFE20s4, NIFE204/CU-1, AND NIFE.Q4+/CU-2

Dissolve Ni(NO3)2 and Fe(NO3)3 in distilled water in a ratio of 1:2 and shake the mixture for 35 min. Add 0.5 g of citric acid
to this mixture and allow it to shake for 35 min. Then a few drops of 0.1 M NaOH were added, and the mixture was stirred for 1 h. After
centrifugation, the NiFe.Os was collected and dried in a hot air oven. The obtained NiFe.O4 was calcined at 650°C for 3.5 h. Now 100
and 200 mg of Cu was added to 1 g of NiFe>Oa using Cu(CHs;COO).. These amounts have been calculated stoichiometrically. The obtained
mixtures were crushed for 1 h and then sonicated with distilled water for 2h. The obtained mixtures have also been calcined at 6500C for
3.5 h. Finally, NiFe.04/Cu-1 (100 mg Cu) and NiFe.0./Cu-2 (200 mg Cu) were obtained for characterization and electrochemical studies.
The overall synthetic method is presented in Figure 1.

Dissolve Ni(NO,),
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Figure 1: synthetic pathway of NiFe204, NiFe204/Cu-1, and NiFe204/Cu-2.

Source: Authors, (2026).
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11.2 CHARACTERIZATION OF NIFE:0s, NIFE204/CU-1, AND NIFE.Q4/CU-2

The characterization of NiFe204/Cu-1 and NiFe.O4/Cu-2 was done using FTIR (Fourier transform infrared spectroscopy; Model:
Thermo Scientific Nicolet Summit Lite), XRD (X-ray diffraction; Model: Rigaku), SEM (Scanning electron microscopy; Model: Carl
Zeiss EV018), and TEM (Transmission electron microscopy; Model: Talos L120C) techniques. The basic description these methods is
given as below:

FTIR

FTIR is an advanced and high-precision instrument and is generally used to detect the presence of different chemical bonds or functional
groups on the surfaces of molecules or nanomaterials. It enables the identification of molecules with different infrared spectra by focusing
on atomic vibrations[21].

XRD

XRD is widely used for the characterization of nanomaterials. The characteristics of the material, such as strain, crystallite size, and
crystal structure, are easily determined. The crystalline structure of a material is determined by utilizing Bragg's law and a detector to
examine interference caused by atoms scattering X-rays[22].

SEM

SEM is used to provide morphology of nanomaterials. This technique uses an electron beam with an acceleration of up to 30 kV to study
the surface of a material. In order to create an image, detectors collect the signals that the specimen emits. Information about composition
and topography is provided by backscattered electrons[23].

TEM

TEM allows for imaging at the nanoscale and sub-nanometer scale by interacting with ultra-thin specimen layers on a copper grid using
a high-energy electron beam[24].

11.3 ELECTROCHEMICAL STUDY

The electrode slurries of NiFe204/Cu-1 and NiFe.04/Cu-2 were prepared by mixing 80 mg of NiFe.04/Cu-1 or NiFe.04/Cu-2,
10 mg of PVDF, and 10 mg of carbon black in NMP. These slurries were coated over Ni-foam and then allowed to dry for 6 h at 80°C.
The electrochemical study of NiFe2O4/Cu-1 and NiFe.0./Cu-2 was conducted using Ag/AgCl, Pt, and working electrodes in 1M KOH
solution. The different electrochemical parameters, such as cyclic voltammetry (CV), capacity retention, GCD (Galvanostatic charge-
discharge) , and EIS (Electrochemical impedance spectroscopy), have been used. The specific capacitance of NiFe.O4/Cu-1 and
NiFe204/Cu-2 was evaluated using the following equation:

C = IAUmAV 1)

In this equation, I, m, AV and At are current, mass of active materials, voltage difference and discharge time. The other important
parameters such as energy (E) and power (P) densities have also been evaluated via following equations:

E (Wh/kg) = 0.5 CV2/3.6 )
P (W/kg) = E x 3600/t 3)

1. RESULTS AND DISCUSSION

1.1 CHARACTERIZATION OF NIFE:04, NIFE0./CU-1, AND NIFE:0./CU-2

NiFe204/Cu-1 and NiFe20./Cu-2 were analyzed using FTIR, SEM, TEM, and XRD techniques. The FTIR spectra of NiFe20Os4,
NiFe204/Cu-1, and NiFe204/Cu-2 are shown in Figure 2. The important FTIR peaks at 3351, 1763, 1568, 1382, 1062, and 658 cm™' were
assigned for NiFe>Ou. The peaks at 3351 and 1568 cm™ were assigned for the O-H bond (stretching and bending). The peak at 1763 cm™
was assigned for C=0 (absorbed CO:). The FTIR peak of 1382 cm™ is due to the C-O (asymmetric) bond. Other peaks at 1060 and 658
cm™! are associated with Ni-Fe, Fe-O, Ni-O, etc. bonds[25], [26], [27]. The important FTIR peaks of NiFe.0./Cu-1 were assigned as
3452, 2880, 1527, 1139, and 579 cm™. These peaks all reveal the presence of O-H, C-H, C-O, Ni-Fe, Fe-Cu, etc. bonds. Similarly, the
FTIR peaks of 3425, 2897, 1377, 1086, 879, and 593 cm™! were assigned for NiFe.O./Cu-2. These peaks are also revealing the presence
of O-H, C-H, C-O, Ni-Fe, Fe-Cu, Cu-0, etc. bonds[25], [26], [28], [29], [30], [31].

XRD patterns of NiFe.O4, NiFe.04/Cu-1, and NiFe.O4/Cu-2 are depicted in Figure 3. These patterns show that NiFe20s is
amorphous, while NiFe204/Cu-1 and NiFe204/Cu-2 are semi-crystalline. The important XRD peaks of NiFe.O4 were assigned at 2 6 =
30.10 (111), 35.60 (220), 38.70 (222), 43.50 (400), 56.20 (511), 57.40 (511), and 62.70 (440) [32], [33]. The XRD peaks of NiFe.04/Cu-
1, and NiFe:0./Cu-2 were assigned at 2 6 = 30.50 (111), 35.80 (220), 38.70 (222), 43.50 (400), 49.10 (-202), 53.70 (020), 57.50 (511),
61.80 (-113), 62.70 (440), 66.20 (-311), and 68.20 (220), respectively[25], [34], [35], [36], [37], [38]. The morphological features of
NiFe:04, NiFe:04/Cu-1, and NiFe.O4/Cu-2 were analyzed using SEM technique. Figure 4 depicts the SEM images of NiFe:Oa,
NiFe204/Cu-1, and NiFe:04/Cu-2. In case of NiFe.Oa, some particles are semi-sphere and some are irregular. After incorporation with
Cu, the particles become sphere-shaped. The TEM images (Figure 5) of NiFe.0/Cu-2 are also revealing the sphere-shaped particles
having average particle size 23.5 nm.
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The above-mentioned findings of FTIR and XRD clearly indicate the presence of different main chemical bonds and the nature
of the synthesized materials. These techniques provide feasibility of synthetic methods and actual formation of materials. SEM and TEM
methods also reveal the actual morphology of NiFe2Oa, NiFe:04/Cu-1, and NiFe204/Cu-2.

NiFe,O,/Cu-2

MWW NiFe,O,/Cu-1

Intensity (a.u.)

NiFe,O,

15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta (deg.)

Figure 2: FTIR spectra of NiFe204, NiFe204/Cu-1, and NiFe204/Cu-2.
Source: Authors, (2026).
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Figure 3: XRD patterns of NiFe204, NiFe204/Cu-1, and NiFe204/Cu-2.
Source: Authors, (2026).
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Figure 4. SEM images of NiFe204 (A & B), NiFe204/Cu-1 (C & D), and NiFe204/Cu-2 (E & F).
Source: Authors, (2026).

Figure 5: TEM images of NiFe204/Cu-2.
Source: Authors, (2026).

111.2 ELECTROCHEMICAL STUDY OF NIFE:Os, NIFE:0./CU-1, AND NIFE:O./CU-2

The CV, GCD, and EIS methods were used to analyze the electrochemical behavior of each of these materials. All of these
electrochemical parameters are discussed below.
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Ccv

CV isawidely used electrochemical technique for electrode behavior. Static electrode potential is applied at a constant scanning
rate throughout CV measurement, and an electron transfer at the active reaction site is used to create a current-potential plot[38], [39][40].
Figure 6 illustrates the CV curves of NiFe2O4, NiFe.04/Cu-1, and NiFe.04/Cu-2 under 3 and 2-electrode systems. The CV curves have
been obtained at the scan rates of 10, 20, 30, 50, 75, and 100 mV/s. All CV curves have a nearly rectangular shape, which indicates ideal
capacitive behavior. Additionally, it shows that an electrical double layer is forming at the electrode-electrolyte interface. The CV curves
at various scan rates exhibit a nearly similar rectangular shape, indicating the stability of materials under selected potential windows[41].
The study indicates that as the scan rate increases, the capacitive behavior decreases, indicating that charge dispersion is the primary cause
of storage[42]. Similar observation was reported by Al Kiey et al. [43]for the CoFe204, CuFe204 and Co/CuFe204 at the scan rates of
5, 10, 25, 50, 100, and 200 mV/s. Salama et al.[44] also reported similar observations for MgFe204 supported on activated carbon at the
scan rates of 5, 10, 20, 30, and 50 mV/s, respectively.
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Figure 6: CV curves of (A) NiFe204 (under 3-electrode) (B) NiFe204/Cu-1 (under 3-electrode) (C) NiFe204/Cu-2 (under 3-electrode),
and (D) NiFe204/Cu-2 (under 2-electrode).
Source: Authors, (2026).
GCD

GCD curves are important parameters for observing the discharge time, retention, and efficiency of electrode materials. The
discharge time is directly proportional to the specific capacitance of supercapacitors. The power and energy densities of supercapacitors
are also evaluated using GCD curves[42], [45]. The GCD curves of of NiFe20a, NiFe204/Cu-1, and NiFe.O./Cu-2 under 3 and 2-electrode
systems are presented in Figure 7. The GCD curves of NiFe2Os are nearly linear and indicating the accumulation of ions at junction of
electrode and electrolyte[45]. The small deviation from linearity (NiFe.Os/Cu-1, and NiFe.0./Cu-2) indicates the involvement
pseudocapacitive contribution during faradaic reactions[46], [47]. The specific capacitance of NiFe.O4 was found to be 80, 44, 30.6, 7.6,
and 5.2 F/g at the current densities of 2, 4, 6, 8, and 10 A/g. These values increased to 122, 60, 37.8, 18.4, and 18 F/g in the case of
NiFe.0./Cu-1. At the same current densities, the specific capacitance of NiFe.O4/Cu-2 was found to be 222, 88, 40.2, 36.8, and 18.6 F/g
(Figure 8A). Huynh et al.[48] also reported the similar trend of decrease of specific capacitance of CuFe204-based electrode materials at
current densities of 0.02, 0.05, 0.1, 0.25, and 0.5 A/g. Kumar et al.[40] also reported the specific capacitance of 295.5, 111.2, 73.3, 71.1,
and 33.3F/g for CoFe204/Ppy at the current densities of 2, 4, 6, 8, and 10 A/g, respectively.

The specific capacitance of NiFe.0./Cu-2 under the 2-electrode system was evaluated to be 42, 24, 18, 16, and 14.5 F/g at the
same current densities (Figure 8B). The energy densities of NiFe.O4/Cu-2 were found to be 5.9, 3.4, 2.5, 2.3, and 2.08 Wh/kg at power
densities of 499.9, 1999.8, 3000, 4015.8, and 4992 W/kg, respectively (Figure 8C). The actual efficiency of supercapacitors throughout
multiple GCD cycles depends on the cyclic stability of the electrode materials. Several aspects, including redox reversibility, chemical
stability, and the structural characteristics of selecetd materials, have a substantial impact on cyclic stability. Materials that are susceptible
to irreversible reactions or volume changes frequently deteriorate rapidly. Cu-based materials have high conductivity and reversible redox
activity. They provide reliable and effective electrodes when mixed with other substances [15], [16]. NiFe.04/Cu-2 was run for 5000
GCD cycles under a 2-electrode system. Retention was found to be 96.7% after the first 500 cycles, which increased to 95.8% after 1500
cycles. After 2500 cycles, retention was achieved to be 94.7%, and it remained 92.8% after 4000 cycles. After 5000 cycles, retention was
achieved to be 91.3% (Figure 8D). The comparison of NiFeO4/Cu-2 with other electrode materials is shown in table 1.
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Source: Authors, (2026).
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Table 1: comparison of NiFe204/Cu-2 with electrode materials.

Type of electrodes Maximum specific capacitance Retention References
ZnFe,O4 microspheres 131 Flg 92% after 1000 cycles [49]
Ni/ZnFe;04 504.4 Flg - [50]
CoFe;04 466 F/g 100% after 10000 cycles [51]
CoFe;04 142 Flg 71.8% after 1000 cycles [52]
NiFe204 127 Flg - [53]

NiFe;04/Cu-2 222 Flg 91.3% after 5000 cycles This study

Source: Authors, (2026).

Page 59
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EIS

Exploring the electrode characteristics of batteries and supercapacitors needs the use of EIS. Furthermore, EIS is utilized in the
investigation of corrosion, sensors, and various material properties. [54], [55]. In this study, Nyquist and Bode’s curves have been
investigated to find out the electrochemical characteristics of NiFe.O4/Cu-2. A Nyquist plot helps analyze the behavior of a supercapacitor
by visualizing its complex impedance at various frequencies. The Nyquist curve of NiFe.O4/Cu-2 is shown in Figure 9 A. This curve
shows the ideal capacitive behavior of selected electrode material[56]. This curve indicates the unique charge-transfer process between
the electrode and electrolyte[57]. Bode's curves (Figure 9B) examine the features of impedance in electrochemical systems and
demonstrate that resistive components allow impedance to become constant at high frequencies. Bulk electrolyte, electrode features, and
interface resistances also contribute to this resistance. Understanding these elements is essential for enhancing device reliability and
material design[39], [57], [58].
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Figure 9: (A) Nyquist curve, and (B) Bode’s curve of NiFe204/Cu-2.
Source: Authors, (2026).

IV. CONCLUSION

The primary objectives of energy storage in the future are to increase sustainability, capacity, and efficiency. Supercapacitors
provide fast charge/discharge, stability, and a high-power density, making them promising energy storage devices. Future advancements
in electrode materials for supercapacitors are expected as researchers continue to explore and develop more sophisticated and high-
performance materials. Ferrite-based materials have a lot of potential as supercapacitor electrode materials due to their inexpensiveness,
environmental friendliness, and multiple oxidation states. With an energy density of 5.9 Wh/kg, a specific capacitance of 222 F/g at 2
Alg, and 91.3% retention after 5000 cycles under a 2-electrode system, the developed NiFe.O4/Cu-2 showed enhanced electrochemical
capabilities. The important characteristics of NiFe20./Cu-2 have also been investigated using different characterization techniques such
as FTIR, XRD, SEM, and TEM, respectively. The specific capacitance under the 2-electrode system was found to be 42 F/g, and the
NiFe20./Cu-2 was also found to be a promising material for the device system.
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