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Abstract: This work explores the role of cetyltrimethylammonium bromide (CTAB) as a
morphology-directing agent in the hydrothermal synthesis of NiFe,Oy electrodes for high-
performance supercapacitor applications. By fine-tuning CTAB concentrations (0.5%, 1%, and
1.5%), a tunable nanosheet morphology was achieved, with the NiFe-1 sample exhibiting
uniformly interconnected nanosheets that enhanced ion diffusion, charge transport, and
surface redox activity. Structural and surface analyses confirmed the formation of single-
phase cubic NiFe,O, and the presence of Ni?* and Fe** oxidation states. Electrochemical
characterization in a 2 M KOH electrolyte revealed that the NiFe-1 electrode achieved an
areal capacitance of 8.21 F/cm? at 20 mA /cm?, with an energy density of 0.34 mWh/cm?
and a power density of 5.5 mW /cm?. The electrode retained 79.61% of its capacitance after
10,000 cycles, demonstrating excellent stability. An asymmetric pouch-type supercapacitor
device (APSD), assembled using NiFe-1 and activated carbon, exhibited an areal capacitance
of 1.215 F/cm? and delivered an energy density of 0.285 mWh/cm? at a power density of
6.5 mW /cm? across a wide 0-1.8 V voltage window. These results confirm that CTAB-assisted
nanostructuring significantly improves the electrochemical performance of NiFe,; Oy electrodes,
offering a scalable and effective approach for next-generation energy storage applications.

Keywords: surfactant-assisted NiFe; hydrothermal; nanosheets; charge storage; asymmetric
pouch-type supercapacitor

1. Introduction

The growing demand for efficient energy storage technologies has driven intense research
into advanced materials for high-performance supercapacitors. Among various options,
supercapacitors are particularly attractive due to their excellent power density, rapid charge—
discharge behavior, and long operational lifespan. However, their relatively low energy
density remains a critical limitation, prompting the need for innovative electrode materials
with enhanced electrochemical characteristics [1-4]. Transition metal oxides and spinel ferrites
have emerged as promising candidates for electrode materials in supercapacitors owing
to their multiple redox-active sites, stable structural frameworks, and tunable electronic
properties that facilitate efficient charge storage [5-7]. In particular, nickel ferrite (NiFe,Oy),
a spinel-structured transition metal oxide, has attracted significant attention due to its high
theoretical capacitance, intrinsic magnetic behavior, and structural robustness. The synergistic
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interaction between Ni?* and Fe** ions in the spinel lattice supports fast and reversible
faradaic redox reactions, making it highly suitable for pseudocapacitive applications [8,9].

To improve the practical performance of NiFe;O4-based electrodes, numerous strategies
have been explored in the recent literature [10]. Zi-You et al. synthesized NiFe;O,4 on carbon
cloth via surfactant-assisted hydrothermal methods and achieved specific capacitances of
1135.5 F/g (1 M HySO4) and 922.6 F/g (6 M KOH) at 2 mA/ cm?, with over 80% capaci-
tance retention [11]. Vidyadevi et al. prepared NiFe,Oy thin films using spray pyrolysis
and reported a capacitance of 707 F/g at 2 mV /s (1 M KOH), with an energy density of
83.88 Wh/kg and a power density of 5.294 kW /kg [12]. Bandgar et al. examined the ef-
fect of morphology on performance by synthesizing NiFe,Oy in forms such as nanosheets,
nanoflowers, and nanofeathers. The nanosheet morphology, with a surface area of 47 m?/g,
achieved a capacitance of 1139 F/g in 6 M KOH, with 98% retention over 7000 cycles [13].
Similarly, Arun et al. explored ferric ion concentration effects during the chemical oxidation
of NiFe,O4. Their optimized NF50 electrode exhibited a 277 F/g capacitance and 101%
retention after 5000 cycles [14]. Gao et al. synthesized NiFe,O4 with controlled morphologies
via hydrothermal precipitation and observed that nanosheet-like NiFe,O, (NFO-U) offered
a capacitance of 240.9 F/g at 1 A/g [15]. Despite these promising results, NiFe,O4-based
electrodes still face performance limitations due to their relatively poor intrinsic conductivity
and limited ion transport kinetics [16]. These drawbacks constrain their rate performance
and long-term cycling behavior, motivating efforts to enhance electrochemical responses
through nanostructure engineering, surface modification, and hybridization strategies [1,5,6].
Among these, controlling the synthesis route to yield the desired morphologies has proven
to be an effective method to improve both ion diffusion and electron transfer [17].

One of the most practical and scalable approaches to morphology tuning involves the
use of structure-directing agents, particularly surfactants. Surfactant-assisted synthesis
enables precise control over crystal growth, size distribution, and surface functionality. Sur-
factants can mitigate particle agglomeration, enhance the active surface area, and promote
electrolyte penetration into porous architectures. Cationic surfactants such as cetyltrimethy-
lammonium bromide (CTAB) are especially effective in regulating nanostructure formation
and tailoring electrochemical performance. CTAB not only directs nucleation and growth
but also improves the interface between the active material and the electrolyte, thereby
accelerating ion diffusion and redox kinetics [11,18,19]. While previous studies have used
surfactants to enhance oxide materials, systematic studies on the effect of varying CTAB
concentrations on the structure—performance relationship of NiFe,Oy electrodes remain ex-
ceptional. Understanding how the CTAB concentration affects the crystal phase, nanosheet
morphology, and electrochemical response is critical for developing tailored electrode
architectures with superior performance.

In this study, we report a CTAB-assisted hydrothermal route for synthesizing NiFe;O4
nanosheet electrodes and investigate the effect of the CTAB concentration (0.5%, 1%, and
1.5%) on the morphological evolution and electrochemical behavior. The structural, mor-
phological, and redox characteristics of the resulting electrodes are thoroughly examined.
The optimized NiFe-1 composition exhibits a highly interconnected nanosheet structure
that enables enhanced electrolyte diffusion, charge storage, and cycling durability. The
findings provide new insights into surfactant-assisted nanostructure engineering for high-
performance ferrite-based supercapacitor systems.

2. Experimental Section
Hydrothermal Synthesis of CTAB-Assisted NiFe Electrodes

NiFe electrodes were synthesized on nickel foam via a hydrothermal method with
varying concentrations of CTAB to enhance electrochemical properties. A precursor solu-
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tion was prepared by dissolving 0.05 mol of Ni (NOg3),-6H,O (Sigma-Aldrich, St. Louis,
MO, USA, 99.7%) and 0.1 mol of FeCl3-6H,O (Sigma-Aldrich, 99.99%, St. Louis, MO, USA)
in 100 mL of deionized (DI) water under continuous stirring. To induce hydroxide pre-
cipitation and adjust the pH to 10, 0.06 mol of sodium hydroxide (NaOH (Sigma-Aldrich,
99.99%, St. Louis, MO, USA)) was gradually added under constant stirring. CTAB (Sigma-
Aldrich, 99.9%, St. Louis, MO, USA) was introduced at concentrations of 0.5%, 1%, and
1.5%, followed by continuous stirring for 30 min to ensure uniform dispersion. Nickel
foam (2 x 3 cm?) was sequentially cleaned via ultrasonication in 3 M HCI, ethanol, and
DI water for 10 min each to remove surface oxides and contaminants. The cleaned foam
was immersed in the precursor solution to facilitate uniform deposition. The mixture
was then transferred into a Teflon-lined stainless-steel autoclave, sealed, and subjected to
hydrothermal treatment at 180 °C for 12 h. After naturally cooling to room temperature,
the coated nickel foam was removed, rinsed with DI water and ethanol, and dried at 80 °C
overnight. To improve crystallinity and adhesion, the samples were annealed at 400 °C
for 2 h in air. The synthesized electrodes, designated as NiFe-0.5, NiFe-1, and NiFe-1.5,
corresponded to the CTAB concentrations of 0.5%, 1%, and 1.5%, respectively. Figure 1
shows the schematic illustration of the hydrothermal synthesis process for CTAB-assisted
NiFe, Oy electrodes.
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Figure 1. Depiction of hydrothermal synthesis of CTAB-assisted NiFe,O4 electrodes.
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The CTAB concentrations of 0.5%, 1.0%, and 1.5% were chosen based on the literature
and preliminary studies to represent conditions below, near, and above the critical micelle
concentration (CMC) of CTAB (~1.0 wt%). This range enabled the systematic evaluation of
micelle-assisted nucleation, anisotropic growth, and their impact on the morphology and
electrochemical performance of NiFe,Oy electrodes.

3. Sample Characterization and Electrochemical Measurements

To evaluate the structural, morphological, and electrochemical characteristics of the
synthesized CTAB-assisted NiFe,Oj electrodes, a comprehensive suite of analytical tech-
niques was employed. An X-ray diffraction (XRD) (Bruker PAN Analytical, Almelo, The
Netherlands) analysis was conducted using a PANalytical X'Pert PRO diffractometer
equipped with Cu-Ko radiation (A = 1.5406 A), operating at 40 kV and 40 mA. Scans were
recorded in the 20 range of 10° to 80° at a step size of 0.02°/s. The resulting diffraction
patterns were indexed using standard JCPDS files to confirm phase purity and crystallinity.
Surface morphology and microstructural features were investigated using a field-emission
scanning electron microscope (FE-SEM, Hitachi S-4800, Tokyo, Japan) operated at 5 kV
under high vacuum (~10~° Torr). Prior to imaging, samples were sputter-coated with a
thin layer (~5 nm) of platinum to minimize surface charging. The FE-SEM analysis was
coupled with energy-dispersive X-ray spectroscopy (EDS) (Hitachi S-4800, Tokyo, Japan)
for elemental composition and mapping, using a silicon drift detector to ensure the accurate
spatial distribution of Ni, Fe, and O within the nanostructure.

X-ray photoelectron spectroscopy (XPS) (K-alpha, Thermo Scientific, Cheshire, UK).
was employed to study the chemical composition and oxidation states of the constituent
elements. The measurements were carried out using a Thermo Ko + spectrometer with a
monochromatic Al K« source (hv = 1486.6 eV), operated at 12 kV and 6 mA under ultra-
high vacuum conditions (~10~? Torr). Survey and high-resolution scans were acquired
using pass energies of 200 eV and 50 eV, respectively. All spectra were calibrated to the
C 1s peak, and deconvolution was performed using a Shirley background with Voigt line
shapes. Electrochemical measurements were performed using a Biologic WBCS3000 system
(Seyssinet-Pariset, France) in a standard three-electrode configuration. The CTAB-assisted
NiFe;O4 electrodes deposited on nickel foam served as the working electrode, while
platinum wire and Ag/AgCl (3 M KCl) were used as the counter and reference electrodes,
respectively. Aqueous 2 M KOH served as the electrolyte. Cyclic voltammetry (CV) tests
were conducted over a potential range of —0.1 to 0.5 V at scan rates from 10 to 100 mV /s
to evaluate redox behavior. Galvanostatic charge-discharge (GCD) measurements were
carried out at current densities between 20 and 50 mA/cm? to determine capacitance
and rate capability. Electrochemical impedance spectroscopy (EIS) was performed in the
frequency range of 100 kHz to 0.01 Hz with a 10 mV AC perturbation to assess the charge
transfer resistance and equivalent series resistance [20,21].

4. Results and Discussions
4.1. XRD Elucidation

The structural integrity, crystallinity, and phase purity of the synthesized materials
were thoroughly examined using an XRD analysis. Figure 2a presents the XRD spectra of
pristine NiFe, NiFe-0.5, NiFe-1, and NiFe-1.5 electrodes, providing critical insights into
their phase composition. The diffraction pattern of pristine NiFe exhibits distinct peaks at
18.2°,30.1°, 35.8°,43.3°, 53.7°, 57.5°, and 62.9°, which correspond to the (111), (220), (311),
(400), (422), (511), and (440) crystal planes, respectively. These peak positions align well
with the standard diffraction data from the JCPDS card No. 00-010-0325 confirming the
successful formation of NiFe with the cubic phase. Additionally, the introduction of CTAB
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within the composite is indicated by prominent diffraction peaks observed in the NiFe-0.5,
NiFe-1, and NiFe-1.5 electrodes. The NiFe-1 electrodes exhibit the diffraction peaks at
18.2°,30.0°, 35.6°, 43.2°, 53.5°, 57.3°, and 62.8°, respectively. The absence of any additional
diffraction peaks related to impurity confirms the formation of a single-phase material. The
CTAB-assisted NiFe samples exhibit diffraction patterns similar to those of pure NiFe with
a slight shift toward lower angles. A noticeable trend in the XRD patterns reveals that as
the concentration of CTAB increases, the intensity of the corresponding diffraction peaks
also intensifies, further validating the successful incorporation of CTAB into the composite
matrix. The shift towards a lower angle indicates the presence of a more compact structural
arrangement in the NiFe-0.5, NiFe-1, and NiFe-1.5 samples, likely due to the influence of
CTAB in modulating the crystal lattice. These findings confirm the successful formation of
the nanocomposite with well-defined crystallinity and phase purity [22].
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Figure 2. (a) XRD pattern; (b) XPS survey spectrum; high-resolution (c) Ni 2p, (d) Fe 2p, and (e) O 1s
spectra of CTAB-assisted NiFe electrodes.

Furthermore, the XRD-based microstructural analysis reveals that the crystallite size
of the CTAB-assisted NiFe electrodes varies with the surfactant concentration, ranging
from 10.5 to 13.2 nm, as summarized in Table 1. The average crystallite size is calculated
using the Debye—Scherrer Equation (1) [23]:

0.9A
- Bcosb @

where D is the crystallite size; A is the wavelength of the X-ray radiation source;  is the full
width at half maxima; 6 is the Bragg angle (26). Further, the interplanar spacing calculated
using Bragg’s relation (2) is as follows [23]:

nA = 2dsinf (2)
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Table 1. Crystallite size, lattice strain, and dislocation density of CTAB-assisted NiFe;Oy electrodes
calculated from XRD data.

Sample Code Crystallite Size (D, nm) Lattice Strain Dislocation Density (line/m?) x 105
NiFe 10.5 0.01123 9.07
NiFe-0.5 13.2 0.00889 5.83
NiFe-1 11.25 0.01052 5.73
NiFe-1.5 11.3 0.01042 7.9

The NiFe-1 sample exhibits the moderate crystallite size and lowest dislocation density
(5.73 x 10%° lines/m?), indicating a reduced defect density. In contrast, the other samples
show the highest dislocation density, suggesting more lattice imperfections. The lattice
strain values also follow a decreasing trend with an increasing CTAB concentration, in-
dicating improved crystallinity. The measured lattice spacing of 0.25 nm, corresponding
to the (311) plane, and the lattice constant of 0.8292 nm confirm the formation of a well-
defined cubic spinel structure. These microstructural parameters reflect the impact of CTAB
on structural refinement, which directly influences the electrochemical performance by
enhancing the charge transport and mechanical stability.

4.2. XPS Analysis

The XPS is employed to analyze the elemental composition, oxidation states, and elec-
tronic structure of the NiFe-1 electrode. The high-resolution XPS spectra are deconvoluted
using Thermo Scientific Avantage software (Version No. 5.921). A Shirley background
subtraction is applied, and the peaks are fitted using Voigt (Gaussian—-Lorentzian mixed)
functions with consistent full width at half maximum (FWHM) constraints. An XPS survey
spectrum of the NiFe-1 electrode has been added in Figure 2b to provide comprehensive
elemental identification. The survey spectrum confirms the presence of Ni, Fe, and O, vali-
dating the formation of the NiFe,O, phase. The high-resolution Ni 2p spectrum (Figure 2c)
displays two prominent peaks at 855.8 eV and 873.7 eV, corresponding to Ni 2p3,, and
Ni 2py /2, respectively, which are characteristic of Ni?* in the octahedral environment of
a spinel NiFe,Oy lattice. Additionally, strong shake-up satellite peaks are observed at
~861.8 eV and ~880.3 eV, confirming the presence of high-spin Ni?*. The observed spin-
orbit splitting of ~17.9 eV further supports this oxidation state assignment [13]. The Fe
2p spectrum (Figure 2d) exhibits binding energies at 710.8 eV (Fe 2p3,,) and 724.2 eV (Fe
2p1/7), along with distinct satellite peaks. The energy difference of ~13.4 eV between the
Fe 2p doublet peaks is in good agreement with the Fe3* oxidation state in transition metal
oxides [14]. This confirms the successful incorporation of Fe>* in the spinel structure. The
O 1s spectrum (Figure 2e) is deconvoluted into two peaks: a dominant peak at 530.2 eV,
attributed to lattice oxygen (O?) in the metal-oxide matrix, and a secondary peak at
531.1 eV, ascribed to surface-adsorbed oxygen species such as hydroxyl groups (-OH), and
defect-related oxygen. These oxygen species are associated with surface redox activity and
play a key role in enhancing electrochemical performance by facilitating the ion exchange
and active site accessibility. The presence of Ni** and Fe®* in their respective valence states,
along with oxygen vacancies or -OH functionalities, is consistent with the electrochemically
active spinel NiFe,O,4 phase. These findings validate the successful formation of the target
composition with high redox activity and surface functionality [24,25].

4.3. Morphological and Elemental Composition

FESEM images in Figure 3 provide insight into the morphological evolution of NiFe
electrodes with varying CTAB concentrations. The bare NiFe electrode (Figure 3al-a3)
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exhibits a densely packed network of nanosheets forming a three-dimensional porous
framework. These nanosheets appear smooth and interconnected, offering a high surface
area, which is advantageous for electrochemical applications. However, the tightly packed
arrangement may limit electrolyte penetration and ion transport, potentially restricting
charge transfer efficiency [26]. Upon introducing 0.5% CTAB (Figure 3b1-b3), significant
morphological changes are observed. The nanosheets become more dispersed, creating
additional void spaces. This structural modification is attributed to the surfactant’s role
in influencing nucleation and growth during synthesis. At higher magnifications, a slight
increase in surface roughness is visible, indicating improved active site exposure. While
this enhanced porosity can facilitate better electrolyte accessibility, the excessive separation
of nanosheets may reduce electrical conductivity due to weakened interconnections [27].
With 1.0% CTAB (Figure 3c1-c3), the NiFe electrode exhibits a well-balanced structure with
uniformly distributed and interconnected nanosheets. Compared to the NiFe-0.5 sample,
this morphology shows an increased surface roughness and curling of nanosheets, which
further enhance the active surface area. The optimized porosity ensures efficient electrolyte
diffusion, reducing charge transfer resistance and improving ion transport. These struc-
tural advantages contribute to superior electrochemical performance by enabling fast redox
reactions and enhanced charge storage capabilities. The well-maintained connectivity
between nanosheets supports efficient electron conduction, making this composition highly
favorable for electrochemical applications [28]. However, with 1.5% CTAB (Figure 3d1-d3),
the nanostructure undergoes a drastic transformation. The nanosheets lose their distinct
morphology, forming a more compact and irregular structure dominated by aggregated
particles. High-magnification images reveal granular deposits covering the surface, sug-
gesting that an excess of CTAB disrupts the controlled growth of nanosheets. This results
in reduced porosity and restricted ion diffusion pathways, negatively impacting electro-
chemical performance by limiting the charge transfer and reducing the number of exposed
active sites [29].

The morphological evolution of NiFe,O4 nanosheets with varying CTAB concentration
(0.5%, 1%, and 1.5%) reveals a significant impact on both the length and width of the formed
structures, as shown in Figure 3e. Initially, the pristine NiFe,Oy4 (without CTAB) displays
elongated nanosheets with higher aspect ratios, indicative of anisotropic growth. Upon
the addition of 0.5% CTAB, the nanosheet length is reduced by more than half, suggesting
the onset of the surfactant-mediated control over growth kinetics. This effect becomes
more pronounced at 1% CTAB, where nanosheets become significantly shorter and wider,
reflecting a more isotropic morphology. At the highest concentration of 1.5% CTAB, a slight
increase in length is observed, but the width continues to grow, leading to thicker and more
aggregated structures formed by nanoparticles. This development suggests that beyond a
critical micelle concentration, CTAB not only acts as a growth moderator but also promotes
lateral agglomeration and the broadening of sheets.

An EDS analysis is conducted to determine the elemental composition of surfactant-
assisted NiFe electrodes, including bare NiFe, NiFe-0.5, N iFe-1, and NiFe-1.5. The corre-
sponding EDS spectra, presented in Figure 4A-C, confirm the presence of iron (Fe), nickel
(Ni), and oxygen (O) in all samples, verifying the successful formation of NiFe,Oy4 on the
nickel foam substrate. The insets in Figure 4A-C display the weight percentage (wt%)
distribution of these elements. Additionally, the spatial distribution of elements within the
hydrothermally synthesized electrodes is assessed through EDS elemental mapping. As
illustrated in Figure 4al-d3 for bare NiFe, NiFe-0.5, NiFe-1, and NiFe-1.5, the mapping
images reveal a uniform dispersion of Fe, Ni, and O across all surfactant-assisted sam-
ples. This even distribution highlights the homogeneity and consistent structural integrity
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of the synthesized electrodes, further emphasizing their suitability for electrochemical
applications [30].

[l Nanosheet length
I Nanosheet width

e
N~
1

NiFe NiFe-0.5 NiFe-1 NiFe-1.5
Sample code

Figure 3. FE-SEM images of (al-a3) bare NiFe, (b1-b3) NiFe-0.5, (c1-c3) NiFe-1, and (d1-d3) NiFe-
1.5 samples at different magnifications; (e) nanosheets’ size distribution of the samples.
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Figure 4. EDS spectra and elemental mapping of (A,al-a3) bare NiFe, (B,b1-b3) NiFe-0.5,
(C,c1-c3) NiFe-1, and (D,d1-d3) NiFe-1.5 samples.
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5. Electrochemical Analysis

The electrochemical properties of NiFe electrodes synthesized with and without vary-
ing CTAB concentrations (0.5%, 1%, and 1.5%) are systematically investigated using cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) in a three-electrode configuration with a 2M KOH electrolyte. Figure 5a
displays the CV profiles recorded within a potential range of —0.1 V to 0.5 V at a scan
rate of 10 mV /s, demonstrating distinct redox peaks across all samples. The presence of
these peaks confirms the faradaic nature of charge storage, indicative of reversible redox
reactions inherent to NiFe. The CV response is further analyzed across a range of scan
rates (10-100 mV/s) for NiFe, NiFe-0.5, NiFe-1, and NiFe-1.5, as depicted in Figure 5b—e.
A consistent increase in current density is observed with an increase in scan rate while
maintaining the characteristic shape of the CV curves, signifying stable electrochemical be-
havior and efficient charge storage. The largely symmetric nature of the CV curves suggests
rapid ion transport and an enhanced charge storage mechanism [31]. Notably, the NiFe-1
electrode exhibits a more pronounced redox peak intensity and a larger enclosed CV area
compared to the other samples, indicating a higher charge storage capacity. This enhance-
ment is attributed to the optimized electrode structure facilitated by the controlled CTAB
concentration, which significantly improves the electroactive surface area and ion diffusion
pathways. The morphological influence of CTAB on the NiFe electrode’s performance is
evident, as the NiFe-1 sample displays a well-balanced structure with uniformly distributed
and interconnected nanosheets’ features. This architecture provides a uniform network
conducive to enhanced ion accessibility and charge transfer kinetics [32]. In contrast, NiFe-
0.5 and NiFe-1.5 exhibit lower current densities, likely due to unfavorable morphological
characteristics. The NiFe-0.5 electrode demonstrates a less-developed structure, limiting
the number of active sites for redox reactions, whereas NiFe-1.5 exhibits increased compact
and aggregated morphological characteristics, restricting electrolyte penetration and ion
transport. On the other hand, the NiFe sample shows poor electrochemical performance
due to its suboptimal nanostructure. The electrochemical redox process governing the
charge storage in NiFe electrodes can be represented by the following reaction (3) [15]:

NiFe,O4 + H,O + OH™ = NiOOH + FeOOH + e~ 3

The CV curves acquired at varying scan rates (10-100 mV /s) are further analyzed to
elucidate the underlying redox mechanisms. Figure 6a presents the correlation between
the peak current (i,) and the square root of the scan rate (v/2) for each electrode, reveal-
ing a linear trend. This direct proportionality suggests that the charge storage process
is diffusion-controlled, with ion transport dynamics playing a significant role in electro-
chemical performance. To gain deeper insights into charge transfer kinetics, the diffusion
coefficients of NiFe, NiFe-0.5, NiFe-1, and NiFe-1.5 electrodes are estimated using the i,
and v!/2 data. The diffusion coefficient (D) at a scan rate of 10 mV /s is calculated based on
the Randles-Sevcik Equation (4) [33]:

— 'p

P = 269X 105 x 872 x Ax C x 012 @
where i, denotes the peak current density, v'/2 represents the square root of the scan rate,
n corresponds to the number of electrons involved in the redox process, A is the effective
surface area of the working electrode (cm?), C is the electrolyte ion concentration, and
D is the diffusion coefficient. Table 2 summarizes the diffusion coefficients obtained for
each NiFe electrode, while Figure 6b provides a graphical representation for comparative
evaluation. Among the investigated samples, NiFe-1 exhibits the highest diffusion coeffi-
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cient for both oxidation and reduction reactions, suggesting enhanced ion mobility and
superior charge transport properties. The variation in diffusion coefficients among the
electrodes can be attributed to differences in the electrode nanostructure, influenced by
the CTAB surfactant concentration. The NiFe-1 electrode, synthesized with an optimized
CTAB concentration, displays a well-balanced structure with a uniformly distributed and
interconnected nanosheet network, which facilitates improved electrolyte penetration and
accelerated ion diffusion [34]. Conversely, NiFe, NiFe-0.5, and NiFe-1.5 exhibit relatively
lower diffusion coefficients, likely due to their compact and agglomerated morphologies,
which restrict efficient electrolyte interactions with electroactive sites. The enhanced ion
transport kinetics observed in NiFe-1 underscore its potential for high-performance en-
ergy storage applications, emphasizing the critical role of CTAB in tailoring electrode
architecture to optimize electrochemical properties.
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Figure 5. Cyclic voltammetry of (a) all NiFe electrodes at a scan rate of 10 mV /s, in a potential window
—0.1 to 0.5 V; cyclic voltammetry of (b) bare NiFe, (c) NiFe-0.5, (d) NiFe-1, and (e) NiFe-1.5 samples
at different scan rates (10-100 mV/s).

Table 2. Estimated diffusion coefficient and b-values of bare NiFe, NiFe-0.5, NiFe-1, and NiFe-
1.5 electrodes.

Diffusion Coefficient (cm?/s) x 106

Sample Code b-Value
Oxidation Reduction
NiFe 0.87 0.67 0.77
NiFe-0.5 1.64 1.1 0.6
NiFe-1 2.6 3.2 0.42
NiFe-1.5 0.61 0.28 0.66

Dunn’s method is a well-established approach for evaluating the b-value, a crucial
parameter that defines the dominant charge storage mechanism in electrode materials.
This technique involves plotting log(i) against the log(v), as illustrated in Figure 6¢c, where
the slope of the resultant linear fit determines the b-value. In this study, Dunn’s method
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is employed to analyze the charge storage characteristics of NiFe electrodes using the
mathematical relationships given in Equations (5) and (6) [35,36]:

i=ao’ (5)

log(i) = log(a) +blog(v) (6)

Here, ‘a’ and ‘b’ are constants derived from the intercept and slope of the log(i)
vs. log(v) plot. The b-value serves as an indicator of the charge storage mechanism,
with values close to ~1 suggesting capacitive-dominated behavior, and values around
~0.5 indicating a diffusion-controlled process. The calculated b-values for NiFe, NiFe-
0.5, NiFe-1, and NiFe-1.5 electrodes are found to be in the range of 0.4 to 0.7 (Table 2),
implying that the electrochemical charge storage in these electrodes is predominantly
governed by a diffusion-controlled process. This behavior suggests that charge storage
occurs primarily through ion intercalation, electrolyte diffusion, and redox activity at the
electrode—electrolyte interface [37].
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Figure 6. (a) Plot of peak current vs. (scan rate)/2; (b) graphical representation for diffusion
coefficients obtained for each NiFe, Oy electrode; (c) plot of log(i) against the log(d).

To further distinguish the relative contributions of diffusion-controlled and capacitive-
controlled currents, the total current response is deconvoluted using Equation (7) [38]:

i(V) = kyo+kyo!/? )

where i(V) represents the current at a given potential V, while k; and k; correspond to the
capacitive and diffusion-controlled contributions, respectively. The values of k; and k; are
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(©)

extracted from the linear fitting of i(V)/0!/2 vs. v'/2, enabling the quantification of both
charge storage components. The diffusion-controlled contributions at the 10 mV /s scan
rate for NiFe, NiFe-0.5, NiFe-1, and NiFe-1.5 are determined to be 59.8%, 80.2%, 88.1%, and
72.2%, respectively. Notably, NiFe-1 exhibits the highest diffusion-controlled contribution,
which can be attributed to its well-balanced structure with a uniformly distributed and
interconnected nanosheets’ structure. The well-interconnected uniform network and the
presence of multiple oxidation states in NiFe facilitate a greater number of electroactive
sites, leading to enhanced faradaic redox activity and efficient ion transport. Additionally,
the effect of varying scan rates on the capacitive and diffusion-controlled contributions is
assessed for all electrodes, as presented in Figure 7a—d. The results reveal an increase in
capacitive-controlled charge storage at higher scan rates. This phenomenon occurs because,
at elevated scan rates, ion diffusion into the bulk electrode material becomes kinetically con-
strained, thereby promoting surface-dominated charge storage. Consequently, capacitive
behavior becomes more prominent under fast-charging conditions, whereas diffusion-
controlled mechanisms remain dominant at lower scan rates [13]. These observations
highlight the influence of CTAB-assisted structural modifications on the electrochemical
performance of NiFe electrodes, demonstrating the tunability of charge storage mechanisms
through morphological engineering.
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Figure 7. Capacitive and diffusion-controlled processes at different scan rates of (a) bare NiFe,
(b) NiFe-0.5, (c) NiFe-1, and (d) NiFe-1.5 samples.
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To evaluate the electrochemically active surface area (ECSA) of CTAB-assisted NiFe
electrodes, CV measurements are conducted at various scan rates (40-200 mV/s) within
the non-faradaic region, as depicted in Figure 8a—d. This approach allows for the precise
determination of the electrode’s capacitive behavior, avoiding faradaic processes that could
interfere with the measurements. The resulting current variations at different scan rates are
plotted to assess the double-layer capacitance (C ) of the electrodes, illustrated in Figure 8e.
The ECSA is estimated using the following Equation (8) [39],

Car

ECSA = C.

)
where Cy; is the double-layer capacitance, and C; represents the specific capacitance of the
sample (0.04 mF cm~2). This provides a reliable way of quantifying the active surface that
contributes to electrochemical reactions, which is crucial for understanding the material’s
performance in energy storage applications. The computed ECSA values for the NiFe,
NiFe-0.5, NiFe-1, and NiFe-1.5 are about 66 cm?, 72 cm?, 84 cm?, and 38 cm?, respectively,
as shown in Figure 8f. Notably, the highest ECSA value observed for the NiFe-1 sample
indicates an optimally porous surface structure, facilitating enhanced electrolyte accessi-
bility and improved ion transport. This directly correlates into a superior electrochemical
performance, highlighting the critical role of a specific surface area in supercapacitor appli-
cations. Specifically, a higher electrochemically active surface area enhances the interaction
between the electrode surface and electrolyte ions, thereby significantly improving the
charge storage capability and overall electrode efficiency.
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Figure 8. (a-d) CV measurements at various scan rates within a non-faradaic region for all
electrodes; (e) plot of resulting current variations at different scan rates for assessments of double-
layer capacitance (Cq;); and (f) the computed ECSA values for the NiFe, NiFe-0.5, NiFe-1, and
NiFe-1.5 electrodes.

The electrochemical storage characteristics of NiFe electrodes are analyzed through
GCD testing, performed at a current density of 20 mA /cm? within a voltage range of —0.1 to
0.45V, as shown in Figure 9a. The resulting discharge curves display noticeable deviations
from linearity, indicative of redox-driven charge storage rather than purely electrostatic
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capacitance. Such behavior confirms the pseudocapacitive nature of the electrodes, where
Faradaic reactions contribute significantly to charge retention. Further, the rate capability
is assessed by varying the current density from 20 to 50 mA /cm? (Figure 9b—e) for with
and without CTAB-assisted NiFe electrodes. The derived electrochemical parameters using

Equations (9)—(11) [40], areal capacitance (C4), energy density (ED), and power density
(PD), are summarized in Table 3.
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Figure 9. (a) GCD curves of bare NiFe, NiFe-0.5, NiFe-1, NiFe-1.5 sample electrodes at 20 mA /cm?
current density; GCD plot of (b) bare NiFe, (c) NiFe-0.5, (d) NiFe-1, and (e) NiFe-1.5 electrodes at
different current densities; (f) EIS analysis of NiFe electrodes (inset: EIS fitted circuit); and (g) cyclic
stability over 10,000 GCD cycles of NiFe-1 sample.

Notably, the NiFe-1 electrode exhibits the highest areal capacitance of 8.21 F/cm? at
20 mA/cm?, an energy density of 0.3453 mWh/cm?, and a power density of 5.5 mW /cm?.
This retention highlights its remarkable ability to sustain performance under increasing
charge—discharge rates. The observed electrochemical enhancement in NiFe-1 is closely
linked to the morphological modifications induced by the controlled addition of CTAB
during synthesis. CTAB plays a critical role in directing the growth of a well-structured,
interconnected nanosheet network, facilitating efficient ion diffusion and electron trans-
port. This optimized architecture enhances redox-active site accessibility, ensuring superior
charge storage efficiency [15]. The variation in performance across different CTAB con-
centrations underscores the importance of surfactant-assisted structuring in fine-tuning
electrode properties for high-performance energy storage applications.

The EIS is conducted at a fixed potential of 10 mV to analyze the charge transport
dynamics at the electrode—electrolyte interface, as depicted in Figure 9f. This technique
provides essential insights into the resistive and capacitive characteristics of the system.
The Nyquist plot, illustrating the relationship between the imaginary (—Z") and real (Z')
components of impedance, is employed to assess the equivalent series resistance (ESR, R1).
The ESR, which represents the intrinsic resistance of the electrode material, is determined
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from the high-frequency intercept on the x-axis [41]. To gain deeper insights into the
interfacial charge transport and ion diffusion behavior of the CTAB-assisted NiFe electrodes,
the Nyquist plot is fitted using an equivalent circuit model (inset of Figure 9f). The
extracted fitting parameters are summarized in Table S2. Among the samples, the NiFe-1
electrode exhibits the lowest charge transfer resistance (R, = 0.1337 (2) and minimal solution
resistance (R = 0.3789 (2), indicating superior conductivity and interfacial charge transfer.
This reduction in resistance can be attributed to the optimized uniform architecture formed
through the controlled incorporation of CTAB during synthesis. The well-defined uniform
nanosheets significantly enhance ion mobility and minimize charge transfer resistance,
leading to improved electrochemical performance. In contrast, other samples (e.g., NiFe,
NiFe-0.5, and NiFe-1.5) show higher R; and syvalues, suggesting less efficient ion transport,
likely due to less favorable morphologies or partial agglomeration.

Table 3. Evaluation of calculated areal capacitance, specific capacity, energy density, and power
density values of bare NiFe, NiFe-0.5, NiFe-1, and NiFe-1.5 electrodes.

Sample Code I (mA) CA (F/cm?) C (mAh/cm?) ED (mWh/cm?) PD (mW/cm?)

20 1.96 0.5455 0.0825 55

) 30 1.8 0.5253 0.0749 8.25

NiFe

40 1.78 0.4949 0.0665 11

50 1.72 0.4798 0.0535 13.75
20 2.03 0.5657 0.0856 55

) 30 1.96 0.5455 0.0825 8.25

NiFe-0.5

40 1.58 0.4394 0.0749 11

50 1.45 0.4040 0.0611 13.75
20 8.21 2.2828 0.3453 5.5

. 30 41 1.1364 0.1719 8.25

NiFe-1

40 3.2 0.8889 0.1344 11

50 2.09 0.5303 0.0802 13.75
20 1.16 0.3232 0.0489 55

) 30 1.14 0.3182 0.0481 8.25

NiFe-1.5

40 1.06 0.3030 0.0458 11

50 091 0.2525 0.0382 13.75

For practical energy storage applications, long-term electrochemical stability is a criti-
cal parameter in determining the reliability of electrode materials. The cycling endurance
of the NiFe-1 electrode is systematically evaluated through 10,000 consecutive GCD cycles
at a high-current density of 70 mA/cm?. The corresponding trends in capacitance reten-
tion and coulombic efficiency over the cycling period are presented in Figure 9g. After
enduring 10,000 cycles, the NiFe-1 electrode demonstrates remarkable stability, sustaining
79.61% of its initial capacitance while maintaining an impressive coulombic efficiency of
95.76%. The electrode exhibits exceptional structural resilience, with minimal degradation
observed in the first 4000 cycles, highlighting its robust electrochemical integrity. The
superior cycling performance can be a result from the well-engineered uniform morphol-
ogy induced by CTAB-assisted synthesis, which enhances electrolyte penetration and
facilitates efficient charge transport. This rigid structure mitigates mechanical stress and
prevents material disintegration, ensuring long-term stability even under high-current
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conditions. These results establish NiFe-1 as a promising candidate for next-generation
electrochemical energy storage applications, combining high durability with efficient
charge storage capabilities.

To assess the structural stability of the NiFe-1 electrode, a post-cycling FESEM analysis
is carried out following extended electrochemical cycling. As illustrated in the FESEM im-
ages (Figure Sla,b), the NiFe-1 sample largely retains its nanosheet-like morphology even
after prolonged charge-discharge operation. The nanosheets remain well-defined, with no
substantial structural collapse, delamination, or severe particle agglomeration observed.
While minor surface roughening and edge thinning are evident—likely resulting from
repeated ion insertion/extraction processes—a majority of the nanosheets remain struc-
turally intact, demonstrating only minimal degradation. These morphological observations
highlight the excellent mechanical integrity and structural resilience of the CTAB-assisted
NiFe; Oy electrode, which correlate well with its sustained electrochemical performance
and high cycle stability.

In addition to their high performance in electrochemical energy storage, the optimized
CTAB-assisted NiFe-1 nanosheets, featuring high porosity, a large electrochemically active
surface area, and redox-active sites, also exhibit strong potential for multifunctional appli-
cations. Such structural and electronic characteristics are advantageous for gas sensing,
particularly for the detection of volatile organic compounds (VOCs) and for environmental
monitoring, as highlighted in the recent literature [42]. Moreover, the low equivalent
series resistance and outstanding cycling stability demonstrated by this electrode suggest
its viability for integration into low-power electronic systems. Notably, its stable and
efficient energy output could support emerging ultra-low-power technologies, such as
single-photon avalanche diode-based sensors, enabling the development of compact, self-
powered sensor platforms for use in environmental, biomedical, and portable electronic
applications. This highlights the broader applicability and interdisciplinary relevance of
the NiFe;O4 material system developed in this study.

6. Electrochemical Performance of Asymmetric Supercapacitor Device

To explore the practical application of NiFe electrodes beyond the conventional three-
electrode setup, an APSD was constructed and thoroughly evaluated. The device configu-
ration utilized NiFe-1 as the positive electrode and activated carbon (AC) as the negative
electrode, both supported on nickel foam. The separator was composed of filter paper
saturated with a 2M KOH electrolyte, and the entire device was sealed to protect it from
environmental exposure. The electrochemical performance of the APSD was investigated
through CV, GCD, and EIS. As shown in Figure 10a, the CV curves at varying scan rates con-
firmed a stable operational window from 0 to 1.8 V, which is conducive to significant energy
storage. The CV tests, conducted at scan rates ranging from 10 to 100 mV /s, demonstrated
a consistent increase in the current response, indicative of efficient charge transfer and
excellent reversibility within the device. This behavior highlights the synergistic interaction
between NiFe-1 and AC, which contributes to the enhanced overall electrochemical per-
formance of the device. The GCD measurements, conducted at different current densities
(Figure 10b), exhibited non-linear discharge profiles, signifying a dominant pseudocapaci-
tive mechanism and an efficient charge—discharge process with minimal energy loss. At
a current density of 20 mA/cm?, the device achieved a remarkable areal capacitance of
1.215 F/cm?, an energy density of 0.285 mWh/cm?, and a power density of 6.5 mW /cm?,
emphasizing the device’s ability to store and release significant energy per unit area. The
energy-power density relationship of the fabricated asymmetric supercapacitor device
based on the NiFe-1 electrode is illustrated in the Ragone plot (Figure 10c). The red symbols
represent the performance metrics achieved in this work, while the other colored symbols
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correspond to previously reported transition metal oxide-based supercapacitor systems
from the literature. Notably, the device in this study demonstrated a superior combination
of energy and power densities, with values reaching up to 0.2853 mWh/cm? at a power
density of 6.5 mW /cm?. Even at higher power densities (13 mW/cm?), the energy density
remained well-retained, highlighting the device’s excellent rate capability and fast charge—
discharge characteristics (Table 4). Compared to other reports, the NiFe-1//AC device
exhibited an outstanding electrochemical performance, outperforming many previously
published systems in both energy and power metrics. This superior performance can be at-
tributed to the nanosheet-like morphology, enhanced porosity, and improved ion transport
pathways induced by the optimized CTAB-assisted synthesis. Overall, the Ragone plot
validates the practical applicability of the NiFe-1 electrode in high-performance energy stor-
age devices. The EIS analysis (Figure 10d) further confirmed the excellent electrochemical
properties of the APSD, revealing a low equivalent series resistance (Ry) of 0.48 (3, which
indicated high electrical conductivity and efficient ion transport at the electrode—electrolyte

interface. The reduced ESR supported the device’s outstanding rate capability and en-
ergy storage efficiency. The device demonstrated a promising performance with a low
R, = 0.1077 O, though a relatively higher Warburg impedance (s, = 46.97 Q/s!/?) (Table S2)
reflected the added complexity of the complete asymmetric pouch-type configuration. Fur-
thermore, the long-term cycling stability is a critical performance metric for supercapacitors.
The APSD exhibited impressive durability, retaining 74.12% of its initial capacitance after

5000 consecutive GCD cycles at a current density of 70 mA /cm? (Figure 10e). Additionally,
the device maintained a high coulombic efficiency of 90.1%, demonstrating excellent charge

retention and minimal energy loss over extended cycling. This exceptional stability can be

attributed to the well-balanced structure with the uniformly distributed and interconnected

nanosheet structure of the NiFe-1 electrode, which enhanced electrolyte accessibility, mini-
mized particle aggregation, and mitigated material degradation during repeated cycling.
The incorporation of an optimized CTAB concentration during the electrode synthesis was

instrumental in achieving this stable, well-defined morphology, ensuring the long-term

electrochemical performance of the device [43].
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Figure 10. (a) CV tests performed on the NiFe-1//AC device recorded at a scan rate of 10-100 mV /s
across a potential range of 0 to 1.8 V; (b) GCD measurements at different current densities for NiFe-
1//AC device; (c) Ragone plot; (d) EIS measurement of the device (inset: EIS fitted circuit); (e) cyclic
stability of 5000 GCD cycles of NiFe-1//AC device.
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Table 4. Calculated energy storage parameters of NiFe-1//AC asymmetric pouch-type supercapaci-

tor device.
Sample Code I (mA) CA (F/cm?) C (mAh/cm?) ED (mWh/cm?)  PD (mW/cm?)
20 1.215 0.3376 0.2853 6.5
NiFe-1 device 30 0.380 0.1058 0.0894 9.75
40 0.184 0.0513 0.0433 13

In addition to its electrochemical performance, the practical aspects of the device were
also considered. The synthesis route is cost-effective and scalable, relying on inexpensive
precursors and minimal CTAB content (1%), making it suitable for large-scale production
using batch or continuous hydrothermal systems. Although current cycling tests reflect
the long-term operational durability under accelerated conditions, further evaluation
under real-world variables such as temperature, humidity, and mechanical stress will
be undertaken in future work to fully assess the environmental robustness of the device.
These aspects highlight the realistic potential of the APSD for practical energy storage
applications.

7. Conclusions

This study highlights the critical role of CTAB-assisted morphology engineering in
enhancing the electrochemical properties of NiFe,O4-based electrodes. Among the investi-
gated samples, the NiFe-1 electrode, synthesized with 1% CTAB, exhibited an optimized
nanosheet architecture characterized by uniform distribution, high porosity, and an en-
hanced electrochemically active surface area. This structural optimization led to an impres-
sive areal capacitance of 8.21 F/cm?, along with a high energy density of 0.3453 mWh/cm?
and a power density of 5.5 mW/cm? at 20 mA /cm?. A kinetic analysis demonstrated a dom-
inant diffusion-controlled charge storage mechanism, with 88.1% contribution at 10 mV/s,
further validating the suitability of this material for high-performance pseudocapacitive
applications. Notably, the electrode maintained 79.61% of its initial capacitance over
10,000 charge—discharge cycles, underscoring its long-term cycling durability. The EIS re-
vealed a low charge transfer resistance of 0.37 (), confirming efficient ion/electron transport.
The practical applicability of the NiFe-1 electrode was further demonstrated through the
successful fabrication of an asymmetric pouch-type supercapacitor device (NiFe-1//AC),
which operated within a wide window and retained 74.12% of its capacitance after 5000 cy-
cles. Beyond energy storage, the morphological and electrochemical attributes of the
CTAB-assisted NiFe,O4 nanosheets suggest a promising multifunctional potential for inte-
gration into next-generation energy storage devices. Overall, this work not only offers a
scalable and tunable route for surfactant-guided nanostructure design but also contributes
a high-performance electrode material for advanced energy storage technologies.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ma18091987/s1, Figure S1: (a,b): FESEM images of NiFe-1
electrode after long-term cycling stability; Table S1: Energy storage parameters comparison of the
current study with existing literature; Table S2: Fitted EIS parameters of CTAB-assisted NiFe,Oy
electrodes and the NiFe-1 based asymmetric device.

Author Contributions: PJ.M.: writing—original draft, methodology, investigation. R.U.A.: review
and editing, software. A.M.T.: review and editing, software. M.K.B.: review and editing, software.
S.A.B.: review and editing, formal analysis. C.-W.J.: supervision, writing—review and editing, project
administration, funding acquisition. All authors have read and agreed to the published version of
the manuscript.


https://www.mdpi.com/article/10.3390/ma18091987/s1

Materials 2025, 18, 1987 19 of 21

Funding: This research did not receive any specific grants from funding agencies in the public,

commercial, or not-for-profit sectors.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to restrictions..

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Yan,]; Wang, Q.; Wei, T,; Fan, Z. Recent advances in design and fabrication of electrochemical supercapacitors with high energy
densities. Adv. Energy Mater. 2014, 4, 1300816. [CrossRef]

2. Wang, X,; Chen, Y.; Schmidt, O.G.; Yan, C. Engineered nanomembranes for smart energy storage devices. Chem. Soc. Rev. 2016, 45,
1308-1330. [CrossRef] [PubMed]

3. Mary, AJ.C.; Bose, A.C. Surfactant assisted ZnCo,O4 nanomaterial for supercapacitor application. Appl. Surf. Sci. 2018, 449,
105-112. [CrossRef]

4.  Haldorai, Y.; Huh, Y.S.; Han, Y.-K. Surfactant-assisted hydrothermal synthesis of flower-like tin oxide/graphene composites for
high-performance supercapacitors. New J. Chem. 2015, 39, 8505-8512. [CrossRef]

5. Ahir, N.A; Takaloo, A.V,; Nirmal, K.A.; Kundale, S.S.; Chougale, M.Y.; Bae, J.; Kim, D.-K.; Dongale, T.D. Capacitive coupled
non-zero I-V and type-II memristive properties of the NiFe,O4~TiO, nanocomposite. Mater. Sci. Semicond. Process. 2021,
125, 105646. [CrossRef]

6. Toghan, A.; Khairy, M.; Kamar, E.; Mousa, M. Effect of particle size and morphological structure on the physical properties of
NiFe204 for supercapacitor application. J. Mater. Res. Technol. 2022, 19, 3521-3535. [CrossRef]

7. Samuel, E.; Aldalbahi, A.; El-Newehy, M.; El-Hamshary, H.; Yoon, S.S. Nickel ferrite beehive-like nanosheets for binder-free and
high-energy-storage supercapacitor electrodes. J. Alloys Compd. 2021, 852, 156929. [CrossRef]

8.  Guo, Z,; Qiao, J.; Liu, X;; Lin, F; Liu, M.; Fang, M.; Huang, Z.; Zhang, X.; Min, X. Advances in Mineral-Based Composite Phase
Change Materials for Energy Storage: A Review. Green Smart Min. Eng. 2024, 1, 447-473. [CrossRef]

9. Xing, B.; Meng, W.; Liang, H.; Kang, W.; Zeng, H.; Zhang, C.; Egun, I.L.; Li, P.; Cao, Y.; Chen, Z. Flexible Coal-Derived
Carbon Fibers via Electrospinning for Self-Standing Lithium-Ion Battery Anodes. Int. ]J. Min. Sci. Technol. 2024, 34,
1753-1763. [CrossRef]

10. Bandgar, S.B.; Vadiyar, M.M.; Jambhale, C.L.; Kim, J.-H.; Kolekar, S.S. Superfast ice crystal-assisted synthesis of
NiFe;O4 and ZnFe,O4 nanostructures for flexible high-energy density asymmetric supercapacitors. J. Alloys Compd. 2021,
853,157129. [CrossRef]

11.  Yu, Z.-Y; Chen, L.-F; Yu, S.-H. Growth of NiFe,O, nanoparticles on carbon cloth for high performance flexible supercapacitors.
J. Mater. Chem. A 2014, 2, 10889-10894. [CrossRef]

12. Patil, V.D.; Patil, D.A.; Jadhav, A.L.; Jadhav, S.L.; Kadam, A.V.; Dandwate, S.R.; Shinde, B.R. Spinel nickel ferrite
(NiFe,O4) materials synthesized via spray-pyrolysis for electrochemical supercapacitor application. Discov. Electrochem.
2024, 1, 2. [CrossRef]

13. Bandgar, S.B.; Vadiyar, M.M.; Ling, Y.-C.; Chang, J.-Y.; Han, S.-H.; Ghule, A.V,; Kolekar, S.S. Metal precursor dependent
synthesis of NiFe,Oy thin films for high-performance flexible symmetric supercapacitor. ACS Appl. Energy Mater. 2018, 1,
638-648. [CrossRef]

14. Arun, T; Kavinkumar, T.; Udayabhaskar, R.; Kiruthiga, R.; Morel, M.].; Aepuru, R.; Dineshbabu, N.; Ravichandran, K.; Akbari-
Fakhrabadi, A.; Mangalaraja, R. NiFe,O4 nanospheres with size-tunable magnetic and electrochemical properties for superior
supercapacitor electrode performance. Electrochim. Acta 2021, 399, 139346. [CrossRef]

15. Gao, X.; Wang, W.; Bi, J.; Chen, Y.; Hao, X; Sun, X.; Zhang, J. Morphology-controllable preparation of NiFe; O, as high performance
electrode material for supercapacitor. Electrochim. Acta 2019, 296, 181-189. [CrossRef]

16. Mousa, M.; Khairy, M.; Shehab, M. Nanostructured ferrite/graphene/polyaniline using for supercapacitor to enhance the
capacitive behavior. . Solid State Electrochem. 2017, 21, 995-1005. [CrossRef]

17.  Baig, M.M,; Pervaiz, E.; Azad, M.; Jahan, Z.; Niazi, M.B.K,; Baig, S.M. NiFe,O,/SiO; nanostructures as a potential electrode
material for high rated supercapacitors. Ceram. Int. 2021, 47, 12557-12566. [CrossRef]

18.  Mahala, C.; Sharma, M.D.; Basu, M. 2D nanostructures of CoFe;O4 and NiFe,Oy: Efficient oxygen evolution catalyst. Electrochim.
Acta 2018, 273, 462-473. [CrossRef]

19. Sivakumar, P.; Ramesh, R.; Ramanand, A.; Ponnusamy, S.; Muthamizhchelvan, C. Synthesis and characterization of NiFe,Oy4

nanoparticles and nanorods. J. Alloys Compd. 2013, 563, 6-11. [CrossRef]


https://doi.org/10.1002/aenm.201300816
https://doi.org/10.1039/C5CS00708A
https://www.ncbi.nlm.nih.gov/pubmed/26691394
https://doi.org/10.1016/j.apsusc.2018.01.117
https://doi.org/10.1039/C5NJ01442E
https://doi.org/10.1016/j.mssp.2020.105646
https://doi.org/10.1016/j.jmrt.2022.06.095
https://doi.org/10.1016/j.jallcom.2020.156929
https://doi.org/10.1016/j.gsme.2024.11.005
https://doi.org/10.1016/j.ijmst.2024.11.013
https://doi.org/10.1016/j.jallcom.2020.157129
https://doi.org/10.1039/c4ta00492b
https://doi.org/10.1007/s44373-024-00003-9
https://doi.org/10.1021/acsaem.7b00163
https://doi.org/10.1016/j.electacta.2021.139346
https://doi.org/10.1016/j.electacta.2018.11.054
https://doi.org/10.1007/s10008-016-3446-6
https://doi.org/10.1016/j.ceramint.2021.01.113
https://doi.org/10.1016/j.electacta.2018.04.079
https://doi.org/10.1016/j.jallcom.2013.02.077

Materials 2025, 18, 1987 20 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Meng, X.; Tang, Z.; Gao, P; Zhang, Y. Mechanism Analysis of Hydrogen Mineral Phase-Transformed Iron Ore Tailings in
Cementitious Materials: A Study on Hydration Kinetics, Mechanical Properties, and Microstructural Characteristics. Constr.
Build. Mater. 2025, 475, 141260. [CrossRef]

Yin, Y;; Yang, R.; Wang, S; Liu, S.; Olet, V.; Gu, B.; Jansz, J.; Xu, Y,; Qing, M,; Liu, L.; et al. Na, Mg, and Ca as Promoters for N,O
Adsorption on Char Surface: A Theoretical Study. Chem. Eng. Sci. 2025, 304, 120957. [CrossRef]

Saffari, F.; Kameli, P.; Rahimi, M.; Ahmadvand, H.; Salamati, H. Effects of Co-substitution on the structural and magnetic
properties of NiCoxFe,_Oy ferrite nanoparticles. Ceram. Int. 2015, 41, 7352-7358. [CrossRef]

Bhat, T.S.; Bhogale, S.B.; Patil, S.S.; Pisal, S.H.; Phaltane, S.A.; Patil, P.S. Synthesis and Characterization of Hexagonal Zinc Oxide
Nanorods for Eosin-Y Dye Sensitized Solar Cell. Mater. Today Proc. 2021, 43 Pt 4, 2800-2804. [CrossRef]

Hua, M,; Xu, L.; Cui, F; Lian, J.; Huang, Y.; Bao, J.; Qiu, J.; Xu, Y.; Xu, H.; Zhao, Y. Hexamethylenetetramine-assisted hydrothermal
synthesis of octahedral nickel ferrite oxide nanocrystallines with excellent supercapacitive performance. J. Mater. Sci. 2018, 53,
7621-7636. [CrossRef]

Jiang, W.; Dong, L.; Liu, S.; Zhao, S.; Han, K.; Zhang, W.; Pan, K.; Zhang, L. NiFe,O4/ketjen black composites as effi-
cient membrane separators to suppress the shuttle effect for long-life lithium-sulfur batteries. Nanomaterials 2022, 12, 1347.
[CrossRef] [PubMed]

Xiao, J.; Yang, S.; Wan, L.; Xiao, F; Wang, S. Electrodeposition of manganese oxide nanosheets on a continuous three-dimensional
nickel porous scaffold for high performance electrochemical capacitors. J. Power Sources 2014, 245, 1027-1034. [CrossRef]
Heinz, H.; Pramanik, C.; Heinz, O.; Ding, Y.; Mishra, R.K.; Marchon, D.; Flatt, R.]J.; Estrela-Lopis, I.; Llop, J.; Moya, S. Nanoparticle
decoration with surfactants: Molecular interactions, assembly, and applications. Surf. Sci. Rep. 2017, 72, 1-58. [CrossRef]

Yi, G.; Ye, M.; Wu, ].; Wang, Y.; Long, Y.; Fan, G. Facile chemical blowing synthesis of interconnected N-doped carbon nanosheets
coupled with Co304 nanoparticles as superior peroxymonosulfate activators for p-nitrophenol destruction: Mechanisms and
degradation pathways. Appl. Surf. Sci. 2022, 593, 153244. [CrossRef]

Luczak, J.; Kroczewska, M.; Baluk, M.; Sowik, ]J.; Mazierski, P.; Zaleska-Medynska, A. Morphology control through the synthesis
of metal-organic frameworks. Adv. Colloid Interface Sci. 2023, 314, 102864. [CrossRef]

Yang, Y.; Chao, R.; Feng, W.-X,; Yang, Y.; Wang, J.; Guo, P.-E; Yang, Q.-N.; Jia, Y.; Li, J.-K.; Wang, G. Hafnium Incorporation
Modulating Electronic Structure of NiFe Layered Double Hydroxide for Effective Oxygen Evolution. Chem. Commun. 2025, 61,
5735-5738. [CrossRef]

Hussain, I.; Lamiel, C.; Mohamed, S.G.; Vijayakumar, S.; Ali, A.; Shim, J.-J. Controlled synthesis and growth mechanism of zinc
cobalt sulfide rods on Ni-foam for high-performance supercapacitors. J. Ind. Eng. Chem. 2019, 71, 250-259. [CrossRef]

Amate, R.U.; Morankar, PJ.; Teli, A.M.; Beknalkar, S.A.; Chavan, G.T.; Ahir, N.A.; Dalavi, D.S.; Jeon, C.-W. Versatile electrochromic
energy storage smart window utilizing surfactant-assisted niobium oxide thin films. Chem. Eng. ]. 2024, 484, 149556. [CrossRef]
Amate, R.U.; Morankar, PJ.; Chavan, G.T.; Teli, A.M.; Desai, R.S.; Dalavi, D.S.; Jeon, C.-W. Bi-functional electrochromic
supercapacitor based on hydrothermal-grown 3D Nb,Os nanospheres. Electrochim. Acta 2023, 459, 142522. [CrossRef]

Ahsan, M.T,; Usman, M.; Ali, Z; Javed, S.; Ali, R.; Farooq, M.U.; Akram, M.A.; Mahmood, A. 3D hierarchically mesoporous
zinc-nickel-cobalt ternary oxide (Zng ¢NipgCo1 404) nanowires for high-performance asymmetric supercapacitors. Front. Chem.
2020, 8, 487. [CrossRef] [PubMed]

Teli, A.M.; Beknalkar, S.A.; Amte, R.U.; Morankar, PJ.; Yewale, M.A.; Burungale, V.V,; Jeon, C.-W.; Efstathiadis, H.; Shin, ].C.
Investigating into the intricacies of charge storage kinetics in NbMn-oxide composite electrodes for asymmetric supercapacitor
and HER applications. J. Alloys Compd. 2023, 965, 171305. [CrossRef]

Wang, J.; Polleux, J.; Lim, J.; Dunn, B. Pseudocapacitive contributions to electrochemical energy storage in TiO, (anatase)
nanoparticles. J. Phys. Chem. C 2007, 111, 14925-14931. [CrossRef]

Xu, J.; Guo, H.; Hao, Y,; Tian, J.; Liu, Y.; Ren, H.; Yang, W. NiFe,O4 quantum dots anchored on flower-like Ni-MOF with enhanced
electrochemical performance for supercapacitors. J. Mater. Chem. C 2023, 11, 15624-15637. [CrossRef]

Xu, J.; Gai, S.; He, F; Niu, N.; Gao, P; Chen, Y.; Yang, P. A sandwich-type three-dimensional layered double hydroxide nanosheet
array/graphene composite: Fabrication and high supercapacitor performance. |. Mater. Chem. A 2014, 2, 1022-1031. [CrossRef]
Morankar, PJ.; Amate, R.U.; Teli, A.M.; Beknalkar, S.A.; Jeon, C.-W. Synergistic Effects of Niobium Phosphate/Tungsten Oxide
Core—Shell Nanocomposites for Asymmetric Supercapacitor. Surf. Interfaces 2025, 56, 105639. [CrossRef]

Amulya, M.S.; Nagaswarupa, H.; Kumar, M.A.; Ravikumar, C.; Kusuma, K.; Prashantha, S. Evaluation of bifunctional applications
of CuFe,O4 nanoparticles synthesized by a sonochemical method. J. Phys. Chem. Solids 2021, 148, 109756. [CrossRef]

Dar, M.; Nam, S.; Abdo, H.; Almajid, A.; Kim, D.; Qurashi, A.; Kim, W. Self-assembled Co30O,4 nanoplatelets into micro-spheres
via a simple solvothermal route: Structural and electrochemical properties. J. Alloys Compd. 2017, 695, 329-336. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2025.141260
https://doi.org/10.1016/j.ces.2024.120957
https://doi.org/10.1016/j.ceramint.2015.02.038
https://doi.org/10.1016/j.matpr.2020.08.687
https://doi.org/10.1007/s10853-018-2052-7
https://doi.org/10.3390/nano12081347
https://www.ncbi.nlm.nih.gov/pubmed/35458055
https://doi.org/10.1016/j.jpowsour.2013.07.024
https://doi.org/10.1016/j.surfrep.2017.02.001
https://doi.org/10.1016/j.apsusc.2022.153244
https://doi.org/10.1016/j.cis.2023.102864
https://doi.org/10.1039/D5CC00344J
https://doi.org/10.1016/j.jiec.2018.11.033
https://doi.org/10.1016/j.cej.2024.149556
https://doi.org/10.1016/j.electacta.2023.142522
https://doi.org/10.3389/fchem.2020.00487
https://www.ncbi.nlm.nih.gov/pubmed/32612977
https://doi.org/10.1016/j.jallcom.2023.171305
https://doi.org/10.1021/jp074464w
https://doi.org/10.1039/D3TC03096B
https://doi.org/10.1039/C3TA14048B
https://doi.org/10.1016/j.surfin.2024.105639
https://doi.org/10.1016/j.jpcs.2020.109756
https://doi.org/10.1016/j.jallcom.2016.10.174

Materials 2025, 18, 1987 21 of 21

42. Oliva, G,; Fiorillo, A.S.; Lagana, F.; Shuvo, M.M.H.; Islam, S.K_; Pullano, S.A. Development of a Sensor Based on a Thin Layer of
Zeolite to Monitor Plant Health Through VOC Analysis. In Sensors and Microsystems (AISEM 2024); Lecture Notes in Electrical
Engineering; Springer: Cham, Switzerland, 2025; Volume 1334, pp. 76-80.

43. Liang, Q.; Liu, X.; Zeng, G.; Liu, Z.; Tang, L.; Shao, B.; Zeng, Z.; Zhang, W.; Liu, Y.; Cheng, M. Surfactant-assisted synthesis of pho-
tocatalysts: Mechanism, synthesis, recent advances and environmental application. Chem. Eng. J. 2019, 372, 429-451. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cej.2019.04.168

	Introduction 
	Experimental Section 
	Sample Characterization and Electrochemical Measurements 
	Results and Discussions 
	XRD Elucidation 
	XPS Analysis 
	Morphological and Elemental Composition 

	Electrochemical Analysis 
	Electrochemical Performance of Asymmetric Supercapacitor Device 
	Conclusions 
	References

