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Abstract: In this study, NiFe,Co,.,0, (FNCO) nanoparticle samples were prepared using the microwave hydrothermal technique, for x
= 0.0, 0.02, 0.04, 0.06, 0.08, and 0.10, XRD, SEM, EDX, XPS, and FTIR were used to characterize the samples. The XRD shows all
samples formed the cubic-spinel structure with the spatial group Fd-3m. The dip coating technique was used to fabricate the anode
electrodes of NiFe,Co,.,0, samples. Cyclic voltammetry was used to investigate the electrochemical characteristics of CV, GCD, and
EIS. The Specific capacitance of x = 0.06 composition, showed superior GCD characteristics with a highest specific capacitance of
640.06 F g™* at a current density of 1 A g and it was found that with the increase in frequency, the conductivity was increased.
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1. Introduction

It is imperative that researchers investigate renewable
resources to address the ever-rising energy usage [1-3].
These days, it appears that the growth of renewable
resources is causing a rise in the demand for electrochemical
energy storage [4]. To meet the development, a number of
energy storage techniques have been suggested [5]. Due to
their fast kinetic, high-power density, extremely long
lifetime, and high coulombic efficiency, supercapacitors
(SCs) are thought to be a type of energy storage apparatus
with significant potential [6]. In addition, SCs have a great
deal of promise to replace lithium batteries and be used in a
variety of applications, including pacemakers, hybrid electric
vehicles, and so forth [7]. It is common knowledge that the
electrode materials have a major impact on the
characteristics of SCs. Different materials have been widely
studied as SC electrode materials until this point, including
carbonaceous materials, transition metal oxides [8],
conductive polymers [9], and hybrid composites [10].
Researchers from all over the world are trying to increase the
ability of electrical batteries to store energy. Researchers
have extensively investigated composites of NiCo,O, to
increase the energy storage capacity of Li-lon batteries. The
research of various electrode materials has received a lot of
attention [11]. Numerous uses, including sensing, catalysis,
energy conversion, and storage, were drawn to the
distinctive morphologies of carbons and their thermal,
mechanical, and chemical stability [12]. In addition,
recently, spinel nickel cobaltite (NiCo,0,) has been
suggested to be a potential electrode material owing to the
charming preponderances, such as the high specific
capacitance, low-price as well as affluent reserves.
Particularly, electric conductivity and electrochemical
activity of NiCo,0, are superior to those of either NiO or
Co0,05 [13]. Thus, it can apply in diverse fields, for instance
supercapacitors ~ [14],  lithium-ion  batteries  [15],

photodetectors [16], electrocatalysis [17], ferrofluid
technology [18], etc. So far, various methods (sol-gel [19],
electro-deposition [20], microwave [21], hydrothermal
synthesis [22], etc. have been adopted to synthesize the
NiCo,0, with different morphologies, including nanowires,
nanoneedles [23], nanoparticles [24] and nanosheet [25].
However, there is a tremendous challenge to synthesize a
complex structure assembled by nano-scaled building blocks
[26].

A significant amount of research has already been conducted
on the impact of Fe substitution in NCO NPs on gas sensing
properties, as an electrocatalyst is, electrodes in batteries and
supercapacitors [27-28]. As a result, because of its high
theoretical capacity, non-flammable native, and cheap cost,
spinel-type Nickel cobalt oxide (NiCo,0,) has attracted
attention [29]. However, some issues continue to impede the
commercialization of NiCo,0, as the anode material in
lithium-ion batteries for electric cars (EVs). The structural
collapse of the NiCo,O, during the intercalation and
extraction of the lithium ion will cause the capacity fade and
poor cycling stability [30]. This will be the first effect of the
severe volume change of the material. Second, the poor
electric conductivity of NiCo0,04 can reduce the ion diffusion
rate at high current densities, preventing EVs from meeting
their high-power density requirement. Designing transition
metal oxide composites for improving lithium storage
performance, on the other hand, is a viable approach [31].
Due to their low activation energy for electron transfer
between cations, composites of bimetal oxide and partially
doped metal oxides have been shown to have much better
electrochemical performance than single ones [32-34].
NiAC0,,0;4 (A = Cu, Zn, Fe, Mn) anode materials have
been extensively used in recent years. However, according to
the published literature, the impact of Co substitutions on
microwave absorption and electrochemical properties and
structural properties with Fe has received little attention.
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2. Experimental

All the reagents (Sigma-Aldrich Chemicals, Bangalore,
India) were analytically pure without further treatment. The
different synthesis methods were reported for the preparation
of Nickel cobalt oxides [35-38], even though each method
has its own advantages and disadvantages.

The microwave hydrothermal (MH) technique was used to
prepare the nickel cobalt oxides with Fe doping in this study.
In this technique, five samples of 10 mg each were prepared
by adding Fe to Nickel cobalt oxides. Nickel nitrate
(NiNO3), Cobalt nitrate (CoNOs), Iron chloride (FeCls.
4H,0), and sodium hydroxide (NaOH) were dissolved
stoichiometrically in 30 cc of doubly purified water and
thoroughly combined. For 30 minutes, the above fluid was
constantly stirred until a uniform combination formed. After
stirring, the solution was poured into CEM MARSXPRESS
230/60 containers for the microwave hydrothermal
procedure. The MH process was maintained at 60 °C for 40
minutes,. The precipitate was produced during the
procedure, and all samples were filtered and washed
numerous times with deionized water and ethanol. After
cleaning, the nanoparticles samples were dried overnight in
an oven set to 80 degrees Celsius. The desiccated powders
were then calcined in a muffle furnace at 600 °C for 4 hours.
In this synthesis, the particles obtained are NiFe,C0,,0,4
nanoparticles (FNCO NPs) for x = 0.0, 0.02, 0.04, 0.06, 0.08,
and 0.10 of six samples.

The FNCO NPs were prepared to fabricate the working
anode. In this study, we used 80% active material (FNCO
NPs), 10% polyvinylidene fluoride (PVVDF), 10% activated
carbon, and wire mesh for electrode fabrication. PVDF is
immune to unfavourable weather conditions over a broad
temperature range, has excellent chemical resistance to
electrodes, and is an organic binder. Activated carbon is
used as a solvent to increase the biologically active surface
area and restrict the adsorbent at the electrode-electrolyte
contact. The combined active material (FNCO), PVDF, and
Activated carbon material combination was produced as a
viscous slurry using a mortar and pestle [39] with a few
droplets ofN-Methyl-2-pyrrolidone (NMP) and coated on a
1.91 cm? Ni foam substrate (purity 99.9%, cm® Ni foam
substrate (purity 99.9%, thickness2 mm, PPl (60-90) %,
pore size 0.05— 0.5 mm) uniformly and heated to 80°C for 12
hours.

The Crystal information of the samples was acquired by
Bruker D8 Discover X-ray diffractometer (XRD)
(SHIMADZU, XRD-7000, Tokyo, Japan) with Cu Ka
radiation (A = 1.5406 A). Microstructures, particle sizes and
element mapping were analysed by using a JEOL-7100F,
Scanning  electron  microscope  (SEM, Hitachi,
Japan.TheFourier transform infrared spectroscopy (FTIR)
(SHIMADZU, 8400S) was used tofind functional groups and
determining bonding informationof the samples. The
elemental and chemical states of the sample were analyzed

by a Kratos Axis Ultra DLD X-ray photoelectron
spectrometer (XPS, VG, Manchester, UK). The Cyclic
voltammetry (CV), Galvanometer Charge and Discharge
(GCD), Impedance studies also studied to know about
electrochemical properties.

The electrochemical analysis was performed by a three-
electrode system using a Metrohm Autolab PGSTA302N
(Potentiostat/Galvanostat) equipment with NOVA 2.0.2
software was used to electrochemically characterize the
samples in 2 M KOH. FNCO NPs, Ag/AgCl, and Pt foilwere
used asthe working, reference, and counter electrodes
respectively. Electrochemical impedance spectroscopy (EIS)
tests were conducted in the 0.01-100 kHz frequency range,
with potential amplitude of 5 mV. The CV test was carried
outina-0.1-0.4V potential window at 5, 10, 15, 20 and 25
mVs *. Galvanostatic charge—discharge experiments were
performed in a 0 — 1.0 V potential range at a current density
ofl Ag*.

The specific capacitance (C)is calculated using CV studies
by adopting the relation [38]:

Co= Fgt ()

mAV
where m, At, AV, and I are the mass of active material, total
discharge time, voltage drop through the discharge process
and the discharge current respectively.

3. Results and Discussions

The X-ray diffraction (XRD) phase study of FNCO for x =
0.0, 0.02, 0.04, 0.06, 0.08 and 0.10 compositions is shown in
Fig. 1. XRD is used to validate the crystallite phase
information of various FNCOsamples. The XRD spectra
indicate that this microwave hydrothermal technique
provides a nearly pure NCO [40]. The crystallite has a face-
centred cubic spinel structure with the spatial group Fd-3m
and the unit cell dimension of the spinel structure, lattice
parameter(a), was calculated from the measured d-spacing
for the planes:

a=dVh+k+2) A

where h, k and | are the Miller indices.and calculated the
parameters with the help of equation following equations:

The average Crystal size using Debye Scherrer’s
formula[41],
<D>=0.9 A/p cos 0 nm --------- (3)
and
The X-ray density,
p=ZM/Na’ gom® - 4)

where k is a constant and is 0.9 for spherical particles, A is
the wavelength of X-rays (1.5406 A), B is the full width at
half maxima in radians, 0 is the diffraction angle.
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Figure 1: a). XRD pattern of FNCO NPs for x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10, b). Graph showing Zn composition (x)
versus Lattice parameter (a) and X-ray density (o).

The lattice parameters and the graph in Fig. 1(a) indicate that
the sample is more crystal in nature. The h, k, | value (200)
arises due to the dopant element Fe. The lattice parameter,
(a) found to be high at Fe = 0.06 with the lattice parameter
8.14 A and then increases slowly and then decreases sharply
and again increases. This is due to the fact that the Co ions
have lower molar mass (28.01 g/mol) being replaced with
the greater molar mass (55.845 g/mol) Fe cation. Fig. 1(b)
revealed that the variation of X-ray density has reverse
variation tendency compared to the variation of lattice
constant, considering that the X-ray density inverse to the
lattice constant.

The calculated unit cell parameter values are shown in Table
1. These values are close to the 0.8 nm value mentioned in

the ICSD collection codes for FNCO: 01-073-1704 and 00-
001-1152. The Scherer equation was used to compute the
average crystallite sizes of the composites, and the crystal
size was steadily raised up to x= 0.04, then dropped size and
increased again up to 54.56 nm.The Scherer equation was
used to compute the average crystallite sizes of the
composites. The resulting samples were crystalline, and the
diffraction lines can be indexed to cubic spinel NCO.

The vibrational modes exhibited by different functional
groups of FNCO were investigated by FTIR analysis and the
corresponding graphs were shown in the Fig. 2. A broad
peak observed at 3442 cm™ is attributed to OH-stretching
vibrations and the band observed at 1379 cm™and 1387 cm™.
These are belonging to OH-bending vibrations.

Table 1: The calculated parameters of Lattice constant (a) and Average crystallite size (<D>), and X-ray density (p) of FNCO
NPs for x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10.

S No Fe doping, Lattice Parameter Crystal size X- ray density
T X a=dVh+k+1) A | <D>=0.9 /B cos § nm p=ZM/Na® (gcm?)
1 0.00 8.05 27.27 6.13
2 0.02 8.08 36.53 6.06
3 0.04 8.12 36.33 5.98
4 0.06 8.14 27.24 5.94
5 0.08 7.81 36.49 6.72
6 0.10 8.03 54.56 6.20
The distinctive metal oxygen vibration peaks were detected 2s0lFRES FTR ==

at 663 and 559 cm™, respectively, and the impact of Fe
doping in NCO results in a decrease in relative strength of
peaks, which may be due to crystal structure disorder caused
by dopant incorporation. However, with the addition of Fe-
doping, the impact of the individual elements is neutralized,
resulting in more oxygen vacancies in NCO NPs.
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Figure 2: Fourier Transform Infrared spectra of FNCO NPs

for x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10

The scanning electron microscopy (SEM) and electron
dispersive X-ray (EDX) spectra of FNCO for x = 0.0,
0.02, 0.06, and 0.10 compositions are shown in Fig. 3(a-d)
and Fig. 4(a-d). All the figures indicate that the sample under
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investigation have an average size of 112 nm. The EDAX
analysis conformsthat all elements were presentand is
without impurity.

Figure 3 (a-d): SEM images of the elemental compositions
of FNCO NPs for x = 0.0, 0.02, 0.06 and 0.10.
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Figure 4 (a-d): EDAX images of the elemental
compositions of FNCO NPs for x = 0.0, 0.02, 0.06 and 0.10

The XPS analysis was used to acquire more comprehensive
information on the chemical composition and associated
oxidation states of the individual catalyst surfaces. Fig. 5 and
6 shows the corresponding spectrums.

The Ni 2p spectrum is fitted using Gaussian fitting,
considering two spin-orbit doublets characteristic of Ni** and
Ni**, as well as two shakeup satellites. Fitting peaks with
binding energies ranging from 861.64 eV to 871.97 eV are
assigned to Ni 2py,, whereas fitting peaks at binding
energies ranging from 854.46 eV to 854.81 eV are assigned
to Ni 2ps,. Two types of Co species are also seen in the Co
2p spectra. The fitting peaks at 890.13 eV to 795.3 eV are
indexed to Co 2pyj,, whereas the other fitting peaks at 785.17
eV to 779.3 eV are indexed to Co 2ps». In addition, the
Co**/Co®* coexisted in the core-shell. Table 2 summarises
the energy of the samples.
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Figure 5 (a-d): X-ray Photoelectron Spectroscopy (XPS) of FNCO NPs showing the Binding energy vs Intensity of a). Ni, b)
Co, ¢). O for x = 0.0 and d). Wide spectrum of FNCO deconvoluted graph.
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Figure 6 (a-d): X-ray Photoelectron Spectroscopy (XPS) of FNCO NPs showing the Binding energy vs Intensity of a). Ni, b).
Fe, ¢). Co, and d). O deconvoluted graph for x = 0.06

Table 2: The values of band gap energies of the compositions Fe, Co, Ni and O of their orbital states of FNCO NPs for x =
0.0, 0.02, 0.04, 0.06, 0.08 and 0.10.

Sl Binding energy(eV)of FNCO NPs
No‘ Fe Ni Co Fe )
' doping, x 2Py 2p3p 2Py 2p3p 2Py 2P3p 15y

1 0.00 861.64 854.46 790.13 785.17 . - 530.35
2 0.02 872.43 855.14 795.5 780.4 717.86 711.26 530.2
3 0.04 872.87 855.22 795.59 780.41 717.86 711.26 528.39
4 0.06 872.78 855.39 795.51 779.96 717.59 711.18 529.57
5 0.08 872.48 854.93 795.02 780.13 718.15 710.62 529.81
6 0.10 871.97 854.81 795.78 779.3 720.15 716.29 529.81

The electrochemical properties of the electro catalyst
samples were determined using cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) in a three-electrode
configuration. CV is a best technique to analyse the
electrochemical performance of any active component and
were obtained at a potential ranging from -0.1 to 0.4 V.

To study the redox interaction between metallic ions and
aqueous electrolytic solution, the CV analysis was conducted

0.006

on the working electrodes at various scan rates (5-25 mVs™)
in the potential range -0.1-0.4V, as shown in Fig. 7 (a-f).The
shapes of the CV profile deviated from ideal rectangle;
clearly signify the pseudo capacitive nature of FNCO NPs
produced by electrochemical reactions at the electrode
surface. It is noticed that the profile of the CV plot does not
appear to alter significantly even at large scan rates and the
total charge accumulation increases with increasing scan
rates [42].
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Figure 7(a-f): Cyclic voltammetry graphs plotted Current (1) vs Potential (V) of FNCO NPs for the scan rates of 5 mV/s™, 10
mVs?, 15 mVvs™, 20 mVs™, and 25 mV/s for various values of a).x = 0.0, b). 0.02, c). 0.04, d). 0.06, e). 0.08 and ). 0.10.
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Figure 8 (a-f): Cyclic voltammetry graphs plotted Current (1) vs Potential (V) of FNCO NPs forthe scan rates of a). 5 mVs™,
b). 10 mVs?, c). 15 mVs™, d). 20 mVs™, e). 25 mV/s, and f). Specific capacitance vs scan rate (mVs™) .

The FNCO NPs appear to have good redox peaks,
demonstrating faradaic (battery-like) capacitive behaviour.
As shown in Fig. 8(a-f), the CV analysis was conducted for
the FNCO NPs for x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.10.
It is noticed that the separation between the reduction and
oxidation peaks becomes larger with the increase in current
density as a function of scan rate. This separation in the
redox peaks can be attributed to the polarization of the cell
under the relatively high scan rate. Because of the kinetic
irreversibility of the redox process, the oxidation and

reduction maxima of their respective anodic and cathodic
scans are not uniform [43]. The specific capacitance (Cs)
derived from CV study is determined using formula [38]:

[idv
2mAVs

Cs=

Where C,- specific capacitance (F g™), m - mass of material
coated on the electrode (mg), AV —Applied potential window
and Vs - scan rate (mVs)

Table 3: Scan rate and Specific Capacitance values (Cs) at different FNCO NPs for x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10.

. Specific Capacitance, C, (F g7)

,f‘k') Fe d‘:(p'”g’ 5 10 15 20 2
mV s mVs mV s mV s mV s

1 0.00 209.39 173.91 161.93 156.75 146.66
2 0.02 448.12 232.64 151.70 109.33 84.01
3 0.04 457.01 272.11 172.19 122.27 94.87
4 0.06 707.65 315.70 199.66 141.72 109.94
5 0.08 568.50 279.86 182.73 133.24 103.77
6 0.10 603.70 333.32 207.73 127.39 87.19

However, even at higher scan rates, the form of the redox
peaks stays similar without distortion, showing the
outstanding reversibility and rate capability of the working
electrode materials. The contrast of FNCO NPs at various
scan rates (5 - 25 mVs™) is also shown in Fig. 7(a-f). The
area enclosed by FNCO NPs is greater than the area
enclosed by pure NCO NPs, indicating that these electrode
materials have the greatest charge storing capacity. The rise
in Fe doping content causes agglomeration, which reduces
the electrical activity of the as-prepared nanoparticles.

The obtained values of C are decreased from 707.65 F g to
87.19 F g™. The maximum C,was obtained at the scan rate 5
mVs™ for x=0.06 and minimum was obtained for x = 0.10 at
a scan rate 25 mV/s™. The decrease in C, has been attributed
to the presence of inner active sites that cannot sustain the
redox transitions completely at higher scan rates. This is
probably due to the diffusion effect of protons within the
electrode. The decreasing trend of the Cg suggests that parts
of the surface of the electrode are inaccessible at high

charging—discharging rates [44]. If the doping concentration
decreases, there is insufficient redox active site to contribute
into the electrochemical activity which leads to poor specific
capacitance (Cs) [45].

In contrast, the impact of Fe doping produces multivalent
cations to add to electrochemical processes and increases
redox activity through a synergistic effect between the Fe
ions and the NCO structure. Furthermore, the creation of
mesoporous cubic shaped FNCO results in high C,, good
electrode stability, and excellent reversibility at higher scan
rates due to better ionic transport via the porous structures
and excellent electrical conductivity. At various scan rates,
the C, of the electrode materials was determined using
supplementary information Eq. 6, and the results are
presented in Table 3.

The Galvanostatic charge-discharge (GCD) profiles of
FNCO at a current density of 1 Ag™in a potential window of
0 to 1.0 Vare shown in Fig. 9. The emergence of a non-linear
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shape verifies the faradaic character of the materials which is
consistent with the CV curve. Further, the cycling stability
of the FNCO was analyzed at 1 Ag™.

with mesoporous carbon composites (C/NCO), the acquired
C, and capacitive retention of FNCO are significant value at
the current density 1 A g™ [46].The specific capacitance (Cs)
was determined by GCD test using the following formula:

3, FHcoecn Fe=0.10 .‘l ] _IAt 1
.. Cmlipgl e )
2 Fe=0.06 ,[ l,
| Fe-o04 VYI‘ Where, C, - specific capacitance of active materials, 1 =
= 1 s (4 current applied,
& e At = discharge time durati = f active material
g A T 7 _ge 1me duration, m massS o1 active materia
3 loaded on Ni- foam and
> 5] = AV - Applied potential window (V,-V;)
2] G The Table 4 displays the computed Specific capacitance of
e FNCO NPs and calculated values of Energy and Power
a3l . ; . . . densities. The calculated C; for x = 0.06 for FNCO
o S0 100 150 200 250 demonstrated the better GCD characteristics, with a high Cs
Time{sec) of 640.36 F g at a current density of 1 Ag™. The table

Figure 9: Galvanometric charge-discharge (GCD) plots with
Potential on Y-axis and Time on X-axis of FNCO NPs with
various values of x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.10.

The GCD cycle test results show that the impact of Fe
doping increases the redox active sites when compared to
pure NCO, resulting in improved cycling performance,
stability, and longevity of the as-prepared electrode material.
When compared to previous results of NCO nanoparticles

shows the precise C, values for x = 0.0, 0.02, 0.04, 0.06,
0.08, and 0.10. The high C, achieved for x = 0.06 doped with
FNCO NPs may be due to the significantly extended
intercalation of Ni** or Co®" ions during redox potential,
which allows the ions to reach the active sites in the working
electrode, as well as the uniform spherical formation of NCO
nanoparticles, which can facilitate the improved
electrochemical properties of the obtained product.

Table 4: Calculated values of Specific capacitance, Energy density and Power density using GCD test of FNCO NPs for x =

0.0, 0.02, 0.04, 0.06, 0.08 and 0.10

sl. | Fe Doping, T Eq=Cs((aV)?) + (5) Py = 24%3600
No. X (Fg)) (Wh kg™) (W kg

1 0.00 205.46 4.54 199.50

2 0.02 219.81 5.57 213.55

3 0.04 31453 6.34 238.13

4 0.06 640.36 17.30 630.00

5 0.08 513.86 1020 378.00

6 0.10 563.87 11.91 433.33

The Energy density was calculated with the help of this formula Energy density [47],

Ey=3Cs((AV)?) * (5) Y vep—;)
and
Power density, Py= %*(3600) Wkg? ----ee- (9)
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Figure 10 (a-b): Variation of a). Energy density (Ey) and b). Power density (Pg4) vs Specific capacitance (C;) of FNCO NPs at
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The Fig. 10(a) shows the Specific capacitance (Cs)and
Energy density (Eg4) values versus Fe composition in FNCO
samples at a current density of 1 A g™*. Which shows that as
Fe composition increases, the both C; and Eq4 increases
rapidly up to x = 0.06 and then becomes stable. This might
be due to FNCO's high electrical conductivity at x = 0.06.
The Fig. 10(b) shows the Cs and Power density (Pg4) values
versus Fe composition in FNCO samples at a current density
of 1 A g Which shows that as Fe composition increases,
the both C, and Py increases rapidly up to x = 0.06 and then
becomes stable. It found that the highest values of E4 and Py
are 630 W kg™ and 17.40 Wh kg *, respectively.

The electrical behaviour of any substance can be
investigated by measuring its resistance. Impedance is a
complex number that can be expressed as Z = Z' + Z", where
7' represents resistance (real part of impedance) and Z”
represents reactance (imaginary part of impedance). Fig. 10
depicts the real (Z') and imaginary (Z") impedance portions
of FNCO NPs. It was noted that as frequency increased, the
impedance of synthesized substance dropped.

-60
| FNCo- Impedance
—s— Fe=0.00
. —e—Fe=0.02
Fe=0.04
-40 4 —v— Fe=0.06 /V
G Fe=0.08 v
E i —<«—Fe=0.10 7
S  -304 //
N ] ./o ».
204 b J '/
| ]
1 {*-—---;d_ ,
el i
-10 4 ’.—". E‘ K Y LT
04 T T 2 T ks
0 20 40 60
Z'(ohm)

Figure 11: The Impedance graphs plotted Real impedance
(Z') and imaginary impedance (Z") for FNCO NPs for x =
0.0, 0.02, 0.04, 0.06, 0.08 and 0.10.

The conductivity of all FNCO was verified by a reduction in
impedance. At low frequencies, all materials acted like
resistive mediums, and their resistance dropped significantly
as frequency increased. As a result, all of the samples acted
like resistive mediums in the low-frequency region before
transitioning to conductive mediums as the frequency
increased. Furthermore, the impedance of NCO dropped
with each stage of Fe substitution. Complex impedance
readings are useful for distinguishing grain resistance from
grain boundary areas. The Cole-Cole plot is shown in Fig.11
which is drawn between Z' along the X-axis and Z" along
the Y-axis. In general, information about three distinct
electro- active areas can be derived from these plots. These
various areas include conducting grains, insulating grain
boundaries, and the contact regionbetween samples and
electrodes. The semicircle represents charge-transfer
impedance at the electrode-electrolyte contact [48]. Because
there is a clear relationship between the width of a semicircle
and the resistance of the object, at x = 0.0, the compound
exhibits extremely insulating behaviour. Nonetheless, as the
Fe content in the samples rose, the diameter of the

semicircles decreased. As a result, it is possible to infer that
the decline in diameter represented a decrease in resistivity
and an increase in conductivity of the specimens.

4. Conclusions

It was discovered that the samples under study formed a
cubic-spinel lattice and that for x = 0.06 exhibited superior
GCD characteristics with a high specific capacitance of
640.06 F g™ at a current density of 1 A g™. The energy and
power densities are 17.30 Wh kg™, 630 W kg™ respectively.
The impedance decreased with increasing frequency for all
FNCO compositions. It was also discovered that, the sample
for x = 0.10 shown highly conductive in nature. The energy
and power densities increase with increasing the specific
capacitance.
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