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The distinctive solid state mixed oxide-based step-sintering technique was used to fabricate nickel cobaltite
(NiCo0,04) material from Ni;O; and Co30,, The material's attributes, namely crystallite size of 40.06 nm with minimal
strain of 0.0024, dislocation density 8.4 x 10'* m and cubic crystal structure were revealed by means of X-ray diffrac-
tion and the W-H method. SEM micrographs of the microstructure reveal polycrystalline grains of different sizes with
clear grain boundaries and an evenly aligned grain texture. This material has been proven to be a suitable capacitive
component for advanced electronic applications with the aid of experimentally investigated structural features, grain
distribution topography, polar histogram and temperature dependent frequency dispersion dielectric spectra. This
material is a desirable candidate for device designs since it exhibits relatively high dielectric permittivity and low die-
lectric loss at high frequencies, indicating minimum energy dissipation. The results and analysis affirm the dielectric
properties, lending credence to the idea that nickel cobaltite could be a viable oxide-based ceramic entity for appropri-

ate device applications.
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INTRODUCTION

Oxide-based ceramic materials are preferen-
tial over other materials in the fields of industrial
and research applications because of their remark-
able qualities, such as physico-chemical stability
and thermal-electrical-mechanical  resistance
[1-3]. The demand for these materials is currently
rising globally in environmental, biomedical and
electronics engineering due to their numerous ap-
plications as sensors, catalysts and energy storage
devices [4-8]. Among different oxides, the mixed-
valence oxide has been preferred for electronic de-
vice design because of its superior electrochemical

qualities, advantageous pseudo-capacitive actions
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(high specific capacitance with the ability to store
a considerable amount of charge), interesting cy-
cle stability (multiple instances of charging fol-
lowed by discharge), and favourable electrical
conductivity. Particularly, the combination of
nickel (IIT) oxide (Ni2O3) and tricobalt tetraoxide
(C0304) based mixed-valence oxide ceramic ma-
terial is becoming increasingly more popular as
a dielectric material for high-performance energy
storage, catalysis and capacitive sensing [9-11].
The inexpensive cost of Ni,Os, relatively simple
structure, high band gap (~3.52ev) at ambient
temperature, and superior theoretical capacity
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have made it a promising entity for electronic
device applications [12]. Other material dielectric
characteristics can be altered by using Ni,Os,
which is known to have a comparatively high die-
lectric constant. Conversely, the existence of oxy-
gen vacancy can affect the properties of NiyOs3
based ceramic devices, which may result low re-
sponsiveness and disrupt the linearity. To increase
the effectiveness and performance of Ni>O3 oxide
ceramics, doping and/or mixed-oxide techniques
are therefore frequently employed [13]. The per-
formance of the material can be improved by com-
bining with other materials owing to its improved
conductivity and capability to buffer volume
changes. In this regard, tricobalt tetraoxide
(C0304) ceramics are often combined with NiO3
due to its accessibility, affordability, as well as ex-
ceptional thermal and chemical stability [14]. The
Co0304 ceramic is a semiconducting antiferromag-
netic material whose lattice contains cobalt cations
Co*" and Co*" ions that are dispersed in tetrahedral
and octahedral interstitial spaces with a character-
istic spinel structure. The oxygen vacancies and
structural deformation brought on by Co304
ceramic material mainly change the device's per-
formance and its ability to remain nearly tempera-
ture stable across a broad temperature range.
Considering the outlined facts, in the present
investigation nickel cobaltite electronic ceramic
material with the compositional formula NiCo,04
was processed from NiO; and Co304 as initial
materials with the help of an innovative solid state
mixed-oxide based step-sintering technique. To
prepare nickel cobaltite using different precursor
materials, researchers have to date employed a va-
riety of synthesis methods [15-16], including sol-
vothermal synthesis, hydro-thermal jet fusion, the
sol-gel technique, co-precipitation and thermal de-
composition. To our knowledge, no other research
group has published a paper on nickel cobaltite
synthesis using a low temperature solid state
mixed-oxide based step-sintering synthesis pro-
cess, which is versatile, sustainable and easy to
carry out in comparison to other reported synthesis
methods. The advantages of this synthesis tech-

nique over conventional methods of processing in-
clude its rapid heating rate with step-sintering,
a suitable isothermal retaining technique, in addi-
tion to a considerably reduced temperature and
processing time. The growth of crystalline phases,
morphology, visible grains with boundaries that
lead to space charge polarization are aided by this
synthesis process. An experimental investigation
and comprehensive analysis were carried out in or-
der to reveal the ceramic's structure formulation,
morphology and grain distribution, as well as die-
lectric response that is dependent on temperature
and frequency.

MATERIAL SELECTION AND PREPARATION
OF SPECIMENS FOR INVESTIGATIONS

Utilizing analytical quality (>99.9% pure)
powders of nickel (III) oxide (Ni,O3) and cobalt
(I, ITI) oxide (Co304) as starting materials sup-
plied by Loba Chemicals Pvt. Ltd., India, the ce-
ramic NiC0,04 was created utilizing a traditional
solid state reaction procedure. To produce a uni-
form blend of these two unprocessed oxides,
a 34:66 molecular weight percentage ratio of the
powders was extensively dry milled for around
five hours. After adding 75 millilitres of 70% pure
methanol, the mixture was wet ground until the
methanol slowly evaporated. This resulted in
a fine powder, which was subsequently kept in an
alumina crucible and calcined in a muffle furnace
at 660°C for four hours. Fig. 1 shows the fabrica-
tion process. The process follows the basic chem-
ical reaction described below.

| 2 1
S V03 €030y — NiCo,0, +--0; 0 (1)

Following completion of the calcination pro-
cess, the material was reground for structural ex-
amination and X-ray diffraction (XRD) analysis to
determine the composition of the ceramic. Using
an optical wavelength of 1.5405 A and a searching
pace of 2°/min, XRD analysis was performed
within the Bragg angle 20°< 20 < 80° range. Then
the composition was mixed with PVA (polyvinyl
alcohol) to make discs (10 mm X 2 mm) by
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applying a compact pressure. The resulting discs
were sintered for four hours at 660°C on an alu-
mina boat. The surface morphology was investi-
gated by means of SEM to examine the surface to-
pology for structure-property relations. An analyt-
ical grade silver paste was used as electrodes on
both of the disc surfaces in order to perform dif-
ferent electrical experiments (using a ZM-2376
LCR meter from the NF Corporation). Parameters
such as dielectric loss, relative permittivity, con-
ductivity and impedance were evaluated at 1-1000
KHz (frequency range) and 35-400°C (tempera-
ture range).
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Fig. 1. NiCo204 specimen production process

COMPREHENSIVE ANALYSIS AND DISCUS-
SION OF RESULTS

Structural features

The XRD pattern of the NiCo,Qs sinter is pre-
sented in Fig. 2. The polycrystalline nature was
verified by indexing the Miller indices of clear-
sharp peaks with the help of X’Pert High Score
software.
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Fig. 2. X-ray diffraction pattern NiCo204

The XRD peaks were indexed according to cu-
bic NiC0,04 (JCPDS file # 01-073-1702) and cu-
bic CoO (JCPDS file # 01-070-2855) ceramics.
The Debye-Scherrer formula was used to calculate
the crystallite size, Cs = GA/PcosB and dislocation
density § = 1/(Cs)*. Cs= geometrical factor = 0.9,
L =1.5405 A = X-ray wavelength, 6 = diffraction
Bragg angle, p = FWHM: full width at half maxi-
mum (in radians) [17]. The assessed crystallite
size and dislocation density were found to be
34.5 nm and 8.4 x 1014 m-2 respectively.

Williamson-Hall (W-H) method

The W-H method, which successfully finds
the material's microstrain and typical crystallite
size by examining the slope and intercept of the
BcosO vs 4sinb plot, is depicted in Fig. 3. In the
figure, the FWHM of the diffraction peaks is plot-
ted against the scattering vector or angle on
a graph. The W-H method finds the broadening of
diffraction peaks by simultaneously considering
the strain effects as well as the size [17]. The im-
pact of defects and dislocations on the strain
within the crystal lattice is taken into account. The
overall widening is determined by the cumulative
effects of crystallite size and strain, expressed as
Bcs = Po + Pes, where Pcs represents the overall
broadening, Bp indicates the broadening attributed
to the size effects of crystallites (Bp = GA/CsCos0),
and Pe is the
(Bes = 4etanB) the peak owing to microstrain,

strain-induced broadening,

the observed peak position in radians is denoted
by 0, while & represents the developed strain.
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Comparing the equation of the straight line
y=0.004 + 0.0024 x given in Fig. 2 with the Wil-
liamson-Hall relation BcsCos® = (GA/Cs) + 4€sind,
the crystallite size of the NiCo,04 sample is calcu-
lated to be 40.06 nm and the strain is equal to slope
‘¢’, i.e. 0.0024, while the y-intercept (GM Cs) is
0.004. The main reason why the Debye-Scherrer
formula crystallite size calculation is different
from the Williamson-Hall method is that the for-
mer alone takes crystallite size into account, whilst
the latter separates the effects of size and mi-
crostrain on peak broadening.
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Fig. 3. W-H plot of NiC0204 ceramic

SEM morphology and topography analysis with
histogram

The specimens were extensively sintered at
the temperature of 680°C, which greater than the
calcination temperature, to achieve a compact mi-
crostructure and avoid surface porosity. Fig. 4(a)
shows scanning electron micrographs of the
NiCo0,04 ceramic material. The micrograph of the
specimen shows that the surface of the sinter is
uniformly covered in minute grains of different
shapes, with a few spots of unfilled volume here
and there. The grains are polycrystalline, come in
a range of sizes, and have well defined edges.
There is a noticeable varied range in particle size
as seen in the histogram of the particle size distri-
bution made from the SEM micrograph of the
same ceramic substance in Fig. 4(b). The average
diameter of the particles is 5.14 um, and their sizes
range from 1 pm to 9 um. The scanning electron
micrograph of the ceramic shows a three-dimen-
sional surface topography with a 95.15 mm peak-

to-valley height range, as shown in Fig. 4(c).
The variegation is indicative of a surface that is
rather uneven and has visible grains, troughs, and
ridges. The various surface heights represent in-
herent surface roughness and grain boundaries.
The angular distribution, crystallographic orienta-
tion, or directional defects can be studied using the
semi-circular rose plot. The blue lines in the plot
shown in Fig. 4(d) represent the size or frequency
of features aligned at angles between 0 and
180 degrees. The isotropy value of 33.50% indi-
cates that the pattern is moderately isotropic.
The surface stiffness and grain texture are clearly
aligned due to the moderate isotropy value. Three
primary directions 90°, 114°, and 128.8° corre-
spond to the grain and structural alignments in the
mixed ceramics. The polar histogram depicted in
Fig. 4(e) shows the orientation and microstructure
of the material grains and crystalline structure. In
relation to the mean direction of all the orienta-
tions, the width of each bin reveals precise data
orientation. A moderate degree of directional
dependency is displayed by the structure, with its
structural parts centred between 53.31° and 63.67°.
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Fig. 4 (a) SEM micrograph, (b) particle size distribution histogram,
(c) micrograph topography, (d) polar graph with isotropy,
(e) polar histogram to represent grain orientation
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Analysis of NiCo204 material temperature-
-frequency dependent dielectric property

By means of dielectric spectroscopy, the elec-
trical and dielectric properties of the produced ma-
terial were examined. This test method is useful
for finding the dissipation factor and relative per-
mittivity of the material across a wide frequency
and temperature range. The distribution of the
E-field inside the sample determines the dielectric
characteristics of the material. The transport
mechanisms and structural change of a material
can be inferred from its dielectric constant and loss
dependencies on frequency and temperature. The
kind of defects, the amount and kind of polariza-
tion that relaxes the material, the origin of dielec-
tric loss, and other related details can be deter-
mined by dielectric investigations. After measur-
ing the dissipation factor and capacitance with the
LCR instrumental setup, the permittivity and loss
tangent can be calculated. The relative dielectric
constant for the treated material can be determined
by dividing the capacitance of the material
by its permittivity, and then using the formula
er = Cpd/goA, where the material capacitance is C,,
area A, thickness d, and permittivity &,. To deter-
mine the loss tangent (tan J), one might utilize the
dissipation factor. The relationship between tem-
perature and relative permittivity (g;) at designated
frequencies is illustrated in Fig. 5, while the loss
tangent (tand) is presented in Fig. 6. The increase
in the dielectric constant at low frequencies was
found to be independent of temperature (i.e. up to
300°C) as a result of the existence of various types
of polarizations within the material. The polariza-
tion effect diminishes progressively as the fre-
quency increases, leading to a reduction in the di-
electric constant. The & curve exhibits a gradual
increase with temperature, becoming notably
sharp at 377°C, identified as the phase transition
temperature, before it begins to decrease gradu-
ally. As the temperature rises, space charges mi-
grate to the grain boundary area and accumulate,
resulting in oxygen vacancies that contribute to an
increase in the dielectric constant value [18].
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Fig. 5. Dielectric constant temperature dependency of NiCo204 at
specific frequency

Similar to the reported characteristics of &, the
tendency of the loss tangent (tand) to fluctuate
with regard to temperature-frequency is also illus-
trated. At high temperatures, the loss tangent
(tand) grows substantially, but at low tempera-
tures, it grows less. The observed dielectric loss
peaks are believed to be caused by thermally
accelerated relaxation processes in the NiCo20a4
lattice, such as polaron hopping or defect dipole
relaxation. Because charge carriers and dipoles
have more time to align with the alternating field
at lower frequencies, dielectric losses are greater
at those frequencies. The loss decreases as the fre-
quency increases due to the ability of dipoles to
track the field. According to Arrhenius-type phe-
nomenon, which asserts that higher frequencies
require more thermal energy for polarization,
the peak moves toward higher temperatures as
the frequency increases. It may be a suitable op-
tion for applications involving high frequencies
due to NiCo0204's reduced energy dissipation and
its observed low dielectric loss at 1 MHz.
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Fig. 6. Tangent loss temperature dependency of NiCo204 at specific
frequency

Figs. 7 and 8 show how the relative dielectric
constant (g;) and loss tangent (tand) of the pro-
duced dielectric sample change with frequency
over a temperature range of 35 to 400°C. A fre-
quent feature of dielectric material is that both pa-
rameters drop as the frequency increases. In the
low-frequency range, the material reveals a higher
& value, which may be due to electron accumula-
tion caused by space charge polarization. One can
see that tand grows quickly at low frequencies
from the frequency-loss tangent spectrum, but its
value drops sharply with increasing temperature.
The particular dielectric behaviour of this ceramic
can be explained by several polarization pro-
cesses, including atomic, ionic, dipolar, and inter-
facial polarization, which can be studied using
the Maxwell-Wagner effect and Koop's phenome-
nological theory [19]. High relative permittivity
and dissipation factors are produced by a number
of processes, including the build-up of space
charges, the motion of electron clouds, the field-
directed orientation of dipoles, and short-distance
ion separation at low frequencies (100 Hz). Since
only electrons are capable of perceiving the quick
shift in frequency, the total polarization dimin-
ishes as the frequency is reduced, leading to the
lowest values of & and tand at high frequencies.
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Fig. 7. Dielectric constant frequency dependency of NiCo20O4 at
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CONCLUSIONS

The current study used a mixed-oxide low
temperature solid state reaction-based approach to
produce a new NiCo0,04 ceramic material. X-ray
diffraction analysis clarified the material proper-
ties with regard to strain, crystallite size, and crys-
tal structure. The crystallite size and microstrain
of this material were successfully ascertained us-
ing the W-H approach. The low value of isotropy
makes it clear that the grain texture and stiffness
on the material surface are aligned uniformly.
Thermally stimulated relaxation mechanisms,
such as polaron hopping or defect dipole relaxa-
tion in the NiCo20. lattice, are thought to be
responsible for the observed dielectric loss
peaks. Owing to the experimentally investigated
temperature-dependent electrical properties, this
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NiCo0,0;4 oxide based ceramic material has been
proven to be a suitable capacitive component for
a wide range of advanced electronic devices and
industrial applications.
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