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ABSTRACT

Zn-doped nickel cobaltite (NiCo.—xZnxQ.) nanoparticles with varying Zn concentrations were
synthesized through a microwave-assisted hydrothermal method. The prepared samples were
systematically characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and dielectric
measurements. XRD analysis confirmed the formation of a single-phase cubic spinel structure without
secondary impurity phases. FTIR studies revealed characteristic metal-oxygen vibrational bands
associated with the spinel framework, while XPS analysis verified the oxidation states and successful
incorporation of Zn ions into the NiCo:04 lattice. The dielectric properties demonstrated strong
frequency-dependent behavior, where the dielectric constant and dielectric loss decreased with
increasing frequency due to interfacial polarization effects. AC conductivity increased progressively
with frequency, indicating enhanced hopping conduction between mixed valence ions. The Zn-doped
compositions exhibited improved electrical transport characteristics compared with un doped NiCo020a.
Among all compositions, the x = 0.08 sample showed superior conductivity and dielectric stability,
suggesting its suitability for high-frequency electronic and energy-storage applications

Keywords: Zn-substituted NiCo0204, spinel oxide nanoparticles, microwave hydrothermal synthesis,
dielectric behavior, AC conductivity, dielectric loss, frequency response, nanomaterials, electronic
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1. Introduction:

Transition metal oxide nanostructures have gained significant attention owing to their remarkable
structural stability, tunable electrical properties, and broad applicability in catalysis, supercapacitors, gas
sensors, and energy-storage devices [1-4]. Among various spinel oxides, NiCo204 has emerged as an
important multifunctional material because of its mixed oxidation states and high electrochemical
activity [5]. However, the relatively low intrinsic conductivity of pristine NiCo20a4 limits its practical
applications in advanced electronic and electrochemical systems [6].

Elemental substitution has been widely adopted to enhance the electrical conductivity and dielectric beh-
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avior of spinel oxides. Zn incorporation into the NiCo0204 lattice modifies the electronic structure and
promotes charge carrier mobility by influencing the hopping mechanism between Co?"/Co*" and
Ni?"/Ni** ions [7-9]. Zn-substituted nickel cobaltites have therefore attracted considerable interest due to
their improved electrochemical stability, enhanced dielectric response, and superior conductivity [10—
12].

In the present work, Zn-doped NiCo.04 nanoparticles were synthesized using a microwave-assisted
hydrothermal technique. Structural, chemical, and dielectric investigations were performed to evaluate
the influence of Zn incorporation on the electrical transport properties and dielectric performance of the
prepared nanoparticles.

2. Experimental

2.1. Synthesis of Anode Materials:

Analytical-grade nickel nitrate, cobalt nitrate, zinc nitrate trihydrate, and sodium hydroxide were used as
precursor materials without additional purification. Stoichiometric quantities of the precursor salts were
dissolved in double-distilled water and magnetically stirred to obtain a homogeneous solution.

The resulting solution was transferred into a microwave hydrothermal reactor and processed at 60 °C for
40 min. The obtained precipitate was repeatedly washed using deionized water and ethanol, followed by
drying at 80 °C overnight. Finally, the dried powders were calcined at 600 °C for 4 h to obtain Zn-doped
NiCo0204 nanoparticles

2.2. Characterizations:

Structural characterization was performed using X-ray diffraction with Cu Ka radiation. FTIR spectra
were recorded to identify vibrational modes and chemical bonding. XPS analysis was carried out to
determine elemental composition and oxidation states. Dielectric measurements were conducted using
an LCR meter over a wide frequency range at room temperature.

3. Results and discussions

3.1 XRD

The Fig.2 shows the XRD phase analysis of Zn doped NiCo204.The crystallite phase information of the
different samples of NiZnxCo2-xO4 (x = 0.00, 0.02, 0.04,0.06,0.08 and 0.10) supported on NF is verified
by XRD. The XRD spectra shown in Fig. confirm that the coprecipitation method results in a practically
pure NiCo0204 [17]. Spinel crystalline lattice. The crystallite is characterized by a face-centred cubic
spinel lattice with a spatial group Fd3m. The unit cell dimension of the spinel structure ao, was
determined from the observed d-spacing for the planes by using the formula for a cubic lattice:

SLNo Zn Doping | Lattice Parameter | Crystal size <D> = | X- ray density
X= a = dV(h2+k*+I?) A° 0.9 A/p Cos 6 nm p=ZM/Na3 (gr/cm?)

1 0.00 7.63 42.52 10.924

2 0.02 8.31 43.29 5.680

3 0.06 8.33 39.26 5.883

4 0.08 8.27 43.01 5.756

5 0.10 8.34 44.30 5.571

Table 1: The evaluated structural parameters verify the successful formation of phase-pure
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polycrystalline Zn-doped NiCo:04 nanoparticles with a well-defined cubic spinel lattice.

a = dN(h2+k*+12) A-emmeeee- )

where h, k and 1 are the Miller indices.

and calculated the parameters with the help of equation following equations:
The average Crystal size using Debye scherrer’s formula,

<D>=09 A/p Cos 6 nm ----- (2)

and the X-ray density,

p=ZM/Na® g/em? -------- 3)

The lattice constant values calculated for pure and Zn-doped NiCo:04 samples are listed in Table 1. The
obtained results closely match the standard value of 0.831 nm reported in the ICSD database (collection

codes: 01-073-1704, 00-023-1390, and 01-076-1802), confirming the formation of the cubic spinel
structure in Zn-doped NiCo0204 nanoparticles.
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Fig. 1: XRD plot of pure and Zn doped NiCo0204 NPs..

3.2. Fourier Transform Infrared Spectroscopy (FTIR):
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Fig. 2: Fourier Transform Infrared spectra of pure and Zn doped NiCo204 NPs.
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FTIR spectra exhibited prominent absorption bands around 669 cm™ and 578 cm™, corresponding to
metal-oxygen stretching vibrations within tetrahedral and octahedral sites of the spinel lattice. The
gradual reduction in peak intensity with increasing Zn content indicated lattice imperfections and
oxygen vacancy formation.

3.2. XPS analysis:

To obtain more detailed information on the elemental composition and related oxidation states of the
individual catalysts surfaces, XPS analysis was performed. The corresponding spectra are presented in
Fig.5 (a-e).
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Fig.5:(a-e)-X-ray Photoelectron Spectroscopy (XPS) of NiZnxCo02x04 showing the binding energy
vs Intensity of Zn, Ni, Co, O and convoluted graph for x=0.00, 0.02, 0.06, 0.08 and 0.10.

Zn Binding Energy(eV)
SI.LNo | Doping | Co Ni Zn 0]

X 2P3n 2P 2Ps3p2 2P12 2P3p 2Pz 2812
1 X=0.00 854 872.37 854.95 872.42 -- -- 530.06
2 X=0.02 |780.23 |795.25 854.58 861.44 1021.70 1033.08 529.80
3 X=0.06 | 780.25 | 795.39 854.80 861.62 1021.08 1033.88 529.80
4 X=0.08 |779.56 | 795.24 854.66 872.18 1020.64 1036.19 52991
5 X=0.10 | 780.62 | 795.47 855.32 861.52 1020.40 1030.43 530.18

Table 2: Tabulated the values of band gap energies of the compositions Zn, Co, Ni and O of their
orbital states.

XPS studies further confirmed the coexistence of Ni**/Ni** and Co?"/Co** oxidation states. The observed
binding energy shifts with Zn incorporation verified the successful substitution of Zn ions and the
resulting modification in the electronic structure.
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4. Dielectric Properties
The dielectric properties of the copper-doped nickel cobaltite (ZnNCO) nano particles have been
measured using the LCR meter. Pelletized samples were mounted in an impedance analyser to study
their dielectric behaviour.
4.1 Dielectric Constant
The dielectric behaviour of Nii—ZniCo0:04 (x = 0.0, 0.2, 0.4, 0.6, 0.8) was studied at RT using a
dielectric analyser. The complex dielectric constant

=& +ig"
is expressed in terms of the real part
¢ cd
7Y
where C is the capacitance, d the pellet thickness, g, the permittivity of free space, and A the cross
sectional area of the pellet[18] .
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Fig.6: the Graph between log (f) Vs Dielectric constant for Zn doped NiCo0204

The dielectric constant measured at room temperature showed high values at low frequencies and
gradually decreased with increasing frequency. This behavior can be explained by the Maxwell-Wagner
interfacial polarization model and Koop’s phenomenological theory [18,21]. At lower frequencies,
space-charge polarization dominates because charge carriers accumulate at grain boundaries. At higher
frequencies, the dipoles fail to follow the rapidly varying electric field, resulting in reduced dielectric
polarization.

4.2 Dielectric Loss

Dielectric loss quantifies energy dissipated as heat under an AC electric field. The loss tangent [19]

tan6=?

Exhibits a maximum at low frequencies for x = 0.0 and decreases with increasing frequency. Zn
substitution reducestan &, with further decrease upon increasing Zn content, indicating lower energy
loss and improved energy storage capability. This behaviour is associated with relaxation peaks that
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occur when the applied frequency approaches the hopping frequency of charge carriers, where energy
dissipation is minimized and the dielectric loss is reduced.
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Fig.7: the Graph between log (f) Vs tan & for Zn doped NiCo0204

The dielectric loss also decreased with increasing frequency, indicating reduced energy dissipation and
improved dielectric stability at higher frequencies. Zn substitution effectively reduced dielectric loss due
to suppression of interfacial polarization and improved charge transport behavior.
The rapid decrease in tan 6 at higher frequencies confirms the suppression of interfacial polarization and
domain wall motion. Overall, Zn doping effectively reduces dielectric loss, making the material more
suitable for high-frequency dielectric and electronic applications.
4.3 Conductivity
Figure 8 shows the variation of AC conductivity (c_ac) with frequency for pure and Zn-doped NiCo020a
(ZnNCO) samples. The AC conductivity increases with increasing frequency for all compositions,
indicating the typical frequency-dependent conduction behavior of ferrite materials. The conductivity
was calculated using the relation:

Oqc = 2Tfepe'tan §
Where €’ is the real dielectric constant, f the frequency, and &, the permittivity of free space .
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Fig.8: the Graph between log (f) Vs Conductivity for Zn doped NiCo0204

AC conductivity measured at room temperature increased progressively with frequency for all
compositions. The enhancement in conductivity was attributed to electron hopping between mixed
valence ions and reduced grain boundary resistance. The x = 0.08 composition exhibited the highest
conductivity, suggesting optimum Zn incorporation for enhanced electrical transport.

5. Conclusions

Zn-doped NiCo0:0s nanoparticles were successfully synthesized using a microwave-assisted
hydrothermal technique. Structural studies confirmed the formation of a phase-pure cubic spinel
structure. FTIR and XPS analyses verified the successful incorporation of Zn ions into the NiCo020a
lattice. Dielectric studies performed at room temperature demonstrated strong frequency-dependent
behavior, where the dielectric constant and dielectric loss decreased with increasing frequency, while
AC conductivity increased significantly. Zn incorporation enhanced the electrical conductivity and
dielectric performance of NiCo:204 nanoparticles. Among the investigated compositions, the x = 0.08
sample exhibited optimum electrical transport characteristics, making it a promising material for high-
frequency electronic and energy-storage applications.
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