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Abstract: Nickel Oxide (NiO) nanoparticles (NPs), doped with manganese (Mn) and cobalt
(Co) at concentrations up to 8%, were synthesized using the composite hydroxide method
(CHM). X-ray diffraction (XRD) analysis confirmed the formation of a cubic NiO structure,
with no additional peaks detected, indicating successful doping. The average crystallite size
was determined to range from 15 to 17.8 nm, depending on the dopant concentration. Scanning
electron microscopy (SEM) images revealed mostly spherical, agglomerated particles, likely
due to magnetic interactions. Fourier Transform Infrared Spectroscopy (FTIR) confirmed the
incorporation of Mn and Co into the NiO lattice, consistent with the XRD results. The dielectric
properties exhibited a high dielectric constant at low frequencies, which can be attributed to
ion jump orientation and space charge effects. The imaginary part of the dielectric constant
decreased with increasing frequency, as it became harder for electrons to align with the
alternating field at higher frequencies. Both the real and imaginary dielectric constants showed
behavior consistent with Koop’s theory, increasing at low frequencies and decreasing at higher
frequencies. Dielectric loss was primarily attributed to dipole flipping and charge migration.
AC conductivity increased with frequency, and exhibited higher conductivity at high
frequencies due to small polaron hopping. These co-doped NPs show potential for applications
in solid oxide fuel cells.

Keywords: dielectrics; AC conductivity; koop’s theory; space charge effect; metal doped
nanoparticles

1. Introduction

Transition metal oxide nanoparticles, including materials such as nickel oxide
(NiO), manganese oxide (MnQ), iron oxide (FeO), and cobalt oxide (CoO), have
garnered substantial interest due to their remarkable characteristics at the nanoscale
[1-4]. These materials exhibit distinctive properties that diverge significantly from
their bulk counterparts, influenced by factors such as particle size, surface effects, and
electrical behavior [5-8]. Among them, NiO emerges as a particularly promising
candidate, recognized for its role as a p-type semiconductor [9,10]. It exhibits a high
exciton binding energy and a bandgap in the range of 3.6 to 4.0 eV, offering unique
advantages over other metal oxides. NiO’s antiferromagnetic nature, combined with
its electrically insulating behavior and rock-salt cubic structure, further enhances its
appeal [11]. These characteristics, alongside its chemical stability and suitability for
diverse technological applications, have positioned NiO at the forefront of research
in materials science [12,13].
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Despite its many benefits, NiO’s low conductivity at room temperature, with
resistance on the order of 10 Q-cm, poses challenges for certain applications [14].
This behavior is linked to charge carrier hopping facilitated by Ni,* vacancies, which
limits its electrical performance. Modifying the material through doping offers a
viable solution to this problem [15]. For instance, introducing monovalent elements
like lithium generates Nis* ions, which effectively reduces resistivity [16]. However,
while bulk and single-crystal forms of NiO have been widely studied, the dielectric
behavior of NiO nanoparticles, particularly co-doped variants, remains underexplored
[17]. This knowledge gap underscores the need for further investigation into how
innovative doping strategies can unlock the full potential of NiO in practical
applications [18,19].

The structural and compositional properties of NiO are intrinsically linked to its
nanoscale behavior [20]. NiO adopts a rock-salt lattice configuration, with octahedral
coordination of Ni2* and O, ions [21]. Its appearance is influenced by stoichiometry,
transitioning from black in stoichiometric compositions to greenish hues when non-
stoichiometric [22]. These optical and structural changes highlight the importance of
controlling stoichiometry to optimize performance [23]. Additionally, factors such as
synthesis method, particle size, annealing time, and doping significantly influence the
properties of NiO at the nanoscale [24]. Managing structural and compositional
defects, which are often intrinsic to nanostructured materials, is a critical challenge
[25]. Addressing these defects is essential for enhancing the performance and
reliability of NiO-based devices [26].

Defects within nanostructured materials play a pivotal role in shaping their
electrical and dielectric properties [27,28]. For example, magnetic nanoparticles often
experience strong interparticle interactions that lead to agglomeration, which can
negatively impact material performance [29]. Single-doping strategies, while
effective in introducing new functionalities, often result in clustering of the dopant
within the host lattice, creating inhomogeneities. Co-doping presents a more
sophisticated approach, addressing these limitations by introducing two dopant
elements simultaneously [30]. This technique not only prevents dopant clustering but
also enables fine-tuning of the material’s electronic, magnetic, and dielectric
properties. Co-doping has proven effective in enhancing conductivity, improving
magnetic interactions, and achieving more uniform defect distributions [31].

The dielectric properties of NiO nanoparticles have been the focus of several
studies. For instance, Different studies demonstrated the potential of NiO
nanoparticles synthesized through wet chemical precipitation, reporting a large
dielectric constant [32]. Similarly, some authors investigated NiO nanoparticles
prepared via the sol-gel method and found that dielectric loss decreases with
increasing frequency, attributed to the inability of ions to respond to alternating fields
at higher frequencies [33,34]. These findings underscore the importance of dielectric
studies in understanding and optimizing NiO for practical applications. However,
there remains a significant gap in research on the frequency-dependent dielectric
properties of co-doped NiO nanoparticles, providing a clear motivation for further
exploration [35,36].

To address these challenges, this study investigates the effects of co-doping NiO
nanoparticles with manganese (Mn) and cobalt (Co). These elements were chosen for
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their ability to enhance both dielectric and magnetic properties while maintaining
structural stability [37]. Co-doping introduces new energy states into the NiO lattice,
facilitating charge carrier hopping and improving conductivity. Furthermore, the
combination of Mn and Co ensures a more even distribution of dopant ions within the
host matrix, minimizing the clustering observed in single-doped systems. This
approach not only optimizes the dielectric response but also enhances the overall
performance of the material.

The frequency-dependent dielectric behavior of NiO is particularly noteworthy.
Dielectric properties, such as real and imaginary dielectric constants, exhibit distinct
frequency-dependent trends [38]. At low frequencies, the dielectric constant is
influenced by space charge effects and ion jump orientation, aligning with Koop’s
theory [39]. At higher frequencies, these effects diminish, resulting in a decrease in
the dielectric constant as charge carriers are unable to keep pace with the alternating
field [40]. By leveraging co-doping, this study aims to refine these properties, creating
materials with tailored electrical and dielectric behavior for advanced applications
[41,42].

The study also sheds light on the magnetic properties of co-doped NiO
nanoparticles [43]. Mn and Co co-doping enhances magnetic interactions, reducing
agglomeration caused by interparticle forces and improving the uniformity of particle
dispersion [44]. These magnetic improvements, combined with enhanced dielectric
performance, have significant implications for the use of co-doped NiO in
applications such as solid oxide fuel cells [45-47]. The increased AC conductivity
observed in co-doped NiO nanoparticles, particularly at higher frequencies, can be
attributed to small polaron hopping, which further underscores their potential in
energy-related technologies [48-50].

This research addresses critical challenges in the design of nanostructured
materials, focusing on defect control and achieving optimal dopant distribution. By
employing a co-doping strategy, the study demonstrates how the structural, electrical,
and dielectric properties of materials can be simultaneously enhanced, offering a
pathway to tailor these properties for specific functional requirements. Investigating
the synthesis and frequency-dependent dielectric properties of both undoped and Mn-
Co co-doped NiO nanopatrticles, the research emphasizes their potential for superior
performance. The novelty of this work lies in using the Composite Hydroxide Method
(CHM), a simple and cost-effective approach that allows precise control over dopant
concentration. By overcoming the challenges of defect management and dopant
clustering in single-doped systems, this study contributes to creating materials with
refined characteristics suitable for practical applications. The insights gained into the
role of Mn and Co co-doping in enhancing dielectric performance, conductivity, and
ion mobility in NiO nanoparticles pave the way for innovative applications in cutting-
edge technologies, including renewable energy systems, high-performance
electronics, solid oxide fuel cells, capacitors, and advanced sensors, offering new
opportunities for technological advancements.

2. Experimental details

Composite Hydroxide Method (CHM) is a low-temperature method for
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synthesizing single-phase nanoparticles (NPs). In this process, composite hydroxides
are used as a solvent. It is a one-step process where all raw materials are mixed with
hydroxides and placed in a beaker. The beaker is then placed in an oven at 200 °C for
24 h, allowing the NPs to form. After 24 h, the heating is stopped, and the sample is
washed with distilled water to remove impurities. To form NiO NPs and Mn-Co co-
doped NiO NPs, a specified number of mixed hydroxides (KOH, NaOH) is added to
the beaker. Nickel nitrate is then combined with the hydroxides, and the mixture is
placed in an oven at 200 °C for 24 h. Afterward, the sample is allowed to cool to room
temperature. Finally, the sample is washed several times with distilled water to
remove impurities, resulting in the desired NiO and co-doped NiO NPs. A flow chart
illustrating the composite hydroxide-mediated method for preparing NiO and Mn-Co-

doped NiO nanoparticles is shown in.
3. Results and discussions

3.1. X-ray diffraction

Figure l1la presents the XRD patterns of NiO and Mn-Co co-doped NiO
nanoparticles with varying concentrations. The samples are labeled as S1 = undoped
NiO, S2 = 2% Mn-6% Co doped NiO, S3 = 4% Mn-4% Co doped NiO, and S4 = 6%
Mn-2% Co doped NiO. The diffraction peaks observed at 26 = 37.30°, 43.30°, 62.90°,
75.30< and 80.0°correspond to the (111), (200), (220), (311), and (222) crystal
planes, respectively. These peaks align with JCPDS, No. 04-0835 data for NiO,
confirming the formation of a cubic structure. The absence of additional peaks
indicates high purity and successful doping, with no secondary phases detected.
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Figure 1. (a) XRD pattern of NiO pure and co-doped NiO nanoparticles with JCPDS data; (b) Macrostrain vs

crystalline size of NiO nanoparticles.

The crystallite size and lattice distortions varied with the dopant concentrations,
as reflected by slight shifts in the diffraction peaks, which are attributed to differences
in the ionic radii of Mn and Co. Furthermore, macrostrain was calculated for each
crystal plane using the FWHM values and Bragg angles with the relation as:
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where ¢ is the dielectric constant, 8 is the full width at half maximum (FWHM) and
6 is Bragg angle [51]. The calculated macrostrain values were: (111) = 0.00660, (200)
= 0.00561, (220) = 0.00367, (311) = 0.00253, and (222) = 0.00233. These results
confirm the uniform incorporation of Mn and Co into the NiO lattice, with
macrostrain progressively decreasing from the (111) to the (222) planes, further
highlighting the influence of doping on the structural properties.

Macrostrain and crystallite effects in MN-CO doped NiO

Figure 1b illustrates the relationship between macrostrain and crystallite size,
revealing the influence of Mn-Co doping concentrations on structural and dielectric
properties of NiO. Macrostrain, calculated for different crystal planes using the
FWHM values and Bragg angles, shows a progressive decrease from the (111) to the
(222) planes, highlighting the uniform incorporation of dopants into the NiO lattice.
This decreasing trend indicates reduced lattice distortions, which directly correlates
with changes in crystallite size.

The observed variations in macrostrain and crystallite effects are significant for
optimizing the dielectric properties of NiO. Higher macrostrain in the (111) and (200)
planes correspond to greater lattice distortions, which can enhance polarization
effects, improving the dielectric constant. Conversely, reduced macrostrain in the
(220), (311), and (222) planes align with improved structural stability, facilitating the
reduction of dielectric losses.

This interplay between macrostrain and crystallite size demonstrates the
potential of Mn-Co doping to tailor the dielectric properties of NiO, making it suitable
for advanced electronic and energy storage applications. The optimization of doping
concentrations is critical to achieving the desired balance between dielectric constant
and loss, as reflected in the graph.

3.2. Fourier transform infrared spectroscopy

Figure 2 presents the Fourier transform infrared spectroscopy (FTIR) spectra of
both undoped and co-doped NiO nanoparticles, with varying concentrations of Mn
and Co, within the wavenumber range of 350 to 1000 cm™. The prominent bands
between 400 and 600 cm™ are attributed to the stretching vibration mode of NiO,
confirming the presence of NiO in all samples. This specific range is characteristic of
Ni-O bond vibrations, indicating the formation of the NiO lattice structure. An
absorption peak around 620 cm* further validates the presence of NiO, which is a
typical feature in the FTIR spectra of nickel oxide. Additionally, a band observed at
870 cm™* corresponds to the stretching and bending vibrations of C-O species, which
are commonly present due to environmental exposure, such as carbon dioxide and
moisture absorption from the air during synthesis and handling. This peak suggests
that the nanoparticles may have adsorbed atmospheric contaminants or surface-bound
species, which is typical in nanoparticle synthesis under ambient conditions.

Importantly, no additional peaks appear in the FTIR spectra of the Mn-Co co-
doped NiO nanoparticles compared to the undoped NiO. This lack of extra peaks
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indicates that the dopants (Mn and Co) are successfully integrated into the NiO lattice
without forming separate phases or clusters. The absence of distinct peaks
corresponding to Mn or Co oxides suggests that these dopants are likely dispersed or
substituted within the NiO crystal structure, ensuring uniform doping. This behavior
confirms a successful doping process where the metal ions (Mn?* and Co?*) replace
Ni?* ions in the lattice without causing significant structural disturbances. The
findings highlight the effectiveness of the co-doping strategy in modifying NiO
properties while maintaining its structural integrity, which is essential for applications
in electronics, catalysis, and energy storage devices.
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— 82 (2% Mn, 6% Co)
=183 (4% Mn, 4% Co)
S4 (6% Mn, 2% Co)

Transmittance (a.u)

1000 800 600 400
Wavenumber (cm™)

Figure 2. FTIR spectra of pure and co-doped NiO nanoparticles.

3.3. Scanning electron microscopy

Figure 3 displays the SEM (Scanning Electron Microscope) micrographs of
undoped and Mn-Co co-doped NiO nanoparticles at a magnification of 30,000x. The
images reveal that the synthesized nanoparticles predominantly exhibit a spherical
morphology. However, the particles appear highly agglomerated, likely due to the
magnetic interactions between the Mn and Co dopants within the NiO matrix. Such
agglomeration is a common phenomenon in magnetic nanoparticles, as magnetic
forces cause particle clustering, which can influence the material’s properties. Despite
this, the overall shape and distribution of the particles provide valuable insights into
the effects of Mn-Co doping on the morphology of NiO nanoparticles.

Table 1. Structural parameters of NiO pure and co-doped NiO nanoparticles.

Samples (Pr:ir)es 2 Theta z:r\;\(ljl?a,\rfs) Lattice constant (4%) g‘v(irnige crystalline size Dislocation density § = 1/D? 1/nm?
Un-doped NiO 200 43.27 0.5106 0.208 17.2 0.0029
S2 200 43.29 0.5139 0.207 15.7 0.0029
S3 200 43.55 0.4481 0.207 17.8 0.0022

S4 200 43.30 0.4488 0.208 17.6 0.0022
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Figure 3. SEM images of co-doped NiO nanoparticles (a) Undoped NiO; (b) Doped NiO.

3.4. Dielectric properties

The dielectric properties of nanoparticles are influenced by various factors,
including the synthesis method, grain size, annealing temperature, and AC
conductivity. In the case of NiO and its Mn, Co co-doped derivatives, the crystallite
size plays a crucial role in shaping the dielectric behavior as shown in Table 1.
Smaller crystallites typically result in higher dielectric constants at low frequencies,
as the material exhibits enhanced ion jump orientation and space charge effects. As
the crystallite size increases, the material’s AC conductivity tends to improve, which
in turn influences the dielectric loss and behavior at higher frequencies. These
observations highlight that crystallite size is a key parameter in tailoring the dielectric
properties of NiO-based materials for applications in electronic devices and energy
storage systems. In this study, dielectric measurements were conducted on pure NiO
and Mn, Co co-doped NiO samples, exploring their frequency-dependent dielectric
constants and loss over a range of dopant concentrations and frequencies from 1 kHz
to 2 MHz.

3.4.1. Frequency vs real part
The dielectric constant is calculated by using the relation [52],

_cd

e _ —
T gA

where;

er is the relative permittivity (dielectric constant) of the material,

C is the measured capacitance of the material,

d is the thickness of the material,

€0 is the vacuum permittivity (approximately 8.854 %1072 F/m),

A is the area of the electrodes.

Figure 4a shows that at low frequencies, the dielectric constant increases, and
at higher frequencies, it decreases. The higher value of the dielectric constant at low
frequency may be attributed to the increased ion jump orientation effect and the
enhanced space charge effect exhibited by the nanoparticles. In nanocrystalline
materials, most of the atoms reside at the grain boundaries, where they become
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electrically active due to charge trapping. The changes in the electric field can be
easily followed by the dipole moment at low frequencies. As a result, space charge
polarization and rotational polarization occur at the interfaces, enhancing the
dielectric constant at low frequencies. These findings align with Koop’s theory, which
suggests that the grains are conductive, while the grain boundaries act as insulators.
At higher frequencies, it becomes more difficult for electrons to align with the
alternating electric field, causing the dielectric constant to decrease. NiO
nanoparticles with co-doping of Mn and Co show a higher dielectric constant at low
frequencies compared to pure NiO, due to the larger polarization in the co-doped
nanoparticles.
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Figure 4. (a) Dielectric constant of NiO nanoparticles; (b) Imaginary part of NiO nanoparticles.

3.4.2. Frequency vs imaginary part

Figure 4b represents the frequency dependence of the imaginary part of the
dielectric constant. The imaginary part of the dielectric constant reflects the energy
loss within the material when it is subjected to an alternating electric field. It indicates
the resistance offered by the material to the applied electric field and provides insights
into the material’s ability to store and dissipate energy. For an ideal, pure dielectric
material, the imaginary part of the dielectric constant would be zero, as there would
be no energy dissipation. However, in practical materials, the imaginary part is non-
zero and varies with frequency. This part is calculated using the formula [53];

g'=¢tan 6

where;

¢" is the imaginary part of the dielectric constant, which corresponds to the
energy loss in the material.

¢' is the real part of the dielectric constant, which represents the energy stored in
the material.

tan ¢ is the loss tangent, a measure of the energy dissipation in the material when
it is exposed to an alternating electric field. It is defined as the ratio of the imaginary
part to the real part of the dielectric constant.

As the frequency increases, the imaginary part of the dielectric constant typically
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decreases. This occurs because, at higher frequencies, the electrons within the
material struggle to keep up with the rapidly alternating field, making it harder for
them to align with the field direction. As a result, the energy loss due to electron
alignment decreases with increasing frequency, causing the imaginary part of the
dielectric constant to reduce. This frequency-dependent behavior is essential in
understanding how the material performs under different operating conditions,
particularly in applications like capacitors, sensors, and energy storage devices.

3.4.3. Frequency vs tangent loss

Figure 5 shows the frequency dependence of the tangent loss for NiO, also
known as the dissipation factor. Mathematically, it can be expressed as [54]:

tan o = &'"/¢’'

The dielectric loss tangent is higher at low frequencies and exhibits a decreasing
trend at higher frequencies. This decrease in the dissipation factor follows Koop’s
model. Dielectric loss primarily results from the flipping of dipoles and the migration
of charge carriers from the grains to the grain boundaries. At low frequencies, the
grain boundaries are more dominant and provide more resistance to the flow of
electrons, resulting in a higher tangent loss in this region. Undoped NiO has a larger
tangent loss compared to co-doped nanomaterials, likely due to the larger imaginary
part of undoped NiO at low frequencies, which may be attributed to its smaller particle
size compared to other samples.

210 1 = S1(NiO)
e S2 (2% Mn, 6% Co)
_ 1804 oS3 (4% Mn, 4% Co)
DO Y 0 A 0 N
5150_ v— S4 (6% Mn, 2% Co)
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=
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10° 10° 0° 10°

1
log f (Hz)
Figure 5. Frequency dependence for tangent loss for NiO nanoparticles.

3.4.4. Frequency vs AC conductivity
AC conductivity illustrates about the conduction mechanism. We calculated it
by using formula [55];
oac = g'tan(d)weg

where ac is the AC conductivity, which measures how well a material conducts
electricity when subjected to an alternating electric field and w: The angular frequency
of the applied alternating field, defined as w = 2xnf, where f'is the frequency.
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Figure 6 shows the frequency dependence of AC conductivity at room
temperature for different concentrations of Mn and Co doped in NiO NPs. It is evident
from the figure that all the samples exhibit an increase in conductivity with an increase
in frequency. At low frequencies, the grain boundaries contribute significantly,
making it difficult for electrons to overcome the barrier, leading to a minimum in AC
conductivity. However, at higher frequencies, the role of the grains becomes more
dominant, allowing electrons to move more easily, which results in a slight increase
in AC conductivity compared to low frequencies. The conductivity of sample S4 is
greater than that of the others, which may be due to the larger size of these co-doped
NPs compared to S1, S2, and S3 samples. Additionally, the stronger small polaron
hopping conduction mechanism in sample S4 may also contribute to this higher
conductivity. These results suggest that the dielectric properties of co-doped NiO
nanoparticles are strongly influenced by the nature of the dopants, their
concentrations, and the average crystallite size of the NPs. These properties make
them suitable for applications in energy conversion devices, such as solid oxide fuel
cells.
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Figure 6. AC conductivity of pure and co-doped NiO nanoparticles.

4. Conclusions

NiO nanoparticles doped with varying concentrations of Mn and Co were
successfully synthesized using the Composite Hydroxide Method (CHM). X-ray
diffraction analysis confirmed the formation of a cubic crystal structure, consistent
with the expected phase. Scanning Electron Microscopy (SEM) images revealed
agglomeration of nanoparticles, likely caused by the magnetic interactions between
the Mn and Co dopants within the NiO matrix. Fourier Transform Infrared
Spectroscopy (FTIR) analysis further validated the successful co-doping of Mn and
Co into the NiO structure. The observed high dielectric constant at low frequencies is
attributed to enhanced ion jump orientation and space charge effects, while the
imaginary dielectric constant decreased at higher frequencies, suggesting a difficulty
in electron alignment with the alternating field. AC conductivity measurements
revealed an increase in conductivity with frequency, influenced by both the grains and
grain boundaries. Notably, S4 = 6% Mn-2% Co doped NiO exhibited the highest
conductivity at higher frequencies, potentially due to the small polaron hopping

10
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conduction mechanism and the increased crystallite size of the co-doped
nanoparticles.
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