
Research Article

Shabbir Ahmed Khan, Fahim Ahmed*, Najam Ul Hassan, Muhammad Zulfiqar,
Muhammad Nauman Usmani, Asma A. Alothman, Saikh Mohammad, Md Rezaul Karim*, and
Dongwhi Choi*

Tuning structural and electrical properties of
Co-precipitated and Cu-incorporated nickel
ferrite for energy applications
https://doi.org/10.1515/ntrev-2024-0017
received February 1, 2024; accepted March 25, 2024

Abstract: The Ni1−xCuxFe2O4 (where x = 0, 0.05, 0.10, 0.15)
nano ferrite powder was synthesized through chemical co-
precipitation method, NaOH and acid oleic as raw mate-
rials. The XRD patterns confirmed the spinal structure
phase purity of materials. XRD results showed that lattice
parameter decreases with the increase of copper concen-
tration by increasing copper concentration in the parent
material. Scanning electron microscopy (SEM) was used to
determine the morphology and particle size. SEM analysis
indicated that all the samples are in nano size and homo-
geneous. AC electrical properties of nanoparticles were
investigated by employing impedance spectroscopy. The
real and the imaginary parts of impedance, permittivity,
modulus along with the real part of ac conductivity, and
tan delta were measured and analyzed for all synthesized
samples in 1 Hz to 7 MHz for different voltages at 300 K.

Keywords: Cu doped nickel ferrite (Ni1−xCuxFe2O4), XRD,
SEM, impedance spectroscopy

1 Introduction

Ferrites are used in a variety of applications as they exhibit
remarkable magnetic and electrical properties [1–3]. Spinel
ferrites play an integral role in devices such as high-density
information storage devices and inmagnetic resonance ima-
ging techniques [4–6]. Nickel ferrite is considered an impor-
tant soft ferrite material among other materials because of
its distinctive characteristics [7–9]. These include nominal
losses in eddy current and lower values of electrical con-
ductivity, and they also possess higher chemical stability
[10–12]. Nickel ferrite (NiFe2O4) exhibits counter spinal struc-
ture. It is utilized in a variety of technical applications, i.e. gas
sensors, for the purification of water and also as catalyst
[13–15]. It is observed that nickel ferrite (NiFe2O4) properties
are highly dependent on the variation of the composition and
also on the route it has been synthesized. Literature shows
various methods including the Sol-Gel technique, hydro-
thermal synthesis, solid-state reaction method, and co-preci-
pitation method are used commonly for its preparation
[16–18]. Co-precipitation method is regarded as the simplest,
and the low temperature required for sintering and cost-
effective technique among others. In this research, we have
also used Co-precipitation for the synthesis of our samples
[19–21]. In addition to the quick production of a uniform end
product, this approach should also allow for the efficient
separation of precipitates from the liquid solution and the
ability to control or modify the size of the particles [22–24].
The key factor in the co-precipitation process is the careful
selection of solvent, with water commonly being employed
as the solvent [25–27]. Nevertheless, organic solvents can be
employed, but at a significant expense [28–30]. Temperature
is a fundamental component that is crucial in regulating
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particle size and the creation of different phases [31,32]. The
co-precipitation process occurs at the ambient temperature,
often within the range of 323–373 K, in order to expedite the
precipitation. The pH value of the medium is the primary
determinant in co-precipitation, as it strongly influences the
phase formation. To achieve favorable results, it is recom-
mended to maintain a pH level of approximately 12 [33–35].

In the literature, various reports show the study of
NiFe2O4 in various compositions. Zheng et al. reported
NiFe2O4-FeNi/C (NFO-FN/C) composites by confinement pyr-
olysis of the polydopamine for large-scale preparation and
for the enhanced EMW absorption [36–38] Another report
shows the synthesis of NiFe2O4 NPs and explored the uses in
biomedical applications [39]. Gouadria et al. reported
LaFeO3/NiFe2O4 nanohybrid for their efficient use in
the photodegradation process [40]. Singh et al. studied the
mixing of NiFe2O4 with Cu-doped ZnO (ZnO-Cu) for antibac-
terial applications [41]. Similarly, various other reports
show the study of NiFe2O4 in various forms of compositions
and composites and their potential applications referring

towards the importance and large-scale production for soft
ferrites [42–47]. This work intends to enhance the under-
standing further of how the addition of copper affects several
properties of nickel ferrites, building upon existing literature
on the subject.

This research study employs many methodologies to
analyze the structure and electrical properties of the
Ni1−xCuxFe2O4 (where x = 0, 0.05, 0.10, 0.15) system. Due
to the difference in the copper and nickel ionic radius, Cu
caused lattice distortion and changes in the crystal struc-
ture when substituted. Copper doping can alter the elec-
trical conductivity and polarization mechanisms in ferrite,
enhancing dielectric parameters including permittivity and
loss tangent. The synthesis of nano ferrite powder was
achieved through chemical co-precipitation using NaOH
and acid oleic. X-ray diffraction (XRD) was employed to
analyze the structural properties of the powder. The XRD
patterns revealed the high purity of synthesized samples.
According to XRD analysis, the lattice parameter decreases
as the copper level in the parent material increases. The

Figure 1: Powder XRD patterns of Ni1−xCuxFe2O4 (where x = 0, 0.05, 0.10, 0.15).
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particle size and shape were assessed using scanning elec-
tron microscopy (SEM). The scanning electron microscopy
(SEM) analysis revealed that all samples exhibited a uni-
form and nanoscale size distribution. Alternating current
impedance spectroscopy was employed to investigate the

electrical properties of nanoparticles. The impedance,
permittivity, modulus, AC conductivity, and tan delta of
all compositions were analyzed at room temperature for
different voltages over a frequency range of 1 Hz to
7 MHz.

Figure 2: SEM images of NiFe2O4, Ni0.95Cu0.05Fe2O4, 0.90Cu0.10Fe2O4, and Ni0.85Cu0.15Fe2O4 nanoparticles.
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2 Experimental method

Nickel ferrite (NiFe2O4) samples were prepared by employing
the co-precipitation method. Using sodium hydroxide (NaOH)
3 molar solutions, the precipitating agent is prepared. 0.4
Molar ferric chloride (FeCl3·6H2O > 99%) and 0.2 molar nickel
chloride (NiCl2·6H2O > 99%) and CuCl₂·2H₂O > 99% solution
was made and mixed slowly with the precipitating agent.
NaOH solution was added dropwise while keeping note of
pH. The reactants are continuously stirred with the help of
a magnetic stirrer until a pH level of greater than 12 is
achieved. As surfactant, oleic acid (2–3 drops) is mixed with
the solution. Subsequently, this precipitate is stirred for about
40min while maintaining the temperature to 80°C. The mate-
rial being treated is then allowed to cool to room tempera-
ture. After that in order to expel the undesirable impurities
and surfactant the sample under preparation is washed two
times by ethanol and distilled water. In the centrifuge
machine, the sample is centrifuged at a rate of 2,000 revolu-
tions per minute (rpm), for about 15min. It is then followed

by an overnight drying session in an oven where the mate-
rial is dried at 80°C. The material taken from the oven is
then ground well to make it into powder form. Finally, it
was subjected to a high temperature of 600°C in a furnace
for 10 h. After the synthesis of the parent material, the next
process is to fabricate the pellets before the execution of
characterization. For the fabrication of the circular-shaped
pellets hydraulic press is utilized. It exerted a pressure of 6
tons/inch2 for the duration of 2min. The diameters of these
pellets are 10 mm, and the thickness is maintained to
1.5 mm. After their fabrication, the pellets are subjected
to the sintering process in a furnace. In the furnace, the
temperature is kept at 600°C for 10 h. The final product
after sintering is ready for further characterization pro-
cesses. SEM instrument the structural properties of the
synthesized powders are studied. The JSM5910 model of
SEM is used for imaging the prepared samples, which is
manufactured by JEOL, Japan. For impedance spectro-
scopy, the Alpha-N Analyzer, Novo control, Germany,
was used that is installed in PINSTECH, Islamabad

Figure 3: Complex impedance plots of (a) NiFe2O4, (b) Ni0.95Cu0.05Fe2O4, (c) Ni0.90Cu0.10Fe2O4, and (d) Ni0.85Cu0.15Fe2O4 from 0.1 to 1 V.
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3 Results and discussion

3.1 XRD analysis

XRD Pattern for the parent sample (NiFe2O4) is shown in
Figure 1(a). The diffraction pattern of the sample is ana-
lyzed, and the formation of spinal cubic structure is con-
firmed. The average crystallite size of the parent sample has
been calculated from the full-width at half-maximum (FWHM)
using the Scherrer formula [48]

=D
λ

β θ

0.9

cos
, (1)

where D is the crystallite size, λ is the wavelength of the
X-ray, β is full width at half maximum (FWHM) measured
in radians, and θ is the Bragg angle. The X-ray diffraction
pattern of the parent sample heated at 600°C is prepared
by employing the co-precipitation method, all of the peaks

shown in the pattern were successfully indexed. XRD result
shows a single-phase cubic spinel structure with an average
crystallite size of 40.52 nm. X’Pert Pro, Analytical, Netherlands
machine is used for X-ray diffraction. By utilizing Cu Kα
radiation (1.5418 Å) in XRD, the phase purity of the sintered
pellets was affirmed. With a scanning step and counting time
of 0.02° and 3 s, respectively, the XRD data were taken for 20°
≤ 2θ ≤ 80° by maintaining the temperature to room tempera-
ture. XRD pattern collected at room temperature of freshly
synthesized parent sample (NiFe2O4). All of the peaks shown
in the pattern were successfully indexed.

The lattice parameter here determined from XRD data is
a = 8.3400 Å. The lattice constants are reduced by increasing
copper doping in the studied composition shown in Figure
1(b)–(d). This could be referred to the difference in the ionic
radius of Cu ions being smaller ionic radius (0.73 Å) than Ni
(0.74 Å) and Fe ions (0.67 Å) [49,50]. The cell volume of the
parent sample is 580.09 Å3, and it is greater than the doped
samples. Themain diffraction planes are (220), (311), (400), (511),

Figure 4: Variation of real impedance over frequency plots (a) NiFe2O4, (b) Ni0.95Cu0.05Fe2O4, (c) Ni0.90Cu0.10Fe2O4, and (d) Ni0.85Cu0.15Fe2O4 from 0.1
to 1 V.
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(440), and (533) with maximum diffraction intensity from the
(311) plane. The presence of all these planes confirms the exis-
tence of a cubic spinel structure which is consistent with the
data file of JCPDS PDF card no. 003-0875. These results are also
in agreement with the previous work of Sivakumar et al.,Maaz
et al., Shahane et al., and Babu et al. [7,51–53]. Broad peaks
were observed in the sample, demonstrating the lower degree
of crystallization at a lower annealing temperature. These all
values are in good agreement with the literature. The sharp
diffraction peaks indicate a high degree of crystallization.

3.2 Scanning electron microscopy (SEM)

Morphological analysis of all synthesized samples was
done using SEM. The JSM5910 model of Scanning Electron
Microscope is used for imaging the prepared samples,
which is manufactured by JEOL, Japan. It is installed in

the centralized resource laboratory (CRL), University of
Peshawar, Peshawar. The JSM5910 SEM images the samples
at magnifications of 5,000 up to 60,000 at a voltage of 15 kV.
SEM micrographs of the NiFe2O4 pellets at the magnifica-
tions of 10 and 5 µm for Ni1−xCuxFe2O4 (where x = 0, 0.05,
0.10, 0.15,) sintered at 600°C are shown in Figure 2. It is
visible from the micrographs that there are even-size grains
both in the nano and bulk regimes. A number of interfaces
are also seen in these micrographs. There might be a change
in resistivity due to the decrease in the mean free path
which occurs as a result of decreased grain size. From the
micrographs, it is observed that there are well-connected
grains and very little porosity is present in the samples; in
addition, an increase in the copper content decreases the
grain sizes slightly. The pore size as well as the number of
pores in unit area slightly varies with area. It is also
observed that some grains have sharp grain boundaries
while few other grains are intermixed. Grains lie in the
range of 1–5 µm size.

Figure 5: Frequency vs real part of modulus plots of (a) NiFe2O4, (b) Ni0.95Cu0.05Fe2O4, (c) Ni0.90Cu0.10Fe2O4, and (d) Ni0.85Cu0.15Fe2O4 from 0.1–1 V.
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3.3 Impedance spectroscopy

Impedance spectroscopy is used for investigating the ac
electrical properties of nickel ferrite Ni1−xCuxFe2O4 (where
x = 0, 0.05, 0.10, 0.15,…) and to analyze the existing electro-
active regions. The effect of voltage on different para-
meters is observed over a wide frequency range. The
results of Impedance spectroscopy of the NiFe2O4 system
reveal the presence of grains, grain boundaries, and elec-
trode semiconductor contacts which are the electroactive
regions. Impedance data is taken in the frequency range
of 1–3 × 107 Hz. Different AC signals from 0.1 to 1 V were
applied for the collection of relevant impedance data. The
temperature is kept at room temperature. In Figure 3(a)–(d),
the complex impedance plots the lower values are due to the
effect of grains, and then, the medium range of values
occurred because of the grain boundaries while the pre-
sence of electrode effects yields the higher values in
this plot.

Figure 4(a)–(d) shows the variation of real impedance
over frequency. In these plots, the three electroactive
regions are present at lower, intermediate, and higher
values of frequencies. There are higher values of impe-
dance at lower frequencies, the reason behind this is the
effect of grains. In the medium frequency range, the impe-
dance values are intermediate due to the effect of grain
boundaries. At the end where the frequencies are lower
the impedance values are greater owing to the consider-
able electrode effects.

In Figure 5(a)–(d), the effect of frequency on modulus′
is demonstrated. In these plots at lesser frequencies, the
values of real and imaginary parts of modulus are also
lower, this phenomenon occurs because of the effects of
electrode and grain boundaries; on the other side, the
values are increasing considerably at the elevated frequen-
cies, and this is due to the grain effect. Figure 6(a)–(d) show
the plots between the real part of permittivity with fre-
quency. At higher frequencies, the lower values of the

Figure 6: Variation of electrical permittivity′ with frequency plots of (a) NiFe2O4, (b) Ni0.95Cu0.05Fe2O4, (c) Ni0.90Cu0.10Fe2O4, and (d) Ni0.85Cu0.15Fe2O4

from 0.1–1 V.
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dielectric constant are due to grains while at lower fre-
quencies the higher values of the dielectric constant
correspond to interfacial effects, grain boundaries, and
the electrode effect. The reduction in dielectric constant at
elevated frequency values is quite a normal dielectric beha-
vior [54,55]. The slight variations observed in the graphs for
different compositions can be attributed to the saturation of
the electroactive regions or the occurrence of the same elec-
trical phenomenon in the voltage range.

In Figure 6(a)–(d), it is obvious that the dielectric per-
mittivity is decreasing as the frequency is increased this
phenomenon occurs because with the increase of copper
concentration, there is a decrease in the concentration of
nickel ions (Ni2+). As a result of this, the Fe2+ ions yield less
pairs for the hole, and ultimately, this results in electron
hopping because of the buildup of charges across the grain
boundaries which increase the resistance.

Figure 7(a)–(d) reveals the relation between frequency
and ac conductivity. In 1977, Jonscher presented his famous
power law [56–59]. The effect of frequency on the ac

conductivity is elaborated in this law. A frequency-inde-
pendent region represents the DC conductivity in the con-
ductivity plot. It is then followed by an area where AC
conductivity rises with the increase in frequency. The fre-
quency from where the slope of the curve starts deviating
is known as the hopping frequency. It is evident from the
plot that the values of AC conductivity are lower at the
lesser frequency end and they are higher at the larger
frequency end the logic behind these variations is the elec-
trode effect at the lower frequencies and the grain conduc-
tivity effect towards the higher frequency values. In between
due to the grain boundaries effect, the values are inter-
mediate at medium frequencies.

Figure 8(a)–(d) shows the dependence of tan delta with
frequency. From this plot, three main regions can be noted
prominently, where the values of tangent loss are lesser,
medium, and higher. The reasons behind the noticeable
variations in these values are the grains, grain boundaries,
and electrode effects at the higher, medium, and lower
frequency range, respectively. The frequency from where

Figure 7: Frequency vs conductivity plots of (a) NiFe2O4, (b) Ni0.95Cu0.05Fe2O4, (c) Ni0.90Cu0.10Fe2O4, and (d) Ni0.85Cu0.15Fe2O4 from 0.1–1 V.
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the slope of the curve starts deviating is known as the
hopping frequency.

4 Conclusions

Copper-doped NiFe2O4 particles with cubic spinal structure
have been successfully synthesized by co-precipitation tech-
nique. XRD data confirmed the single-phase cubic spinel
structure of copper-doped nickel ferrite nanoparticles. The
lattice parameter has been calculated from the XRD pattern.
The lattice parameter of Nickel ferrite was 8.34 Å and by
increasing the copper concentration, the lattice parameter
decreased by a small amount. The crystallite size of nickel
ferrite calculated by Scherer’s formula was about 40.83 nm
which decreases with the increase in copper concentration.
SEM analysis indicated that all the samples are nano-sized
and homogeneous. SEM examination has shown that the
grains are usually well connected and there is very little

porosity. SEM indicated that with copper concentration
increase, the grain sizes have decreased. Impedance spectro-
scopic results of Ni1−xCuxFe2O4 (x = 0.05, 0.10, and 0.15)
system show that there are three electroactive regions like
G.B; grain and electrode are present. The conductivity decreases
with increases in copper content. Modulus plots highlight the
least capacitive phase of materials which are grains or bulk of
materials whereas impedance plots highlight the more resistive
phase of materials which are G.B and Electrodes or contacts. At
higher frequencies, the lower value of permittivity is intrinsic
whereas the higher value of permittivity at lower frequencies is
extrinsic which is mainly due to interfacial effects.
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