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Abstract

Citrate-gel auto combustion technique was used to synthesize nickel-copper
mixed ferrite nanoparticles Ni,Cu,.Fe,0, (x= 0.0, 0.4, 1.0) with different
calcinating temperatures (200, 450, 650 and 850 °C). Structural, morphological,
magnetic, and electrical properties were studied using X-ray diffraction (XRD),
transmission electron microscopy (TEM), field emission scanning electron
microscopy (FE-SEM), Fourier transform infrared spectroscopy (FTIR), vibrating
sample magnetometer (VSM), and LCR meter in order to determine significant
influences of Cu®" cations content in nickel ferrite. The XRD patterns showed that
all compositions had cubic spinels, except CuFe,0, samples. The system structure in
Cu-ferrite was deformed at 650 °C from a cubic to a tetragonal system with a
secondary phase CuO. Lattice constant was decreased with increasing Cu®" cations
substitution in Ni-ferrites, while crystalline volume was increased. With the help of
Debye-Scherrer’s equation using XRD data, we found that the crystallite size at 850
°C is lying in the range from 38.70 to 48.00 nm. The FTIR spectrum of samples
under investigation showed two significant absorption bands, which refer to the
formation of a single-phase cubic spinel. The magnetization test revealed a soft
ferromagnetic behavior for all the compositions sintered at 850 °C. The saturation
magnetization (Ms) was decreased with the substitution by Cu?* cations, while
remnant magnetization (Mr) and coercivity (Hc) were increased in Cu-ferrite. The
highest Ms value was 42.25 emu.g™ for Ni-ferrite, while the highest Hc value was
517.16 O, for Cu-ferrite. The electrical measurement of samples showed an increase
in the real dielectric constant and AC conductivity at a frequency range of 20Hz-
3MHz with the addition of copper cations.
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1. Introduction
In recent years, the ferrites family has gained a great importance among researchers, as these
materials have been greatly desired in various electrical industries. They are electrically insulated and
accompanied by high resistance, leading to their employment in changing magnetic fields because
their loss of eddy currents is very slight. This feature made such materials more widely used in the
applications of microwave and magnetic fluids [1], recording disks, transformer molds, gas sensors,
and moisture sensors [2, 3]. The general formula for spinel ferrites is MFe,O,4, where M is a metallic
divalent ion (e.g., Cu, Fe, Cd, Ni, Zn, etc.) [4]. Among the most famous ferrites are CuFe,0O, and
NiFe,O,4, due to their inverse spinel structure. They have ferromagnetic behavior and wide device
applications. The substitution of copper in nickel ferrite enhances the dielectric properties. Besides, it
reduces the magnetic properties of nickel ferrite, which is useful in many device applications [5].
CuFe,O, and NiFe,O4 were prepared by various methods, such as the ceramic method [6],
electrodeposition method [7], hydrothermal reaction [8], oxidation precipitation [9], sol-gel method
[10], and electrochemical method [11]. Among the best methods for preparing ferrite compounds is
the self-combustion method for the gel, because it is easy to prepare, does not need high temperature,
the interacting elements and the granular size of the powder nanoparticles can be controlled, and free
from impurities [12]. The aim of the present work is to understand the role of Cu®" cations in
controlling the dielectric and magnetic behavior of Ni-ferrite. Therefore, a series of Ni,Cu,.Fe,O4 (X=
0.0,0.4,1.0) spinel ferrite samples were prepared and the consequent changes in several parameters,
such as lattice constant, crystalline volume, density, saturation magnetization, dielectric permittivity,
and dielectric loss tangent, were discussed in this paper. Furthermore, we investigated the effect of
calcination temperature on the parameters above.
2. Experimental Part
2.1. Synthesis of Ni,Cu,,Fe,O4 nanoparticles
The spinel samples of Ni,Cu,Fe,O4 were prepared with values of x = 0.0, 0.4, 1.0 using the
citrate-gel auto combustion technique. Iron nitrate (Fe (NO3);.9H,0), copper nitrate (Cu
(NO3),.3H,0), nickel nitrate (Ni (NOjz),6H,0), Citric acid (C¢HgO,;H,0), and ammonia (NH3;OH)
were used as raw materials for preparing the compounds of Ni,Cu,.Fe,O, nanoparticles. A
stoichiometric ratio of nickel nitrate (1.163 g) and ferric nitrate (3.232 g) was mixed in 50 ml
deionized water. The molar ratio of nickel nitrate and ferric nitrate was 1:2. Citric acid was added as a
fuel in the metal nitrate with a ratio of 3:1 under vigorous stirring conditions. The ferrite samples were
successfully prepared by doping of Cu?* with different molar ratios (NixCu,4Fe,O4, x=0.0, 0.4, 1.0) to
nickel ferrite. Copper nitrate amounts that were added to nickel nitrate solution were 1.182 g and
0.177 g for molar ratios of 0.0 and 0.4, respectively. The pH value of the solution mixture was
maintained at 8 by ammonia solution. The mixing process was continued to ensure complete mixing of
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the solution and a good distribution of the components at room temperature. After that, the
temperature was gradually raised and then fixed at 90°C with the stirring process continuing until the
gel form was reached. After around 10 min the gel began to burn out to form a dry gel (Xerogel). The
final burnt powders were then thermally calcinated at 200, 450, 650, and 850 °C for 3 h to obtain well-
crystallized Ni,Cuy.Fe,Oy.
2.2. Materials characterization

The X-ray diffraction patterns of the samples were identified using X-ray Diffractometer (XRD-
6000 from Shimadzu, Japan) using Cu Ka radiation (1 = 1.5406 A), with (20) = 10°- 80° in steps of 5
deg/s. Spectra of the powders were recorded using FTIR spectrometer (FTIR 8400S from Shimadzu,
Japan) in the wave number range of 400-3500 cm™ to confirm the spinel structure of the samples. The
surface morphology was analyzed through the use of FE-SEM (QUANTA 400, USA, 0.5- 30 kV) and
TEM (CM120 Philips, Netherlands). The magnetic properties of CuNi ferrites were investigated using
VSM (Cryogenic Limited PPMS, UK) under the applied field of +1 (T). LCR meter (GW INSTEK
LCR-8105G, Taiwan) was used to measure dielectric properties at a frequency range of 20Hz-3MHz.
3. Results and discussion
3.1. XRD and FTIR Analyses

Figure 1-(a, ¢, and d) shows XRD patterns of the Ni,Cu,.Fe,O4 nanoparticles (x= 0.0, 0.4, 1.0)
calcinated at 200, 450, 650, and 850 °C for 3 h. The XRD patterns for all samples confirmed the
appearance of major crystal planes of spinel ferrite at 850 °C. The experimentally calculated values of
d-spacing and relative intensities of all reflection peaks were fully compatible with the standard
JCPDS Card no (54-0964), (34-0425), and (25-1049) for nickel, copper, and Ni-Cu ferrites,
respectively. For all the samples prepared and calcinated at different temperatures, it was noticed that
when the temperature was increased, the peak of the reflections became sharper. This indicates an
improvement in the crystallinity when the calcinating temperature increases. Additionally, it is noticed
that as the calcinating temperature increases, the width of the central maxima decreases. This is due to
the grain size increase with the increase in the calcinating temperature. The lattice constant (a) was
calculated using equations (1) and (2) for cubic and tetragonal structures, respectively [13, 14]:

a=dyh®+k?+1? (D

1 h? + k% I?
-z ta @
where d is the interplanar spacing, h, k, and | are Miller indices, and a and c are lattice constants.
The crystallite size (D) was calculated using the high intensity peak for all the compositions using

Scherrer’s formula [15]:
D= K4 3
~ BCos6 ®
where k is the shape factor (0.9), A is the wavelength (1.5406 A, CuKo), P is the full width at half
maximum (FWHM), and 0 is the diffraction angle.
X-ray density (px.ray) and surface area (S) of the ferrite samples were calculated by using the following
formulas [16, 17]:

8M
Px-ray = CE (€))
-_° )
Px—rayD

where M is the molecular weight of the sample, N is the Avogadro’s number, and a is the lattice
constant.
The values of the lattice constant, crystallite size, unit cell volume, X-ray density, and surface area of
the calcinated samples are summarized in Table-1.
From Table-1, we can observe that x-ray density increases, while surface area decreases, with
increasing calcinating temperature. Figure-1 (a) shows XRD patterns of pure NiFe,O, nanoparticles
that possess sharp characteristic diffraction peaks of (111), (220), (311), (222), (400), (422), (511),
(440), and (533) reflection planes at 20 values of 18.4°,30.3°,35.7°,37.3°,43.4°,53.9°,57.4°,63.1°, and

880



Waheed et al. Iragi Journal of Science, 2021, Vol. 62, No. 3, pp: 878-888

74.6°, respectively, which can be attributable to face-centered cubic phase (space group Fd3m). An
impurity phase of hematite (a-Fe,O3) (JCPDS Card no 025-1402) is observed for the sample Ni-ferrite
at 650 °C. The treatment by high-temperature at 850 °C caused the disappearance of the impurity
phase and the formation of a single-phase of Ni-ferrite. Figure-1 (c) shows the XRD profile of the
CuFe,O, nanoparticles. The peaks that appear at 26 range of 18.3°, 29.9°, 30.5°, 34.7°, 35.8°, 37.1°,
41.8°, 43.7°, 55.4°, 57.8°, 62.1°, 63.6°, and 74.6° correspond to the reflection planes (101), (112),
(200), (103), (211), (202), (004), (220), (105), (321), (224), (400), and (413), respectively. The XRD
shows that the crystal structure was deformed at 650°C from the cubic into a tetragonal system, with a
secondary phase that belongs to CuO at 38.7 (JCPDS Card no 48-1548). Figure-1 (e) shows the XRD
patterns of the Nig,CuqsFe,O, sample. It was observed that the sample possesses a face-centered cubic
structure, with a space group symmetry of Fm3m (JCPDS Card no (25-1049)). The peaks appear at 20
range of 18.3°, 30.1°, 35.5°, 37.1° 43.2° 53.6° 57.1°, 62.7°, and 74.2° which correspond to the
reflection planes (111), (220), (311), (222), (400), (422), (511), (440), and (533), respectively. It can
be noted clearly that the crystalline volume increases with the increase in doping concentration of Cu,
which may be due to a larger ionic radius of Cu®* (0.73 A) compared with that of Ni** (0.69 A) [18-
20]. On the other hand, the crystalline volume increases with increasing calcinating temperature,
which is due to crystal growth. Values of the lattice parameter a for NiFe,O, and CuggNig4Fe,04
samples were found to be equal to 8.310 and 8.371A, respectively. The higher a value for
CuosNig4Fe,0, compared with that of NiFe,0, is also due to the larger ionic radius of Cu®* than that
of Ni**. On the other hand, the lattice constant decreases with increasing calcinating temperature.

Table 1-Average crystalline size, lattice constant, unit cell volume, p_(x-ray), space group, and
surface area of Ni,Cu; Fe,O4 (x =0, 0.4, and 1.0) at different temperatures.

Lattice Unit
Temperatur Average constan cell Px-ray. Space Surface
Samples e crystalline (gm.cm area
°C) size (nm) t volume 3 Group (m.gm)
A A)
200 27.40 8.334 578.8 5.37 - 4.07
NiFe,O, 450 34.50 8.357 583.6 5.33 - 3.26
650 38.40 8.310 573.8 5.42 Fd3m 2.88
850 38.70 8.310 573.8 5.42 Fd3m 2.86
200 25.60 8.365 585.3 5.38 - 4.35
Ni ,CU <Fe,O 450 29.10 8.364 585.1 5.38 - 3.83
0406 E24 650 33.70 8.371 | 586.5 5.37 Fm3m 3.31
850 43.00 8.371 586.5 5.37 Fm3m 2.59
200 17.90 8.359 584.0 5.44 - 6.16
450 28.50 8.310 573.8 5.53 - 3.80
CuFe,0, 650 3400 | 5830 | 2943 | 1076 1410}5‘”‘ 1.64
850 48.00 5.830 294.3 10.76 141d\am 1.16

Figure-1 (b, d, and f) shows the FTIR spectra of Ni,Cu;Fe,0, (x= 0.0, 0.4 and 1.0) samples at
calcinating temperatures of 200, 450, 650, and 850 °C for 3 h. The gels are mostly amorphous
(noncrystalline) in nature but can be crystallized by heat treatment [21]. Therefore, when the
temperature was raised to 200 °C, the phase beginnings of all samples were shown respectively. On
the other hand, as the temperature was increased, we observed a decrease in the intensity of the bands,
indicating the disappearance of water molecules and organic groups from the sample. In the case of
samples calcinated at 850 °C, we noticed the appearance of two strong absorption bands. One bond
was in the high-frequency range (v;) due to the frequencies of the Fe-O bonds of the tetrahedral (A
site) between 557 and 586 cm™. The other bond was in the low-frequency range (v,), which is
attributed to the frequencies of the M-O bonds of the octahedral (B-site) between 418 and 430) cm™
[22-25].
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Figure 1 XRD patterns and FTIR spectra of (a)(b) NiFe,Oy,, (c)(d) CuFe,O4, and (e)(f) Nig4CugsFe20s4.

3.2. SEM and TEM Analysis
The morphology of the nanoparticles was examined through FE-SEM/EDX and TEM. Figure -
shows SEM micrographs, the respective energy-dispersive X-ray spectroscopy (EDX), and the particle
diameter distribution of NiFe,O,4, CuFe,0,, and Nig4Cu, sFe,0, nanoparticles calcinated at 850 °C. As
can be seen from Figure-2 (a), pristine NiFe,O, nanoparticles exhibit polyhedron and spheric
morphology, some being accumulated to form larger particles. This agglomeration reduces the surface
area of NiFe,O4 nanoparticles. Figure-2 (b) reveals the diameter histogram for NiFe,O, nanoparticles,
which displays a homogenous particle size distribution around 35.5nm range. Figure-2 (d) shows the
SEM micrograph of CuFe,Q, nanoparticle, revealing a polyhedron shape with few agglomerations and
negligible porosity. Figure-2 (e) shows a broad histogram of particle diameter distribution of CuFe,Q,,
with average size around 77.7nm. Figure-2 (g) displays the SEM image of Cu-substituted in Ni
ferrites. The Nig4CuysFe.0, sample shows uniform grain size distribution with average size around
40.6 nm (Figure-2(h)). Additionally, the image shows the presence of gaps caused by the release of
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gases during the combustion process, such as CO,, H,0, etc. It should be noted now that the average
diameter of the Ni,Cu,.,Fe,O4 nanoparticles increases with increasing Cu?* contents from 35.5 to 40.6
and 77.7 nm for x= 1.0, 0.4, and 0.0, respectively. The grain size of all samples was calculated by
Image J software. The chemical composition of the synthesized samples was determined by EDX
analysis. Figure- 2 (c) shows the EDX spectrum of NiFe,O4 compound, which indicated the presence
of Ni, Fe, and O elements in the sample, where the atomic ratio of Ni and Fe was about 1:2. Figure-2
(f) shows the EDX spectrum of CuFe,O, compound. We observe the presence of Cu, Fe, and O peaks,
which are related to the CuFe,O4 nanoparticles. The Fe: Cu ratio was 2:1, which is consistent with
theoretical calculations. On the other hand, the EDX spectrum analysis of Nig4Cug¢Fe,0, compound
elements showed spectra for Cu, Ni, Fe, and O. All the samples displayed small amounts of the carbon
component produced by the organic compound residue.

.SpedmmZB

Wtk o
Fe 682 02
N 317 02

SEM HV: 5.0 kv WD: 461 mm MAIA3 TESCAN
SEMMAG: 100kx  Det In-Beam SE 500 nm
View field: 2.76 ym  Date(midly): 0301119 BARTIN UNIVERSITY
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Figure 2-SEM-EDX micrographs and the particles diameter distribution of (a, b, c) pristine NiFe,O,,
(d, e, f) pristine CUFe204, and (g, h, |) Ni0.4CUO.6Fezo4.

Figure-3 (a-f) shows TEM morphology images of NiFe,O4, CuFe,O4 and Nig,CugesFe,04
nanoparticles calcinated at 850 °C. It is observed that most of the particles appear in spherical or
polyhedron shapes. This depends on the ratio of Cu®" cations substitution, where the compound
NiFe,O4 gave more regular form while the compound Nig4Cug¢Fe,04 showed clear agglomerations.
These agglomerations cause an increase in particle size.
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Figure 3 TEM micrographs at “different magnificatidns of (é,'cb) pristine NiFe,O,4, (c, d) pristine
CUF9204V and (e, f) Nig.4Cug ¢Fe,0,.

3.3. VSM Analysis

Figure-4 shows the magnetic hysteresis curve of Ni,Cu,.4Fe,O, (x= 0.0, 0.4, 1.0) calcinated at 850
°C. It is observed that all synthesized samples have the behavior of superparamagnetic status. The Ms
value of the soft ferrite mainly depends upon the net magnetization of the spinel lattice. Magnetic
properties of the Cu®* ions-substituted nickel ferrite depend inherently on cation distribution in the
lattice of the ferrites. The magnetic properties, such as Ms, Hc, and Mr were affected by Cu®* ion
concentration. Magnetic parameters extracted from VSM data at room temperature are summarized in
Table-2. The Ms value of NiFe,O, nanoparticles was 42.25 emu.g™*, which was high as compared to
the value in other samples. While the Ms value of CuFe,O4 nanoparticles was the lowest, being around
32 emu.g™. This might be due to the presence of CuO as an impurity, which was in fact detected in
XRD analysis. Additionally, this could be due to the smaller magnetic moment of Cu®" ion (1.37ug).
However, CuFe,0, still has a high saturation magnetization. The experimental magnetic moment per
formula unit (ug) in Bohr magneton was calculated using the following relation [26]:

M
Hp = ooz (6)

As related to remnant magnetization, we noticed that the highest value was recorded for CuFe,0y,,
followed by NiFe,Q,, and CugeNigsFe,0,, respectively. Coercivity value was increased with the
substitution of Cu®" ions into Ni-ferrite and the highest value was recorded in CuFe,O, due to the
potential for a cationic disturbance on the surface [27]. In general, NiFe,O, has an inverse spinel
structure with Ni?* ions in octahedral sites, and Fe** ions are equally distributed between tetrahedral
and octahedral sites [28]. CuFe,O, has a partial inverse spinel structure with 85% of Cu?* are
occupying octahedral sites, while the other 15% are occupying tetrahedral sites. However, Fe** ions
are equally distributed in the tetrahedral and octahedral sites [29]. This means that the Ni?* ions have a
strong preference for octahedral sites, while Cu®* ions have a similar preference for octahedral and
tetrahedral sites. When Cu®* is substituted by Ni** in Ni,Cu,..Fe,O, nanoparticles, the cation
distribution will change and thus changes the magnetic properties subsequently. Table-2 shows that
ferrite samples have various coercivity values. This may be attributed to several reasons, such as
composition, surface conditions, and magnetic anisotropy.

The squareness ratio (Sqg=Mr/Ms) was increased with increasing the content of Cu. Therefore, the
maximum Sqg value was found to be 0.46, indicating the enhanced contribution from the cubic
anisotropy for CuFe,O,. Hence, a large coercivity can be expected for CuFe,O,. The values of
anisotropy constant (K) were evaluated using the following relation [30, 31]:
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Figure 4-(a) Hysteresis curves of the NiFe,O,4, Nig4CuqsFe,0,, and CuFe,O4 nanoparticles at room

temperature. (b) enlarged view of the M—H curve that shows the coercive fields.

Table 2-Saturation magnetization (Ms), remanence (Mr), coercivity (Hc), squareness (Sq), magnetic
moment (uUB), and anisotropy constant (K) of Ni,Cu,.Fe,O4 ferrites (x = 0,0.4,1.0) calcinated at 850
°C for 3 h.

Ms M, K x10”° [emu.O, g
Sample femu.g?] | [emu.g?] Hc [O] 3q Hs ]
NiFe,0, 42.25 11.64 165.91 0.27 1.76 7.302
Nio.aClosFe:0 | 57 gq 10.49 57.33 0.27 161 2.269
4
CuFe,0, 32.00 14.87 517.16 0.46 137 17.449

3.4. Dielectric Properties

AC electrical properties, represented by the real part of dielectric constant (g'), the imaginary part
of dielectric constant (&") and the loss factor (tand), in addition to the alternating conductivity (c,) Of
the samples of NiFe,O4, Nig4CugeFe,04, and CuFe,O,4, were studied as a function of frequency at
room temperature in a frequency range of 20Hz-3MHz. The real and imaginary dielectric constant
values were calculated by using the following equations [32]

€= ¢d 8
" = E'tand 9

where C is the capacitance of the pellet, d is the thickness, A is the cross-sectional area, and ¢, is
the permittivity of free space (e,= 8.854x10 > F.m™). Figure-5 (a and b) shows the variation of
dielectric constant and imaginary part with frequency. It is seen that the real and imaginary dielectric
constant values of the samples decrease with increasing frequency and then they remain constant at
high values, which is the normal behavior of most ferrites. The high values of the real dielectric
constant at low frequencies are due to the polarization of the space charge due to the large mass of its
dipoles compared to other types of polarization (electronic, ionic, and directional). When the
frequency is increased, these dipoles cannot rotate with the electric field and thus the dielectric
constant decreases. This behavior of ferrite has been observed by many researchers [33-35]. Figure- 4
also shows that the highest value of the real dielectric constant was recorded for CuFe,O, (24304) and
the lowest value was for NiFe,O,4 (2323), whereas that for Nig4Cug¢Fe,O, mediated the two values.
Since ferrite has a semi-conductive nature, this is affected by doping with other atoms. The effect of
doping on charge carriers is either reflected by an increase or a decrease in the real dielectric constant,
depending on the type of atom. Therefore, the dielectric constant values differed as a result of the
nickel doping process.
The loss factor is a measure of energy dissipation within the dielectric medium and is considered as
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part of the primary loss in the ferrite. We notice from Figure-5 (c) that the maximum values of the loss
factor and the loss tangent appeared at low frequencies, while they were decreased with the increase in
frequency, until they became constant and stable. Similar results were observed in another research of
ferrite systems [36]. This result of the distribution of values in the curve of the imaginary dielectric
constant and loss factor is attributed to the Maxwell-Wagner theory of interpolarity [37]. According to
this theory, the dielectric constant of ferritic materials consists of two layers, namely the grains and
grain boundaries, where the grains are considered regions with low electrical resistance, due to the
ideal crystalline properties, while grain boundaries are regions with high resistance. According to
Maxwell-Wagner polarization theory, the polarization between surfaces within the grain boundaries
occurs due to the accumulation of charge in these high-resistance boundaries. This polarization occurs
in all heterogeneous crystalline materials (which are more than one phase). Figure-5 (d) shows the
alternating electrical conductivity, as this study provides important information about this process and
the effect of deformation on it. In general, the conduction process occurs in the ferrite materials as a
result of the transfer of electrons between Fe*? and Fe** located in octagonal locations [38]. The values
of AC conductivity (o,;) were calculated using the following equation [32, 39]:
(Cac)= ® & €' tand (10)
where ® is the angular frequency. Figure-5 (d) shows that AC conductivity decreases with the
addition of nickel atoms, as electronic transitions between Fe*? and Fe™ decrease in the octagonal
locations [39]. On the other hand, grain boundaries in the low conduction operate in all samples at
frequencies of 10°-10* H,z where the transmission of electrons between Fe*? and Fe*® decreases
relatively, while electronic mobility increases in the larger frequencies (10* Hz) as the grain
boundaries become more active, which enhances conductivity.
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Figure 5 Frequency dependent (a) real part of dielectric constant, (b) imaginary part of dielectric
constant, (c) loss factor, and (d) AC conductivity of Ni,Cu, Fe,O,4 (x = 0,0.4,1.0).

4. Conclusions

The Ni,CuyFe,0, (x= 0.0, 0.4, and 1.0) nanoparticles were synthesized successfully via the
citrate-gel auto combustion method. These Ni-Cu ferrite nanoparticles show polyhedron and spherical
morphology as revealed via SEM and TEM results. XRD analysis exhibited deformation in system
structure, from cubic to tetragonal system, when substituting Cu®* cations in nickel ferrite completely
at 850 °C. The Cu content has a significant effect on dielectric and magnetic properties, where the
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substitution of copper in nickel ferrite decreases the saturation magnetization and improves dielectric
properties of nickel ferrite. Thus, we obtained superb ferrite materials that have mixed properties from
Ni-ferrite and Cu-ferrite, which make them good materials for electronic applications, including
sensors, EM devices operating at high frequencies, and magnetic fluids.
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