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INTRODUCTION

The nano-revolution has had far-reaching consequences,
from improved medical care to the emergence of brand-new
materials and technology. Nanotechnology has enabled us to
create smaller, faster and more efficient devices, as well as new
materials with unique properties. It also opened up new possibi-
lities in fields such as energy, computing and robotics. Generally,
magnetic materials are classified as diamagnetic, paramagnetic
and ferromagnetic. Since the discovery of a new type of super
paramagnetic, the nano-revolution can be considered to have
begun. These can be called nano-sized nanoferrites [1,2]. A
ferrite core is a type of magnetic core made of ferrite, a sintered
form of ceramic composed of iron oxide and other metal oxides.
There are a number of uses for ferrite cores, ranging from antennas,
biomedical sensors and magnetic cell separation to gas detec-
tors, tissue repair and biomedicine electronics. Ferrite cores
can be used for hyperthermia radiation, catalysis, magnetic drug
delivery, catalytic electrodes, ferrofluids, magnetic resonance
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imaging (MRI) contrast development, magnetic refrigeration,
memory storage devices, microwave attractors, permanent
magnets, solar energy conversion, recording heads, magnetic
recording, transformer cores, high-frequency electrical equip-
ment and hard disk recording media [3,4]. All of the above
uses particle size, dopant concentration, electrical properties
and magnetic properties, which have a large effect on the pro-
perties of nanoferrites.

Research is being conducted on nanoferrites to create
materials with specific electrical and magnetic properties, as
well as tailored particle size, for targeted applications. This
provides a range of benefits, such as improved energy effici-
ency, enhanced performance and improved reliability [5-9].
The A plane is typically composed of a metal oxide, such as
iron oxide (FeO), while the B plane is composed of a different
metal oxide, such as zinc oxide (ZnO). The two metal oxides
are combined in a ratio of two atoms of A to four atoms of B,
forming a lattice structure. The spinel ferrite structure is comp-
osed of a network of tetrahedral, with each tetrahedron consis-
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ting of two A atoms and four B atoms. The metal ions in the A
plane are typically arranged in a cubic arrangement, while the
metal ions in the B plane are arranged in an octahedral arrange-
ment. This arrangement of metal ions gives the spinel ferrite
(AB2O4) its unique magnetic properties [10]. Three types of
spinels are obtained depending on the distribution of ions
between two distinct crystal planes. They are normal spinal
structure, inverted spinal structure and partial inverted struc-
ture. A normal spinel structure is one wherein the A-site is
occupied entirely by divalent ions and the B-site by trivalent
ions. Conversely, an inverse spinel structure is formed when
the tetrahedral sites are filled with trivalent ions. For example
is cobalt ferrite (CoFe2O4) [11]. CoFe2O4 is an inverse spinel
oxide, with Co2+ ions on B sites and Fe3+ ions distributed between
A and B sites. The magnetic interaction in this ferrite is due to
the presence of magnetic ions on the octahedral (B) site, which
interact with each other through the antiferromagnetic B–O–B
interaction. This interaction is responsible for the ferrimagnetic
behaviour of the ferrite. The lack of magnetic ions on the A site
prevents the formation of A–O–B interaction, which is neces-
sary for antiferromagnetic interactions. The result is that the
magnetic interaction in this ferrite is limited to the B site, where
magnetic ions interact with each other through the antiferro-
magnetic B–O–B interaction [12,13]. This cobalt ferrite has
high coercivity makes it ideal for use in high-frequency appli-
cations, such as in the production of high-frequency transformers
and inductors. Its high mechanical hardness makes it suitable
for use in abrasive applications, such as grinding and polishing.
Its chemical stability makes it suitable for use in a variety of
chemical processes, such as electroplating and electrochemical
etching [14].

The substitution of Al3+ ions for Fe3+ ions in the B-site of
ferrites results in a decrease in the saturation magnetization
and coercivity. This is because Al3+ ions are non-magnetic and
thus reduce the number of magnetic ions in the lattice. The
substitution also affects the electrical properties of the ferrite,
such as the dielectric constant and the electrical resistivity. This
is because the Al3+ ions are larger than the Fe3+ ions, resulting
in a decrease in the number of cations in the lattice and thus a
decrease in the dielectric constant and electrical resistivity.
The substitution of Al3+ ions also affects the magnetic prop-
erties of the ferrite, such as the permeability and the hysteresis
loop. This is because the Al3+ ions are non-magnetic and thus
reduce the number of magnetic ions in the lattice, resulting in
a decrease in the permeability and a decrease in the hysteresis
loop [15,16]. The net magnetization and the calcination temp-
erature of aluminum (Al3+) substituted cobalt ferrites decreases
when Al content is increased. Bulk materials of such ferrites
are affected by these changes [17]. Using various synthesizes
techniques can yield different bulk and nano sizes, which can
affect the cation distribution and magnetic properties. For
example, different techniques can lead to different cation distri-
butions, which can affect the magnetic properties of the material.
Additionally, different sizes can also affect the magnetic prop-
erties, as smaller particles can have different magnetic prop-
erties than larger particles. This is due to the fact that smaller
particles have a higher surface-to-volume ratio, which can lead

to different magnetic properties. Finally, different synthesizes
techniques can also affect the magnetic properties by changing
the structure of the material, which can lead to different magnetic
properties [18].

FeAl2O4 is a normal spinel structure, which means that
the Fe2+ ions are tetrahedral coordinated by Al3+ ions and the
Al3+ ions are octahedral coordinated by O2− ions. This structure
obeys the Vegard’s law, which states that the lattice parameters
of a solid solution are linearly related to the composition of
the solution. AlFe2O4 is an inverse spinel structure, which means
that the Fe3+ ions are tetrahedral coordinated by Fe2+ and Al3+

ions are octahedral coordinated by O2− ions. This structure also
obeys the Vegard’s law, which states that the lattice parameters
of a solid solution are linearly related to the composition of
the solution [19]. When the saturation magnetization decreases
caused decreasing the particle size [20,21]. And the coercivity
gradually increases with decreasing particle size, a critical
value representing a single domain particle. This type exhibits
a superparamagnetic phase for very small particle sizes [22].
In this study, AlFe2O4 nanoferrite based on cobalt deficiency
and cobalt excess are described. A hysteresis loop reveals ferro
or ferrimagnetic for big (bulk) nanoparticles. Almost hysteresis
loop free behaviour in small sizes and superparamagnetic beha-
viour in nanoparticles of the tiniest sizes [23]. The pH value
to 11 is adjusted to prepare these particles and then obtained
three samples using cobalt deficient concentrations and cobalt
excess concentrations to obtain different crystallite sizes. Present
results clearly demonstrate the possibility of adjusting/modi-
fying the structural and magnetic properties of Fe2+Al2

3+O4
2–,

Fe0.25Co0.75Al2O4 and Fe0.75Co0.25Al2O4.

EXPERIMENTAL

Polyvinyl pyrrolidone (PVP) coated pure and cobalt doped
aluminum ferrite nanoparticles were synthesized by chemical
co-precipitation method according to the following procedure.
In brief, ferric sulfate, cobalt sulfate, aluminum oxide and poly-
vinyl pyrrolidone (PVP) have been used to synthesize nano-
crystalline ferrite samples. Ferric sulphate, cobalt sulphate and
aluminum oxide 1:2 stoichiometric ratio of 100 mL of distilled
water solutions was added to a 250 mL conical flask. Polyvinyl
pyrrolidone was added to this mixture to prevent aggregation
of particles, which acts as capping agents to some extent [24].
The mixtures were subjected to vigorous mechanical stirring
for 3 h at room temperature. Meanwhile ammonia solution was
added dropwise with stirring, which turns the mixture into
black. The mixture was maintained at pH 11, i.e. the pH level
was maintained for the purpose of creating a high electron
capture surface [25]. The precipitate was washed 3 times with
distilled water and ethanol solution separately using a centri-
fuge. Thus, the process was repeated three times consecutively
to remove excess amine molecules and impurities. The washed
precipitates were then dried in a hot air oven at 100 ºC for 6 h.
After drying a black powder of cobalt doped AlFe2O4 is obtained.
The dried black powder was annealed by placing it in a muffle
furnace at 1000 ºC for 6 h. At the end, pure and mixed ferrite
nano-samples were obtained.
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RESULTS AND DISCUSSION

X-ray diffraction analysis: The X-ray diffraction patterns
of Fe0.25Co0.75Al2O4 and Fe0.75Co0.25Al2O4 composite ferrites
with cobalt-deficient concentrations and cobalt-excessive
concentrations are shown in Fig. 1 in comparison to pure
Fe2+Al2

3+O4
2– (hercynite). The crystallite size (D), X-ray density

(Dx), unit cell volume (V), lattice strain (ε), dislocation density
(δ), lattice constant were obtained using the primary diffraction
peaks (311) for all the samples and tabulated in Table-1. All
samples were confirmed (FeAl2O4 (#07-0068); Al2O3 (86-
1410); Fe3O4 (#65-3107)) to conform to the Fd-3m space
group, thus having single-phase properties and to be composed
of face-centered cubic (FCC) [2]. From the width of the XRD
peaks, an average crystallite size (D) was obtained using the
Debye-Scherrer’s formula [26]:

0.9
Crystallite size (D, nm)

cos

λ=
β θ

2 2 2 2Lattice constant (a, Å) [d (h k ]= + + l

3
x 3

8M
X-ray density (D , g/cm )

Na
=

3 3Unit cell volume (V, [Å] ) a=

cos
Lattice strain ( )

4

β θε =

where β is the full-width half-maximum (FWHM), λ is the
wavelength of the used X-ray beam, θ is the diffracting angle.

The results clearly revealed that the diffraction angle of AlFe2O4

is 35.63º. The diffraction angle of Fe0.25Co0.75Al2O4 at cobalt-
excess concentrations is 35.55º. Diffraction angle is 35.63º as
the cobalt concentrations are low. It can be seen that cobalt
concentrations do not affect the diffraction angle to a great extent.
Thus, the crystallite size remains unchanged (D = 17 nm) and
Co2+ does not affect the diffraction peaks. This reflects the single
phase properties of crystallinity, i.e. magnetic single domain
becomes possible. And also the crystallite optimum size is
possible that the synthesis process used for the samples was
adjusted in such a way as to achieve a uniform crystallite size
regardless of the composition and concentration of each sample.
The method of synthesis, reaction temperature and time, amount
of precipitate used and other factors may have played a role in
producing the same crystallite size. Also unit cell volume (V),
lattice strain (ε) and lattice constant data are confirmed to
strengthen above said point (Table-1). But the difference in
X-ray density (Dx) is due to the very small difference in
diffraction angle 8º between Fe2+Al2

3+O4
2– and Fe0.25Co0.75Al2O4.

Morphological studies: The crystalline structures of
Fe2+Al2

3+O4
2– and Fe0.25Co0.75Al2O4 nanoparticles composite were

characterized by FE-SEM technique. It has provides infor-
mation about morphological characteristics such as micro and
nanoparticles size, shape or nature of particles and different
size distribution. Fig. 2 presents the FE-SEM images of the
synthesized undoped and doped samples at a resolution of
500 nm and 5 µm. The FE-SEM images revealed a non-uniform,
sponge-like morphology with a large number of pores, likely
due to the immiscibility of aluminum, cobalt and iron. Doped
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Fig. 1. X-ray diffraction of ferrite nanoparticles (a) FeAl2O4; (b) Fe0.25Co0.75Al2O4; (c) Fe0.75Co0.25Al2O4

TABLE-1 
CRYSTALLITE PARAMETERS OF PURE, COBALT EXCESS AND COBALT DEFICIENCY FOR SYNTHESIZED MATERIALS 

Sample 2θ (°) D (nm) Dx (g/cm3) V (Å) a (Å) ε × 10–3 δ × 10–3 
FeAl2O4 35.63 17 4.15 583.64 8.357 6.9 3.3 
Fe 0.25Co0.75Al2O4 35.55 17 3.97 586.58 8.371 6.9 3.3 
Fe 0.75Co0.25Al2O4 35.63 17 3.99 584.48 8.361 6.9 3.3 

Crystalline size (D); X-ray density (Dx); Volume of the unit cell (V), Lattice strain (ε); Dislocation density (δ); Lattice constant (a) 
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samples show a less uniform pattern compared to undoped
samples, indicating that the samples are not in a well-ordered
form. Further from Fig. 2, it can be observed that the pore slightly
decreases upon doping of Co2+ in Fe2+Al2

3+O4
2– [27-29]. Co, Fe,

Al and O were confirmed to be exiting the sample using an
EDAX spectrum (Fig. 3), which provided information about
the composition of the sample. This is done by looking at the
peaks in the spectrum and comparing them to known elements
and compounds. Additionally, the shape of the peaks can
provide information about the size and distribution of the
particles in the sample. This information can be used to identify
the materials present in the sample and to understand the struc-
ture and properties of the sample.

Impedance analysis: Analysis of internal resistance-
affecting elements is becoming increasingly important in tech-
nology today. This is because the internal resistance of a device

or circuit can have a significant impact on its performance
(internal resistance of a battery). The plot shows (Fig. 4) that
the impedance values decrease with increasing frequency and
concentration. This is because the higher the frequency, the more
energy is required to pass through the material and the higher
the concentration, the more resistance the material has to the
flow of energy. This is why the impedance values decrease with
increasing frequency and concentration. The first two zones,
limited to frequencies below 109 kHz and the second beginning
at 84 kHz, are due to the fact that the material has different
properties at different frequencies. At lower frequencies, the
material is more conductive, allowing more energy to pass
through it, while at higher frequencies; the material is less
conductive, resulting in lower impedance values [30]. At higher
frequencies, the presence of a space charge zone is lessened
and the impedance of the material is reduced. This is due to

Fig. 2. FE-SEM morphology of doped and undoped ferrite nanoparticles at a resolution of 500 nm and 5 µm
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Fig. 3. EDAX spectrum of ferrite nanoparticles
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the fact that the charge carriers are able to move more freely,
resulting in a decrease in resistance. Additionally, the presence
of a space charge zone can be used to explain the impedance
of the material at lower frequencies. This is because the charge
barrier is lowered by zinc concentrations, resulting in a buildup
of charge carriers at grain boundaries. This buildup of charge
carriers creates an active interface, which increases the impe-
dance of the material. As a result, constant values for Z′ at
various concentrations at low frequencies are observed [31,32].

Fig. 5 displays the variation of frequency-dependent Z″
at concentrations of 0.25 and 0.75. At higher concentrations,
the peak shifts to higher frequencies (58 kHz), indicating that
the relaxation process is faster. This is due to the increased
number of grain boundaries, which increases the rate of relax-
ation. The peak at lower frequencies (52 kHz) is due to the
presence of grain boundaries, which are responsible for the
slower relaxation process. As the concentration increases, the
number of grain boundaries increases, resulting in a shift of
the peak to higher frequencies. This shift is due to the increased
number of grain boundaries, which increases the rate of relax-
ation [33,34]. This impedance pattern is consistent with the
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Fig. 5. Variation of imaginary part of impedance (Z″) and frequency of
Zn-doped MnFe2O4

semiconducting behaviour of zinc ferrites, which suggests that
charge carriers are thermally activated and accumulate at grain
boundaries. This is due to the presence of defects in the crystal
structure, which act as charge traps and reduce the mobility of
charge carriers. The accumulation of charge carriers at grain
boundaries increases the resistance of the material, resulting
in the observed impedance pattern.

Magnetic properties: The M-H loops (also known as
hysteresis loops) are graphical representations of the relation-
ship between magnetization (M) and applied magnetic field
(H) in a ferromagnetic and ferrimagnetic material. The shape
of the M-H loop is used to characterize the magnetic properties
of a material, such as its coercivity, remanence and saturation
magnetization. Fig. 6 shows the magnetization curves of FeAl2O4

(FA), Fe0.25Co0.75Al2O4 (FCA) and Fe0.75Co0.25Al2O4 (FCOA)
nanoparticles at room temperature. The hysteresis loops and
net magnetization of the synthesized samples were measured
using a vibrating sample magnetometer (VSM), with a maxi-
mum field of 2T at room temperature. The results, shown in
Fig. 6, reveal that all samples have a well-saturated M-H loop.
Additionally, values for saturation magnetization (Ms), remanent
magnetization (Mr), coercivity (Hc), remanent ratio (R), magnetic
moment (µ) and anisotropy constant (K) are listed in Table-2.
Fig. 6 shows a typical magnetization curve for ferromagnetic
or ferrimagnetic [21]. Iron-aluminum spinels of AB2O4 are
classified as either “normal” or “inverse” depending on the
distribution of A2+ and B3+ cations throughout the lattice. In a
normal spinel, the tetrahedral sites are occupied by A2+ cations
and octahedral sites are occupied by B3+ cations. An inverse
spinel has A2+ and half of B3+ occupying the octahedral sites,
while the other half of B3+ is located in the tetrahedral sites.
This structure can be expressed as (Al3+-Fe2+-Fe3+)1(Al3+-Fe2+-
Fe3+)2O4 [19]. FeAl2O4 is a normal spinel structure, which has
oxygen atoms forming a cubic lattice, with iron and aluminum
occupying octahedral and tetrahedral sites respectively. The
ratio of iron to aluminum atoms is 1:2, with the iron atoms
occupying octahedral sites and the aluminum atoms occupying
tetrahedral sites. Conversely, inverse spinel structures have the
same arrangement of atoms, but with the ratio of aluminum to
iron atoms reversed, so that the aluminum atoms occupy octa-
hedral sites and the iron atoms occupy tetrahedral sites [35,36].
Fe0.25Co0.75Al2O4, Fe0.75Co0.25Al2O4 is an inverse spinel structure.
This is because the cations are arranged in an inverse spinel
structure, with the Fe and Co cations occupying the octahedral
sites and the Al cations occupying the tetrahedral sites. The
inverse spinel structure is characterized by a higher degree of
cation ordering than the normal spinel structure, which is more
disordered. This higher degree of cation ordering gives the
inverse spinel structure a higher degree of stability than the
normal spinel structure [37-39]. From figure, it is observed that
FeAl2O4 exhibit ferromagnetic properties as compared doped
sample such as FCA and FCOA. It well shaped fine M-H loops,
exhibits ferromagnetic properties. But doped samples were
exhibits ferrimagnetic properties. This is possible when Co2+

in coroneted pure FeAl2O4. The highest magnetization value
exits cobalt excess ferrite (Fe0.25Co0.75Fe2O4) then pure (FeAl2O4)
and deficiency cobalt (Fe0.75Co0.25Fe2O4) ferrite nanocrystals
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Fig. 6. VSM analysis of ferrite magnetic materials, (a) Pure (FeAl2O4); (b)
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at the same applied magnetic field (5 kOe) as listed in Table-2.
The pure, cobalt excess and cobalt deficiency ferrite nano-
particles of coercivity decreased from 2212 Oe to 775.45 Oe
whereas a considerable increase in saturation magnetization
from 4.820 × 10-3 emu/g to 0.673 emu/g was observed. The
coercivity for FA-ferrite sample (pure) was found to be 2212.8
Oe, which has been decreased by cobalt excess or cobalt defi-
ciency incorporated Co2+ mixed ferrite as observed because
of coercivity is inversely proportional to the saturation magneti-
zation (Hc = K/Ms × 0.96). Coercivity was found to have a
maximum value of 889.94 Oe [5], indicating that any variation
in coercivity was due to factors such as thermal effects, K
(3.418 J/m3 ←→ 177.57 J/m3 ←→ 97 J/m3) and MS values
with temperature and particle size. An increase in anisotropy
was observed as the particle size decreased, while a decrease
occurred when applied magnetic fields were increased. Cobalt
excess or cobalt deficiency in FeAl2O4 may reduce the (Fe2+

←→ Co2+) interaction, raising the magnetic moment in the
compounds (2.108 × 10-2 and 9.594 × 10-3 Tesla) [6-8]. Its
coercivity is also relatively high, at about 889.94. This means
that it is difficult to demagnetize the material, making it suitable
for use in permanent magnets. The curie temperature of FCA
and FCOA is around 860 ºC, which is higher than that of pure
iron. This makes it suitable for use in applications that require
high temperature stability [2,5,25]. Additionally, the material
has a high anisotropy field, which makes it suitable for use in
applications that require high magnetic field stability.

Conclusion

Polyvinyl pyrrolidone (PVP) coated cobalt excess and
cobalt deficiency employed aluminium ferrite nanoparticles
were synthesized by chemical co-precipitation method at 1000
ºC. The average crystallite size of synthesized materials was
found to be 17 nm. The smaller crystallite size of the material
increases its coercivity, while decreasing its saturation magne-
tization. VSM analysis indicates that FeAl2O4 has a normal
spinel structure, while Fe0.25Co0.75Al2O4 and Fe0.75Co0.25Al2O4

have an inverse spinel structure. Aluminium cobalt ferrites have
high coercivity because of their high coercivity value and their
low magnetic remanence. This makes them ideal for use in
magnetic recording media and permanent magnets because it
allows for better storage and magnetization, respectively.
Additionally, the high coercivity ensures that the magnets or
recordings stay in place and are not demagnetized over time,
making them more reliable and longer-lasting.

ACKNOWLEDGEMENTS

The authors thank St. Joseph’s College of Arts and Science
(Autonomous) for providing the research and library facilities.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. R. Sagayaraj, S. Aravazhi, P. Praveen and G. Chandrasekaran, J. Mater.
Sci. Mater. Electron., 29, 2151 (2018);
https://doi.org/10.1007/s10854-017-8127-4

2. T.M. Ali, S.M. Ismail, S.F. Mansour, M.A. Abdo and M. Yehia, J. Mater.
Sci. Mater. Electron., 32, 3092 (2021);
https://doi.org/10.1007/s10854-020-05059-y

3. K.M. Tyner, N. Zheng, S. Choi, X. Xu, P. Zou, W. Jiang, C. Guo and
C.N. Cruz, AAPS J., 19, 1071 (2017);
https://doi.org/10.1208/s12248-017-0084-6

4. T. Gebel, R. Marchan and J.G. Hengstler, Arch. Toxicol., 87, 2057 (2013);
https://doi.org/10.1007/s00204-013-1158-6

5. R. Sagayaraj, S. Aravazhi, C. Selva kumar, S. Senthil kumar and G.
Chandrasekaran, SN Appl. Sci., 1, 271 (2019);
https://doi.org/10.1007/s42452-019-0244-7

6. R. Sagayaraj, M. Jegadheeswari, S. Aravazhi, G. Chandrasekaran and
A. Dhanalakshmi, Chemistry Africa, 3, 955 (2020);
https://doi.org/10.1007/s42250-020-00153-4

7. R. Sagayaraj, T. Dhineshkumar, A. Prakash, S. Aravazhi, D. Jayarajan,
G. Chandrasekaran and S. Sebastian, Chem. Phys. Lett., 759, 137944
(2020);
https://doi.org/10.1016/j.cplett.2020.137944

8. R. Sagayaraj, S. Aravazhi and G. Chandrasekaran, Int. Nano Lett., 11,
307 (2021);
https://doi.org/10.1007/s40089-021-00343-z

TABLE-2 
MAGNETIC PARAMETERS OF PURE, COBALT DEFICIENCY AND COBALT EXCESS 

Sample Ms (emu) Mr (emu) Hc (Oe) µB (Tesla) R K (J/m3) 
FeAl2O4 4.82 × 10–3 1.545 × 10–3 2212.8 1.570 × 10–4 0.320 3.418 
Fe0.25Co0.75Al2O4 0.673 0.229 775.45 2.108 × 10–2 0.340 177.57 
Fe0.75Co0.25Al2O4 0.305 0.109 889.94 9.594 × 10–3 0.357 97.00 

Saturation magnetization (Ms), Retentivity (Mr), Coercivity (Hc), Magnetic moment (µB), Remnant ratio (R), Anisotropy constant (K) and Energy 
product (Ep) 
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