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Abstract

Nanoparticulate cobalt ferrite CoFe, 0, (COF) was successfully obtained at relatively low temperature by means of a
facile chemical wet method, namely citrate auto-combustion. X-ray diffraction (XRD) analysis, transmission electron
microscopy (TEM), Fourier Transform Infrared (FTIR), and Vibrating Sample Magnetometry (VSM) were carried out
to study the structural and magnetic properties, respectively. The XRD results confirm the formation of single spinel
phase of COF with an average lattice parameter (a) of 8.38 nm. XRD analysis revealed that the crystal size is about
43 nm, which is close to the particle sizes observed from TEM images (45.33 nm). The FTIR measurements between
400 and 4000 cm! confirmed the intrinsic cation vibrations of the spinel structure of COF. The experimental results
have been explained on the basis of size and surface effects of the nanodimensional crystal of COE The high coercivity
of the prepared nanodimensional COF is the figure of merit for permanent magnets. Dielectric parameters and AC
conductivity were measured as a function of temperature (300-800) K and frequency starting from 100 kHz up to

5 MHz. The conduction phenomenon was explained on the basis of the electron hopping model.

Keywords: Nanoparticulate, CoFe, O sol-gel precursor, structural, magnetic, dielectric.

I. Introduction

With their key characteristics, nanodimensional crystal-
lite magnetic material systems have been recently used in
a wide range of fields such as magnetic drug delivery, hy-
perthermia for cancer treatment, ferro fluids, magnetic
storage data and many other applications 1. Accordingly,
nanodimensional magnetic particles can be considered a
promising area for research because of their wide appli-
cation in many important fields such as biomedical ap-
plications, industry and others 1. On account of its com-
bination of magnetic and electrical properties, ferrite has
proven useful in many technological applications thanks
to its remarkable properties such as significant saturation
of magnetization, high electrical resistivity, low electrical
losses, and good chemical stability 2. On the basis of their
crystal structure, ferrites are grouped into three classes
namely hexagonal ferrite, garnetand spinel ferrite 3. Spinel
ferrites are widely studied on account of their numer-
ous applications 4. In this work, we prepared cobalt fer-
rite (COF) as a spinel ferrite or specifically inverse spinel
ferrite. Generally, spinel ferrite has the formula MFe,O,
where both M and Fe represent divalent and trivalent
cations respectively and M (as Co or Ni) cation occupies
the tetrahedral site in the crystal structure while the Fe
cation occupies the octahedral site 3. A notable character-
istic of this spinel structureisits ability to form an extreme-
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ly wide variety of total solid solutions, which means that
the composition of a given ferrite can be strongly modified
while the basic crystalline structure remains the same 4.
This means that the general properties of the ferrite can
be easily “tailored” with variation of its composition. One
important way of modifying the properties is to use differ-
ent synthesis methods and optimize the synthesis parame-
ters 2. In the crystal structure of spinel ferrite, the trivalent
cations are generally smaller than the divalent ones, which
leads to a certain tendency towards the inverse structure
depending on the “elastic energy factor” (one of the main
factors controlling cation distribution in the crystal struc-
ture of spinel ferrite) ©.

In this paper, we discuss one of these spinel ferrites
(CoFe,0y4) or COF with inverse spinel structure because
of its moderate saturation magnetization, high electrical
properties, high magneto-crystalline anisotropy, good
mechanical properties and chemical stability. It is very im-
portant to pay attention to every property in the product
to open up a new and wide field of potential applications.

II. Experimental Procedure

(1) Nano-CoFe,O, (COF) preparation and characteri-
zation techniques

In this work, nano-COF was synthesized by means of
the citrate-nitrates auto-combustion method (one of the
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known wet chemical methods) 7. Using the wet chemical
method has many advantages over other methods (e.g. the
ceramic method) as it is considered clean, fast, simple, and
cheap, while providing an opportunity to control the size
of the prepared nanoparticles relatively (when no sintering
or high temperature that can cause an increase in the parti-
cle size is required). All chemical materials used in prepa-
ration process were purchased from British Drug Hous-
es (BDH). The starting materials used in the preparation
were high-purity (99.9 % BDH) metal nitrates, i.e. cobalt
nitrate and iron nitrate, and citric acid (as fuel) with high
purity (for the formation of high-quality nanoparticles).
Moreover, using distilled water for preparation of the so-
lutions is important to reduce the chance of the presence of
impurities in the final product. The solution was prepared
with the molar ratio of citric acid to total moles of nitrates
at 1:1 where the stoichiometric amounts of cobalt nitrate
Co(NO3),-6H,0 (5g), ferric nitrate (Fe(NO3);-9H,0)
(13.88g) and citric acid (C4HgO,H,O) (10.83 g) were
used. The pH value of the prepared solution was adjust-
ed to 7 with the drop-wise addition of ammonia (ammoni-
um hydroxide 30 % (NH4OH)) and stirring. The size and
the properties of spinel ferrite nanoparticles depend to a
large extent on the pH, fuel, and the metal nitrates to fu-
el ratio (the pH of the solution needs to be in the natural
range to avoid formation of undesired amino complex or
uncompleted precipitation of the metal ions). The neutral
(pH =7) solution of stoichiometric amounts of starting ni-
trates and citric acid was placed on a hot plate. First, any
water present was evaporated, then, as a result of contin-
uous heating, the gel was formed at approximately 90 °C.
With continuous heating it began to dry until it became a
viscous gel. The self-ignition reaction then took place at
approximately 120-200 °C. Without further heating, the
product formed is a “porous product” with tree-like grey
fibres. The reaction was completed in 20—30s, giving rise
to a dark grey voluminous product (Fig. 1) with a struc-
ture similar to a branched tree (Fig. 1). Then the formed
“tree” sample was ground to obtain fine grey powders of
COF. The phases in the sample were identified with an X-
ray diffractometer (XRD), model Bruker D8, with CuK,,
radiation (A = 1.5418 A) in a wide range of Bragg’s angle
(20) from (20° — 80°) at room temperature. Instrumental
broadening was taken into consideration in the computa-
tion of the FWHM of the X-ray peaks. A high-resolution
transmission electron microscope (HR-TEM, Tecnai G20,
FEI, Netherlands) was used for the purpose of imaging the
shape, morphology and electron diffraction of the fine par-
ticles of the prepared COF. The molecular signature of the
samples was confirmed by means of FTIR (Nicolet iS10
FT-IR spectrometer) studies. The magnetization, remnant
field and the coercive field were measured by tracing M-
H hysteresis loops for the powder samples at room tem-
perature and a magnetic field up to 20 kOe, using the LD]
vibrating sample magnetometer (VSM) model 9600. The
magnetic susceptibility was measured with the modified
Faraday method at different temperatures ranging from
300 K — 700 K as a function of applied magnetic field in-
tensity of 1340, 1660, and 1990 Oe. In this method there
is a homogeneous field in the central region between two
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(flat) poles of an electromagnet. The RLC Bridge (Hioki
model 3531, Japan) was used to measure the AC electrical
resistivity as well as the dielectric constant ¢” and dielec-
tric loss factor ¢” of the investigated samples at different
temperatures from room temperature up to 800 K at var-
ious frequencies from 100 kHz to 5 MHz. The electrical
resistivity of the samples used was accurately measured on
samples in the form of discs (pellets) measuring about 1 cm
in diameter and 0.2 cm in thickness. The two surfaces of
each sample were polished well, coated with silver paste
and left to dry before the isolation between the two coated
faces and the good conduction of each face were checked.

Fig.1: Photo showing a branched voluminous COF product ob-
tained from the gel at pH =7.

III. Results and Discussion

(1) Structural characterization: X-ray diffraction
(XRD)

Fig.2 shows an XRD chart of the prepared samples,
which confirms the existence of mono spinel phase of
CoFe,04 (COF) without any extra or secondary phas-
es. All the peaks of the XRD pattern were indexed us-
ing Bragg's law. Phase identification was performed with
JCPDS card number 22-1086. The broad peaks give an
indication of the nanodimension of COF. The position of
the peaks gives information about the planes present and
its intensity indicate the most dominant peak (311) or in
other words the 100 % peak (which was used to obtain the
relative intensity of any other peaks present). In general,
all the peaks present in the pattern assure the formation of
cubic spinel ferrite structure. The average crystallite size of
COF was determined using Scherrer‘s formula (as report-
ed in 8) to be 43 nm. The internal crystal lattice parameter

«_»

a” (a=8.38) was also calculated from this equation 2:
a=dhk1~(h2+k2+12)1/2 (1)
where h, k, 1 are the Miller indices of the crystal planes

and dpy is the interplanar distance for a given plane with

Miller indices (hkl).



September 2016

500

GBI

400

300

11
(511)

200

Relative Intensity (a.u)

100

ICDD: 04-010-1893

[ I 1
0

20 30 40 50 60 70 80
20()
Fig.2: XRD pattern of Co-ferrite nanoparticles.

(2) High-resolution transmission electron microscopy
imaging (HR-TEM)

Figs.3a and b show HR-TEM two-dimensional images
of the prepared COF with a clear view of the particles
in the atomic scale and wide range of crystal size ranging
from 13.94 nm to 72.1 nm. Analysis of the selected area
diffraction (SAD) pattern confirms the presence of poly-
crystallite COF.

Fig.3: HR-TEM and SAED images of Co-ferrite nanoparticles.

(3) Fourier transform infrared (FTIR) spectroscopy

The FTIR spectroscopic technique is a very important
tool to deduce the structural features and redistribution
of cations between octahedral and tetrahedral sites 10 of
the inverse spinel structures in COF nanoparticles. On
studying the FTIR spectra of the COF, we may judge
the iron ions contents on A- and B-sites. Then, magnet-
ic properties can be evaluated non-quantitatively, because
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the distribution of metals ions on A- and B-sites deter-
mines the magnetic properties of spinel ferrite 8:11. The
FTIR spectrum (Fig.4) shows that the bands at 575.32,
591.64, 668.65 cm™! are due to the stretching vibrations of
the tetrahedral groups (Fe3+-O2-) 12, The bands around
1384cm-l, 2341 cm-! and 3735cm™! can be assigned to
N-O stretching 12. In addition, C-O bond [12], and O-H
stretching bands respectively. These bands may be due to
some powder from the sample in the wall of the beaker not
being fired enough to remove N, and CO, completely 12.
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Fig.4: FT-IR spectrum of CoFe,O4 nanoparticles.

IV. Investigation of the Magnetic Properties of the
COF Nanoparticles

The magnetic properties of the synthesized nano-dimen-
sional COF were characterized by means of magnetic
measurements; the molar magnetic susceptibility (yp) as
afunction of absolute temperature was measured at differ-
ent magnetic field intensities. From the data of yp; ! vs. T,
in the paramagnetic region, the effective magnetic moment
and the Curie-Weiss constant could be easily calculated 13.
The hysteresisloop (M-H) at room temperature enables us
to determine precisely the value of the saturation as well as
the remnant magnetizations and coercive field 4.

Fig.5a shows the relation between the molar magnet-
ic susceptibility (xp) and absolute temperature ranging
from 300-900 K as a function of the magnetic field in-
tensity H (1010, 1340, and 1660 Oe.). The results show
that the magnetic susceptibility (yy;) of the ferrimagnetic
COF increases with temperature up to the Curie temper-
ature (T ), however, COF loses its ferrimagnetic nature
and become paramagnetic when the temperature exceeds
T . This reduction in (yy) is attributed to the thermal
agitation, which disturbs the oriented dipoles in random
and different directions. Again, this reduction continues
until T is reached at which the sample has completely
changed from ferromagnetic to paramagnetic behaviour.
This behaviour is typical of small magnetic particles and
is considered to be due to blocking of individual particle
magnetic moments along their anisotropy direction at



238 Journal of Ceramic Science and Technology —M.A. Abmed et al.

T = T 15. The values for the Curie temperature were
determined from the first derivative of magnetization
(dM/dT) 16 as illustrated in Fig. 5b. The value of T that
equals 825 °C represents the strength of characteristic
A-B exchange magnetic interactions between the octa-
hedrally and tetrahedrally coordinated cations, whereas
the magnetic moments arrange themselves in an anti-par-
allel fashion 17. It is observed that the T value is larger
than that reported for bulk COF 17,18, which contributes
to the effect of nanoscale on the magnetization of COE
Furthermore, the sudden reduction in molar magnetic
susceptibility near T confirms the absence of impuri-
ties even in trace amounts, leading to the conclusion that
a single spinel phase is formed as already predicted on
the basis of the XRD analysis.
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Fig. 5 a: The relation between the molar magnetic susceptibility and
the temperature at different magnetic field intensity.
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Fig.5b: Curie temperature T from the first order derivative of
magnetization dM/dT.

The magnetic moment (ng) in Bohr magnetron (the sat-
uration magnetization per formula in Bohr magneton) at
room temperature (300 K) is obtained from the magneti-
zation data for all samples as calculated from the relation:
ng = MM,/5585 3, where M is the molecular weight and
M is the saturation magnetization of the sample.

The reciprocal of the molar magnetic susceptibility was
plotted versus absolute temperature in the paramagnetic
region (Fig. 6). The data obeys the Curie-Weiss law; yp =
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C/T - (- ©)3, where ) is the magnetic molar susceptibility,
Cis the Curie constant, T is the absolute temperature and
© is the Curie-Weiss constant. The values of ® were calcu-
lated from the extrapolations of y;! in the paramagnetic
region. The values of the effective magnetic moments are
calculated from p 5 = 2.83V C where Cis the inverse of the
slope of the straight line in the paramagnetic region, where
it was found to be 7.75.
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Fig. 6: (1/y3) vs. T(K) in the paramagnetic region.

(1) Vibrating scanning magnetometer (VSM)

Neéel’s model postulated that the ferrites are considered
to possess a collinear ferrimagnetic structure in which the
magnetization of the tetrahedral sub-lattice is anti-parallel
to that of the octahedral (B) sub-lattice 8. From magnetic
hysteresis loop, the ferrimagnetic nature of synthesized
COF is confirmed.

In Fig. 7, the typical room-temperature hysteresis loop
of the nanodimensional COF shows the magnetization
as a function of applied magnetic field to extract the mag-
netic parameters, including the saturation magnetization
(M), coercive field (H.), remanent magnetization (M,),
and squareness ratio (M,/Mj). It is clear that the M-H
loop confirms the ferromagnetic nature of nanodimen-
sional COE It is known that the magnetic parameter
appears to be sensitive to cation distribution between
the octahedral and tetrahedral sites. COF has an inverse-
spinel structure, so that CoZ* ions are exclusively octahe-
drally coordinated, while Fe3+ ions are both tetrahedral-
ly and octahedrally coordinated 1. In the COF spinel,
the Co2+ cations (3d7, 492, L =3, S = 3/2, and ] =
9/2) have high spin ligand fields and possess 7d-elec-
trons, three of which are unpaired. The obviously large
magnetocrystalline anisotropy of COF nanoparticles ev-
ident in the large coercivity arises from the strong L-S
couplings on the Co?* cation sites 17:18. A Fe3+ cation
with 3d5 electron configuration tends to have its orbital
angular momentum quenched in a weak ligand field 18.
Therefore, the contribution to the magnetic anisotropy
should come from Co2* cations. The M-H loop demon-
strates the existence of stable ferrimagnetic fractions of
COF ferrite materials at room temperature. The satu-
ration magnetization (M), remnant magnetization (M,)
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and coercivity (H,) of the investigated COF nanoparti-
cles are 65.7 emu/g, 31.2 emu/g and 1373.1 G, respec-
tively, while the value of the squareness ratio (M/Mj)
is 0.475. The value of the squareness ratio reflects that
the system consists of randomly oriented uni-axial par-
ticles with cubic magneto-crystalline anisotropy 1. It is
noted that the observed reduction of saturation magne-
tization value compared with the reported bulk value,
i.e. =93 emu/g?>, is mainly owing to the thermal ef-
fects (superparamagnetism). The change in the magnetic
structure on the surface of the nanodimensional mate-
rial is significant owing to its large surface-to-volume
ratio 19. To account for the reduction in saturation mag-
netization in nanodimensional crystallite COF, canted
spin structures on the surface layer of each crystallite
composing a particle have been assumed 19. Further, the
reduction in saturation magnetization can also be at-
tributed to the spin canting effect which arises from the
lack of the balance exchange interaction for the mag-
netic ions on the surface of the nanoparticles 20. The
relatively high coercivity of the investigated COF is a
fundamental characteristic property mainly because it is
an important parameter for the maximum energy prod-
uct (BH) max, the figure of merit for permanent mag-
nets 17. Furthermore, COF has large magnetocrystalline
anisotropy 20 and reasonable magnetization, as potential
predominant magnetic and electrical resistive materials
that can be used in spintronic devices, high-density mag-
netic recording media, and high- performance electro-
magnetic as well as in catalytic applications 21. The high
coercivity essentially originates from the anisotropy of
the cobalt ions at the octahedral (B) site owing to its
important spin-orbit coupling 22.
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Fig.7: Room temperature hysteresis loop of Co-ferrite nanoparti-
cles; the inset shows the magnetic parameters.

V. Dielectric Measurements of COF Nanoparticles

Ferrites are generally very good dielectric materials in
low-frequency ranges, the dielectric behaviour of ferrites
depending on factors such as method of preparation,
chemical composition, chemical substitution, doping ele-
ment, sintering temperature and grain structure or size 5.
Accordingly, COF has electrical properties that main-
ly depend on a number of parameters such as cation
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distribution, non-magnetic and magnetic substitution,
amount of ferrous ions present, sintering conditions,
grain size and grain growth effects 7. From Fig. 8a, it can
be observed that the dielectric constant decreases rapidly
with an increase in the frequency and remains constant
at higher frequencies, which is considered normal be-
haviour for a ferrite material and can be explained on the
basis of the Maxwell theory 2! (the heterogeneous/inter-
facial polarization theory), which explains the ferrite ma-
terials as a solid material composed of well-conducting
grains separated by insulating grain boundaries. At low
frequency ranges, the conducting grains become active,
promoting the hopping of electrons 22 (responsible for
conduction in the ferrites). However, when the frequen-
cy increases beyond a certain value, the electron hopping
cannot follow the frequency of the applied external field
and polarization stagnates 22.
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Fig. 8 a: Dielectric constant vs. Log Frequency at different temper-
atures.

Fig. 8b shows the relation between the dielectric constant
and the absolute temperature (K). The dielectric constant
remains low and constant for temperatures lower than
530 K, while increasing beyond this temperature to a max-
imum at 545 K at 0.8 MHz. This can be explained with the
gradual rise in temperature, which thermally activates the
hopping of charge carriers. Hence the dielectric polariza-
tion increases, thereby causing an increase in the dielectric
constant 23.
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Fig. 8 b : Dielectric constant vs temperature at different frequencies.

A high value of ¢’ is observed at lower frequencies, which
falls rapidly with increasing frequency. This behaviour is
typical of ferrites and a similar behaviour has been ob-
served by several authors22-24, The trend can be ex-
plained on the basis that at lower frequencies, four dif-
ferent types of polarization contributions i.e. electronic,
ionic, dipolar and space charge, play a part in the dielec-
tric constant (¢'), but at higher frequencies some of the
polarization contributions relax out, resulting in lowering
of the dielectric constant (¢”) 24. The decrease in dielectric
constant (¢) with increasing frequency is also explained
on the basis of the fact that the frequency of electron hop-
ping between the Fe2+ and Fe3* ions at octahedral sites
is higher than the applied ac field and can thus interact
with the applied field easily, resulting in a higher value
for the dielectric constant at lower frequencies. Contrary
to this, at higher frequency the hopping electron cannot
follow the frequency of the applied electric field, result-
ing in lowering of the dielectric constant. Consequently,
the electron exchange between Fe2+ and Fe3* is disturbed
at high frequencies, which explains the slower decrease
in the dielectric constant (¢") at high frequency. Another
possible explanation for the decrease in dielectric constant
(¢) with the frequency is given by Koops’ model25. Ac-
cording to this model, the ferrite consists of two layers,
the grains (a more conducting layer) and the grain bound-
aries (a poor conducting layer). In nanosized ferrites, the
number of grain boundaries increases which contributes
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to the dielectric constant at lower frequencies while the
grains have low dielectric constants and are effective at
high frequencies. The variation in the dielectric constant
as a function of the frequency reveals dispersion due to
Maxwell-Wagner-type interfacial polarization, which is
in good agreement with Koops’ phenomenological theo-
ry 23. According to this model, the COF ferrite structure
is supposed to be composed of the fairly-well-conduct-
ing grains, separated by an ultra-thin insulating layer of
grain boundaries. These grain boundaries could be formed
either in each phase separately, owing to the superficial re-
duction or oxidation of crystallites in the porous materials
asaresultof their direct contact with the firing atmosphere
during the sintering process.

VI. Conclusions

From the experimental results obtained, we can conclude
the following:

Preparation of COF nanoparticulates with the citrate-ni-
trate auto-combustion method at relatively low tempera-
ture without further sintering was successful. The forma-
tion of single phase was confirmed with the XRD tech-
nique by determining the average crystal size of 43 nm.
The chemical structure and the bonds formed were stud-
ied with FTIR, which confirmed the chemical structure
of spinel ferrite of COF. High resolution for the formed
semi-spherical cobalt ferrite was assured using HR-TEM
imaging. The electrical and magnetic properties of COF
were studied and the Curie temperature was determined
at 513 K. Finally, the high values of coercivity and dielec-
tric constant of the prepared nanodimensional COF is the
figure of merit for permanent magnets. The novelty of this
work is how to control the synthesis procedure to obtain
nano-COF material at a certain size such that the high
magnetic and dielectric parameters that characterize the
bulk COF are still preserved in this nanomaterial with the
advantage of a large surface-to-volume ratio to enhance its
efficiency in different applications, since COF is still very
important material particularly on nanoscale for modern
technological and medical applications.
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