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ABSTRACT

Spinel ferrites have a significant impact due to its physical and chemical properties. The sol-
gel route has been employed in the present work, for achieving single phase nano-crystalline
cobalt ferrites. All these samples were annealed with different temperatures from 600 °C to
900 °C in a muffle furnace. The FCC spinel structure of nanoparticles has been confirmed by
powder x-ray diffraction (XRD) studies that demonstrate formation of crystalline size at
various temperatures from 11-15 nm. The Raman spectroscopy revealed the characteristic
absorption bands in 100 cm- to 700 cm™! range where the graphs show five absorption bands
and they confirmed the characteristic feature of spinel structure. With the help of Maxwell
Wagner model, dielectric characterization has been carried out within a frequency range
from 20 Hz to 20 MHz where dielectric parameters are found decreased with increasing the
applied frequency. The alternating current conductivity phenomena increases with higher
frequency ranges and show plane behavior in lower frequency ranges. The impedance
mechanism, real and imaginary parts show decreasing trend on account of grain boundary
activity. Interfacial polarization understood with the help of peaks obtained from the
imaginary modulus pattern. These cobalt ferrite nanoparticles (CoFe;04 NPs) are suitable
to use in microwave devices, high frequency equipment, semiconductor devices and high
storage media applications revealed by the dielectric studies.
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1. INTRODUCTION

The ferrites have polycrystalline structure and exhibit excellent physical properties due to high
permeability, high resistivity, low power losses and suitable chemical stability [1, 2]. Therefore, these
materials have potential applications in industries for fabrication of transformer cores, drug delivery
devices, cancer treatment equipment, microwave devices, magnetic resonance imaging (MRI) and
E. M. wave absorbers [3-7]. These significant characteristics of spinel’s are obtained by their chemical
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composition, annealing temperature, fabrication route, nature of dopant and site occupancy of
dopant [8]. During the last decades, researchers are showing potential interest in exhibiting the
materials to enhance the physical properties at nano level which is completely different when
compared with bulk materials. These composites such as barium titanate/cobalt ferrite, the
combination of spinel ferrites with ceramic materials attract the most researchers and scientists for
multifunctional applications in present days [9, 10]. Nowadays, advanced research in the field of
ceramic materials has changed the digital world and plays a vital role for new inventions in each year
which have brought about a revolution [11]. However, in order to understand the concept about the
properties of these nanoscale materials like capacitance of a dielectric material, the first important
point is to know about the nature of dielectric [12]. Under the applied electric field, materials exhibit
polarization behavior due to the dipoles aligned in applied field direction, where it has been revealed
that the applied frequency is a major factor for significant changes in the material dielectric constant
[13]. The study of dielectric loss because of DC resistivity is playing a vital role for ceramic materials,
the ionic transition between the lower energy states to the higher energy states take place mainly at
high frequency ranges or dielectric loss phenomena may be on account of the dipole rotation [14].
In molecular dielectric, the maximum value of polarization is dependent on the time taken for
alignments of adjacent molecules along with external applied frequency. This mechanism is termed
as dielectric relaxation, which is an essential characteristic of relaxer ceramic materials [15].
Nowadays, the significant insulating properties of dielectric materials put them for consideration of
various applications in different fields and these properties are actually depending on the insulating
parameters such as high electrical resistivity and low dielectric loss.

Ferrites are oxides materials possessed with two crystallographic sites, tetrahedral site and
octahedral site denoted by “A” and “B” respectively [16]. The cobalt ferrite exhibits spinel structure,
where Fe3+ ions are evenly spaced at both A and B sites and Co?* ions engage A sites of lattice.
Nevertheless, the behavior of nano sized cobalt ferrites depends upon occupancy and number of Co2+
and Fe3* ions present at lattice sites and fabrication route [17-20]. Recently, researchers are
interested in developing nano sized ferrite through a simple, cost effective and environment friendly
route known as sol-gel self-combustion route [21]. Cobalt ferrite nanoparticles have been prepared
by Honey mediated, the structural variations and grain size influence on different physical properties
like magnetic, electric, relaxation, dielectric and impedance [9]. It has been investigated that the
particle size is depending upon sintered temperature [22]. Further, the drastic changes in the
dielectric and magnetic properties in ferrites are influenced by fabrication technique and particle
size [23, 24]. The saturation magnetization, retentivity and coercivity were affected by particle size
whereas dielectric properties are decreased by annealing temperature. Furthermore, the cobalt
ferrites exhibit supercapacitor capability at low scan rate [25]. The dielectric properties are
decreased whereas AC conductivity is increased with frequency. Velhal et al. prepared the nickel-
cobalt nanoferrite and they observed a dispersion trend of the dielectric constant with effect of
applied field. They also determined high resistance due to the semi-circle nature of the impedance
spectrum [26].

In the present work, sol-gel auto combustion method has been employed for synthesis of cobalt
ferrite nanoparticles. The structural and morphological properties are observed by a diffractometer
(XRD). Electrical, dielectric and other properties were investigated by different characterization
techniques such as Scanning Electron Microscope (SEM), Impedance Analyzer and Raman
spectroscopy. Furthermore, the effects of grains and grain boundaries on the electric and dielectric
properties were carried out through modulus and impedance spectroscopy.
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2. EXPERIMENTAL PROCEDURE

Cobalt ferrite nanoparticles which are temperature dependent were fabricated by using sol-gel auto
combustion process [27]. In the present work, the mixture is consists of citric acid, iron nitrate and
cobalt nitrate compounds [28]. The mixture was then introduced in distilled water to prepare
solution by considering a stoichiometric ratio of cobalt nitrate, iron nitrate and citric acid. After that,
the beaker was placed on the hotplate to provide continuous stirring for 30 minutes in order to obtain
a homogeneous and clear solution. Later, citric acid was mixed in aqueous solution and heated at
150 °C with stirring for 2 hours on a hot plate and as a product, dry powder was obtained. The powder
was grinded smoothly and finally converted into homogenous and fluffy powder. By using a hydraulic
press, this nano-powder was pelletized and further annealed at different temperatures (600 °C to
900 °C) about three hours for purification and form the required cobalt ferrite nanoparticles.

3. CHARACTERIZATION TECHNIQUES

Various characterizations, for noticing structural parameters, morphological, electrical and other
characteristics, were done with different investigation tools. The X-Ray Diffractometer,
manufactured by PANalytical X'Pert Pro software has been used to identify the phase orientation of
prepared ferrite samples with incident Cu-Ka source radiation having A of 0.154156 nm. The
morphological study was noticed with the assistance of FEI NOVA 450 NanoSEM. The electrical
characteristics of ferrites were noticed with the assistance of 6520P Wayne Kerr LCR meter. For this
purpose, temperature dependent ferrites were pelletized having diameter 3.75 mm and thicknesses
of 3.5 mm. Frequency dependent dielectric measurements were carried out, the data has been
measured at a wide frequency span from 20 Hz-20 MHz. The current of 5 mA is applied to the
prepared pellets.

4. RESULTS AND DISCUSSION
4.1 Structural Analysis

The structural analysis of the present samples has been confirmed by XRD technique. The source
radiations are incident on samples; the retained data was calculated, depicted XRD curves and finally
indexed. The presence of hkl planes were observed such that (111), (220), (311), (222), (400), (422),
(511), (440), (622) as depicted in Figure 1. The indexing of XRD graph figures verified that the
structure of prepared nanoparticles is spinel structure and all observed peaks at corresponding
angle matched with standard JCPDS# 22-1086 [29]. All mentioned diffraction patterns confirm that
prepared samples have cubic spinel structure. With the help of Scherrer formula, the size of
crystallite has been calculated, however, it has been observed maximum 26.09 nm, at annealing
temperature 900 °C and minimum 23.79 nm at 600 °C. Increasing in size of nanoparticles leads to a
low signal to noise ratio due to decreasing magnetic properties of such materials.

_ 0.891
"kl ™ Bcos®

Here, d is particle size, 0.89 is the value of constant K known as shape factor, A is the wavelength of
X-rays and @ is diffraction angle. The lattice constant (a) was determined by the following equation:

a= dhklv hZ + kZ + lZ (2)

where (hkl) represents the Miller indices. The other parameters dislocation (§) density and stacking
fault (SF) is determined by:

€y
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1
0= Dz 3
2m? 4
SF=—r C)
45+/3tanf
and the lattice strain and microstrain were determined as in the following relations:
B
€lattice = 4tan® (5)
BcosH
€micro = T4 (6)

In the above equations, €,ttice and €picro iS the lattice strain and microstrain respectively, 8 is full
width half maxima and 6 is diffraction angle. The summary of the above parameters [30, 31] is shown
in Table 1.
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Figure 1. The XRD patterns at various temperatures (a) 600 °C (b) 700 °C (c) 800 °C and (d) 900 °C of
prepared cobalt ferrite nanoparticles

The crystallite size and microstrain of the prepared cobalt samples were understood through
Williamson Hall Method [32]. The diffracted beams were observed sharper by increasing annealing
temperature that confirms the stable crystal structure. The calculated data depicts that the lattice
constant slightly increased by increasing annealed temperature whereas size of crystallite have
inverse effect excluding at 900 °C where the crystallite size has found maximum 26.09603 nm. The
increasing effect in lattice constant is as account on increased in annealing temperature, which
follows the Vegdar’s Law [33]. This effect is appeared to reordering of cations arrangement in the
ferrites and under the applied annealing temperatures all other parameters, as mentioned in the
Table 1, confirmed that the prepared material has stable cubic spinel structure. All these structural
parameters have changed nearly the same order with increasing in annealing temperature from 600
- 800 °C and varied at 900 °C.

Table 1. Temperature dependent structural parameters of cobalt ferrite nanoparticles

Annealing Lattice Crystallite Dislocation Lattice Micro strain Stacking
temperature constant size density strain x10-3 fault
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(°C) a=b=c (nm) x 1015 x 1073 (lines2/m#)

(A) (lines/m?)
600 8.36448 25.86463 0.001495 4.632 1.414 0.44737
700 8.370652 24.7024 0.001639 4.853 1.481 0.44755
800 8.371948 23.7952 0.001766 5.039 1.537 0.44759
900 8.372141 26.09503 0.001469 4.595 1.402 0.44760

4.2 Morphological Studies

Scanning electron microscope (SEM) has been employed to investigate the surface morphology of
cobalt ferrite nanoparticles fabricated through sol-gel self-combustion route at different annealing
temperatures (600 °C to 900 °C). Figure 2 shows that temperature dependent grain size and their
distribution. Furthermore, It is clear that grain are agglomerated and tightly connect with each other
due to its magnetic nature of cobalt ferrite nanoparticles.
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Figure 2. Images (a-d) obtained from SEM micrographs of the cobalt ferrite nanoparticles

The different rectangular shapes and irregular morphology observed in these microstructures. This
behavior may occur due to diffusivity methods. Cobalt ferrites depict spherical agglomerate structure
atannealing temperature of 600 °C, due to exaggerated particle growth. Generally, ferrites show such
spherical agglomerate phenomenon and has already been reported in different authors. As the grains
are composed of several particles, , this divergence appears in the images, due to internal stress or
the defects produced in nanostructure.
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4.3 Dielectric Analysis

Temperature dependent dielectric parameters of cobalt ferrite nanoparticles were observed through
the 6520P Wayne Kerr LCR meter. The thickness of pellets was 1.25 mm and having diameter of 7.5
mm. Frequency dependent dielectric measurements were carried out, between applied frequency
ranges from 20 Hz to 20 MHz with current 5 mA. Following specifications has been determined from
the analysis of obtained data.

4.3.1 Dielectric (Real and Imaginary) Constants

In the dielectric constants, the appearance of a high dispersion phenomena at low frequency ranges
are due to the electronic exchange between metallic ions with different oxidation states, i.e., Fe3+ and
Fez+ It is explained in Koop’s theory [34], that preimages to nano samples have an inhomogeneous
structure of two layers of Maxwell Wagner Model [35]. In Figure 3, itis clearly seen that the real part
of dielectric constant of all samples show high dispersion at lower frequency ranges, decrease
gradually and finally saturated at high frequency range. As increasing in annealing temperature, the
real part of dielectric constant is also increased till 800 °C due to contribution of grain boundaries
but at 900°C, value of dielectric constant is minimized owing to grain contribution, i.e., conduction
mechanism. The grain boundaries offer resistance whereas grain offers conduction.
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Figure 3. Real part of dielectric constant versus frequency for cobalt ferrite nanoparticles, annealed at
various temperatures from 600 °C to 900°C

The presence of polarization behavior in spinel is analogous to the conduction mechanism associated
with electron hopping phenomenon in the cobalt ferrites. Thus, grain boundaries play a vital role to
provide resistance and thereby, polarization behavior is dominant at lower frequency ranges. But at
higher frequencies, reduction trend is observed in polarization behavior by reason of the electron
which is not associated with applied electric field frequency. Figure 4 displays that the complex
dielectric constant has larger magnitude at lower annealing temperature values and reduction at
higher temperature. At 900 °C, irregular changes are observed which associated with
inhomogeneous morphological features of nanoparticles.
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Figure 4. Complex dielectric constant patterns of cobalt ferrite nanoparticles at various temperatures from
600 °C to 900 °C with frequency dependency

The frequency dependent dielectric constants €' and €'’ at frequencies of 10 kHz, 50 kHz and 20 MHz
are depicted in Table 2. It has been noticed that the value of real part is varied from 262 to 298 at 10
kHz; 239 to 356 at 50 kHz and 252 to 609 at 20 MHz whereas the value of imaginary is varied from
14 to 29 at 10 kHz; 9 to 16 at 50 kHz and 49 to 58 at 20 MHz. These parameters are varied due to
cations distribution at tetrahedral and octahedral sites, microstructure variations and grain size of
crystallite [15].

4.3.2 Dielectric Tangent Loss (tané)

The dielectric loss in polycrystalline ferrites is due to contribution of grain boundaries, impurities
and imperfections in the spinel structure. In nano structures, these inhomogeneities induce an
absorption current on account of space charge which is correlated with dielectric loss. Another
reason may be due to the presence of gaseous absorption like oxygen and hydrogen by surface layer
bonds which are highly reactive and cause an increase in dielectric loss. The maximum peak observed
in the tangent loss indicates that the hopping frequency of charge carriers and applied frequency are
resonated [30]. In the spinel, conduction process occurs due to n type as well as p type charge
carriers. The occurrence of n type charge flow is due to electronic hopping between divalent and
trivalent Fe ions whereas occurrence of p type charge flow because of the hopping of charges amid
Co?* and Co3* ions. The Debye relaxation mechanism appears when the hopping charge carrier’s
frequency is resonated to the applied frequency.

The values of dielectric loss are tabulated in Table 2 in the span of 10 KHz, 50 kHz and 20 MHz. In
this work, variations in estimated value of tangent loss are 0.054 to 0.098 at 10 kHz, 0.040 to 0.066
at 50 kHz and 0.085 to 0.095 at 20 MHz. Therefore, prepared cobalt ferrites are extensively used in
microwave application due to low tangent losses.
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Figure 5. Patterns at different temperatures from 600 °C to 900 °C of frequency dependent dielectric loss for
cobalt ferrite nanoparticles

Table 2. Different properties investigated from dielectric analysis of cobalt ferrite nanoparticle samples
annealed at various temperature ranges from 600 °C to 900°C

Parameters 600 °C 700 °C 800 °C 900 °C

10kHz 50kHz 20MHz 10kHz 50kHz 20MHz 10kHz 50kHz 20MHz 10kHz 50kHz 20MHz

€ 291.7 255.8 552.6 281.6 241.2 5524 2981 2495 609.1 2624 239.1 5883

(€M) 2092 1499 4884 24.00 15.25 47.58 2940 1649 5842 14.24 9.58 50.08

Tan(3) 0.071 0.058 0.088 0.085 0.063 0.086 0.098 0.066 0.095 0.054 0.040 0.085

(M) (x103) 341 389 1.795 352 412 1.797 332 399 162 380 417 1.68

M) (x103) 511 342 775 721 398 736 9.63 434 911 293 160 7.19

(Z) (k) 326 656 0.0113 401 7.50 0.0110 43.7 7.58 0.0111 27.5 481 0.010

(Z") (kQ) 455 112 0.128 470 119 0.128 443 115 0.116 507 112 0.120
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Figure 6. Patterns of real part of impedance versus applied frequency for cobalt ferrite nanoparticles

The frequency-dependent real part of impedance of prepared samples shows the variation with the
increase in annealing temperature as it is enhanced at lower temperature values and can be seen in
Figure 6. It means the releasing of a small number of space charges associated with annealing
temperature variations. The hopping of electrons is related to the applied frequency which increases
the conduction mechanism. Furthermore, Figure 6 depicts the real impedance loss (Z") with spectrum
loss that occurs with higher applied frequencies of AC electric field. This kind of trend in graphs
indicates the enhancement of conduction behavior in the product. The complex impedance loss of
cobalt ferrite annealed at various temperatures is plotted in Figure 7, where annealing temperature
of higher value shows more complex impedance loss than lower values on applied frequency.
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Figure 7. Patterns at various temperatures from 600 °C to 900 °C of frequency dependent complex
impedance for cobalt ferrite nanoparticles

46



International Journal of Nanoelectronics and Materials
Volume 15, No. 1, January 2022 [37-52]

4.3.3  Electric Modulus Properties

The conductive behavior of grains and grain boundaries in ionic conductors and polycrystalline
ceramics can be understood with the help of time relaxation phenomena. The variation in frequency
dependent time relaxation characteristics, the contribution of conductive grains and low conductive
grain boundaries variation, introducing of the hopping phenomenon amid Fe2+ and Fe3* charges.
Hence, it is significant to know conduction behavior is associated with grains or grain boundaries.
For this, the frequency dependent relative modulus (M') and complex modulus (M'") spectroscopy
plots are predominantly significant techniques to analyze relaxation phenomenon and contribution
of grains and grain boundaries in transporting characteristics of charge carriers. Due to shorter
mobility of charges in conduction mechanism that the patterns of real modulus (M') are disbursed at
lower frequencies side and saturated at higher frequencies side as depicted in Figure 8. It is also
noticed that M' shifts towards lower frequency by increasing sintering temperature. This happens
because of the absence of restoring force that suggests the less influence of electrode polarization in
the product [36].

The variation in the spectral peaks of complex modulus (M") with applied frequency of AC electric
field depicts in the Figure 9, where it is noticed that asymmetric peak broadening at particular
frequency reveals conductivity in the product which reinforces non-Debye type conduction
mechanism [37]. It is observed in frequency dependent complex modulus (M") that the asymmetric
peaks are enhanced at lower centering temperature ranges, that is due to reduction in contribution
of grain size and increment in contribution of grain boundaries this phenomenon correlate with the
number of dipoles in the grain boundaries in the product. Therefore, relaxation peak position shifts
toward lower frequencies with increased centering temperature due to growth in interplay dipoles
moment inside the grain boundaries that reduces dipole relaxation characteristics with lower
relaxation frequency.
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Figure 8. Patterns at various temperatures from 600 °C to 900 °C of frequency dependent real part of electric
modulus for cobalt ferrite nanoparticles
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Figure 9. Patterns at various temperatures from 600 °C to 900 °C of frequency dependent imaginary part of
electric modulus for cobalt ferrite nanoparticles

4.4 Raman Spectroscopy

The Raman spectroscopy is a distinguished characterization technique that provides assistance for
atomic structure examination of ferrites [38]. The Raman spectra of cobalt ferrite nanoparticles are
depicted in Figure 10. The less energetic photons and phonons distribution are 5Ty, + A;4 + E; +
3T,4was noticed with assistance of Group theory analysis, where, 5T;,, modes pretend to infra-red
active modes while all other 4,4 + E; + 3T, 4 modes pretend to be Raman active modes that depict
due to Oxygen ions of lattice sites ions in the ferrites [39]. In addition, A, ; mode depicts because of
symmetric Oxygen anion (O*) stretching, E; mode is achieved due to symmetric O+ reduction
whereas T,, mode is produced because of asymmetric expansion of O*ion lieu of A sites and B sites
[35]. Figure 10 is evident that Raman active modes, in cobalt ferrites, are imposed at
~198,~297,~461,~558,~604 and ~680 cm-1. The Raman active mode at ~680 cm-! looks like a
shoulder at minimum wavenumber side. These active modes are present due to stretching vibration
of F — 0 and M — O at tetrahedral sites that replicates A;4(1) and A;4(2) modes while stretching
vibration of spinel structure replicates T,, and E; modes; appeared at ~198,~297 and~461 cm. In
Figure 10, it is also noticed that Raman shift is observed by increasing annealing temperature. This
phenomenon appears due to increasing size of particles and cation’s redistribution in cobalt ferrites
[40]. It is observed by comparison of relative intensities of A;4(1) with A, 4(2) modes. Similar effect
is also found with higher annealing temperature values.
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Figure 10. Raman spectroscopy of cobalt ferrite nanoparticles at various temperatures from 600 °C to
900 °C

5. CONCLUSION

Pure phase of cobalt ferrite nanoparticles with annealing temperature 600 °C, 700 °C, 800 °C and 900
°C have been achieved through sol gel self-combustion route. The impact of varied annealing
temperature on the structural, morphological and electrical properties of cobalt ferrites were
investigated through XRD, SEM and dielectric measurements. It is noticed through XRD that particle
size is reduced with increasing annealing temperature and particle size ranges 23 nm to 26 nm has
been found. The lattices constant has matched with standard value of cobalt ferrites. SEM images
revealed irregular morphological properties due to thermal activation of cations super-exchange.
LCR meter helps to study dielectric as well as electric parameters; it was observed that dielectric
constant is decreased at high annealing temperature due to conduction of grains. The study of
temperature and frequency dependent parameters of samples such as dielectric constant, tangent
loss, impedance analysis and modulus, were observed and convinced that all these parameters were
dips in by increasing frequency and shoots up by increasing annealing temperature. Therefore,
prepared ceramic powder is suitable to be used in microwave applications.
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