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ABSTRACT

The structural parameters of nickel-substituted cobalt ferrite nano-particles NixCo1-xFe204(x=0, 0.2, and 1.0)
synthesized using sol-gel method are studied. X-ray diffraction technique confirms the formation of nano-sized
particles of cubic spinel structure. Lattice parameters, density, crystallite size and hopping lengths are determined
while FT-IR transmission spectra and scanning electron microscope images are studied. The magnetic properties
were confirmed by the use of electron spin resonance spectroscopy and peak-to-peak line width, resonant
magnetic field and the g-factor are also measured. The observed g-value from ESR agrees with the standard
value. FT-IR transmission spectra for samples confirm the spinel structure arising from tetrahedral and
octahedral interstitial sites in the crystal of ferrites. A cationic exchange between the lattices is revealed.

Keyword: - Nickel Cobalt ferrite nanoparticles, spinel, IR spectroscopy, Scanning Electron Microscope,
Electron spin resonance.

1. INTRODUCTION

Magnetic nano-particles of spinel ferrites are of great interest for addressing the fundamental relationship
between magnetic properties and their crystal chemistry and structure. Among various types of NPs, spinel ferrites
with a general formula of (MFe204, M = Co2+, Ni2+, Fe2+, Zn2+, Cu2+ etc) nanocrystals raised as a novel group
of nanomaterials in chemical, electrical, structural, mechanical Magnetic properties[1-2] Their physical properties
such as high magnetic permeability and high electrical resistance make them useful for applications in magnetic
storage devices, microwave and electronic devices, etc.[3]. Applications of ferrites are seen in diverse fields such as
drug delivery in biomedical field [4-5], catalysts [6], magneto-optical devices [7], semiconducting gas sensor[8].
Nanoparticles as adsorbents for heavy metal ions are an emerging area of research, too [9]. Their insolubility in
water and high surface area can make them potential adsorbents for the removal of contaminants from polluted
water [10] They also have superparamagnetic properties and high surface to volume ratio[10].
In recent years, a number of chemical and physical methods have been attempted to produce nanosize ferrites. Some
of the different ways of preparing the nanoparticles are co-precipitation method [11] combustion process[12]
hydrothermal synthesis [13] microemulsion method [14], ball milling[15],and sol-gel method[16]. Most of these
methods have achieved particles of the required size and shape, but they are impractical for large-scale applications
because of they require expensive and complicated procedures, high reaction temperatures, long reaction times, and
toxic reagents. They also produce toxic by-products that may harm the environment [17]
In the present study Nickel-substituted Cobalt ferrites are prepared through sol-gel method and a comparison is
made by studying the structural properties of nanoparticles. The obtained nanoparticles are characterized using X-
ray diffraction(XRD), Scanning electron microscopy (SEM), FT-IR transmission spectra and Electron spin
resonance (ESR) at room temperature.
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2. EXPERIMENTAL

2.1 Synthesis

Nickel-substituted cobalt FerriteNixCo1xFe204 (x=0, 0.2, and 1.0) have been synthesized by sol-gel method. All the
reagents used for the synthesis of Nickel-substituted cobalt ferrite nano-particles were of analytical grade (99.9%
purity). Stoichiometric amounts of ferric nitrate Fe(NO3)3.9H,0), cobalt nitrate Co(Nos)3.6H20 and nickel nitrate
Ni(N03)2.6H,0O dissolved in distilled water. Around 5 ml of nitric acid is added to form the homogeneous solution
and to maintain the pH between 2 and 3. Solution is heated on hot plate for half an hour then citric acid is added to
solution. After getting sol on slow evaporation, a gelating reagent ethylene glycol was added and heated around 100
OC to get a gel. The gel on further heating in oven at 200 °C around 12 hours yields a dry fluffy porous mass, which
was calcined at 700 °C for 3 hours. These Nickel-substituted Cobalt ferrite powder samples are designated as
S1(CoFez0.),S2(Nixo.2C00.8Fe204),S3 (NiFe,04 )(x=0,0.2,1.0) respectively.

2.2 Measurements

The structural characterization is performed by X-ray diffractometer (XRD) using Bruker D8 advance (operated at
40 kV and 40 mA). The measurements are taken at RT with Cu as anode material and the Ko radiation of
wavelength 1.5406A as the incident/diffracting wave. Scanning Electron Microscope (SEM, JEOL —JSM-6380, LA
with EDX) was used in order to investigate the nanostructure, morphology and elemental composition of the sample.
All samples were recorded in 4000-400 cm™ region at ambient temperature using FT-IR transmission spectra
(Bruker, Germany, 3000 Hyperion Microscope) Spectrometer. Magnetic resonance (ESR) spectrometer ((JEOL,
Japan, JES-FA200 Spectrometer) at a frequency of about 9.65 GHz were carried out on finely powder samples at
room temperature.

3. RESULTS AND DISCUSSION

3.1 Structural characterization

Fig.1 shows the X-ray diffractometer (XRD) patterns of Nickel-substituted cobalt Ferrite of S1, S2, S3
(x=0, 0.2, and 1.0) samples. Spinel structure of annealed powders of the Nickel-substituted cobalt ferrite samples
confirmed by the XRD patterns from JCPDS No. 22-1086 for CoFe;04 and JCPDS No0.74-2081 for NiFe;O4 for
CoFe204 have been presented in Fig.1 Eight obvious diffraction peaks corresponding to (220), (311), (222), (400),
(422), (511),(440) and (533) planes shows the peak positions.
The average crystallite size is calculated from the most intense peak (311) using the Scherrer’s formula [18]

= @
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where, D is the average crystalline size, k the Scherrer constant, A the X-ray wavelength used,  the angular
linewidth of half maximum intensity and 6 is the Bragg’s angle in degrees unit. The results are shown in Table 1.
The lattice parameter “a” of individual compositions was calculated by using the formula:
a=dvht +k*+1° 2
where (h, k, 1) are the Miller indices. It has been found that the lattice parameter value decreases from
8.5495A for cobalt ferrite to 8.4869A for nickel ferrite with increasing substitution of Ni for Co. The decrease in
lattice parameter with the increase in Ni?* ion concentration is due to replacement of large ionic radii Co?*ions
(0.78A) by smaller ionic radii Ni%* ions (0.63 A) in the host lattice of cobalt ferrite [19]
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Fig -1: X-ray diffraction patterns of S1, S2, S3 (x=0, 0.2, and 1.0) samples
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The X-ray density (the theoretical density) p was calculated using the relation
BN
p= @)

where M is the molar mass of the ferrite, ‘a’ is the lattice parameter, and Na is Avogadro's number [20] From XRD
patterns and Scherrer's formula, mean crystallite sizes of the samples are found to be around 25-35 nm by sol-gel
method. It is found that X-ray density increases from 4986 Kg/m? for cobalt ferrite to 5093 Kg/m? for nickel ferrite
with increase in Nickel concentration ferrite as expected due to the smaller radius of nickel atom in comparison to
the cobalt atom. Variation in lattice parameter, interplanar spacing(d) crystallite size (D ),and density(p)
with respect to increase in Ni concentration are calculated and tabulated in[Table 1] The distances between
the centers of adjacent ions (hoping length) in the tetrahedral A-sites ( La) and octahedral B-sites (Lg) is given by
the following relations [21]

Ny a3

Ly=()a

Ls = (a

(4)
Q)

where a is the lattice constant.

Table 1. XRD analysis of S1,S2, S3 (x=0, 0.2,1.0)

Interplanar Lattice . . A A
! Crystallite | Density (p) | La(A) Le (A)

Samples spam’gg (d) | parameter(a) size (D)A Kg/m?
3.7020 3.0227

S1 2.5778 8.5495 2.5355 4986
3.6798 3.0045

S2 2.5623 8.4981 2.8166 5076
s3 2.5558 8.4869 3.3617 5093 | 36749 | 30005

3.2 SEM ANALYSIS
Fig. 2 shows SEM images of the Nickel-substituted cobalt FerriteS1, S2, S3(x=0, 0.2, and 1.0) samples. The
morphology and the size distribution of the nanoparticles are determined using SEM. In the SEM images it is
observed that irregular shapes and different sizes, and the agglomeration of the grains. SEM micrograph depicts that
the samples contain micrometrical aggregation of tiny particles. It can be seen that with the substitution of transition
metals in ferrite phase, the agglomeration increases the existence of high dense agglomeration indicates that pore
free crystallites are presen

Fig.2 SEM micrographs of S1,S2,S3samples (a) x=0,(b) x=0.2, (c) x=1

3.3 ESR-ELECTRON SPIN RESONANCE

The ESR of ferrites is important for investigating the magnetic properties of magnetic materials at high
frequency because the resonance originates from the interaction between spin and electromagnetic waves[23].
Electron spin resonance is a technique of observing resonance absorption of microwave power by unpaired electron
spins aligned with magnetic field. When the electrons are subjected to an external field H (it is customary to place
the field along the z axis), the energy levels of the generate spin states split depending on their quantum magnetic

moment ms = +1/2 and the strength of the magnetic field. The g-value is one of the most important concepts in ESR
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studies[24]. All spectra exhibited broad signals, peak-to-peak line width (AHpp), resonant magnetic field (Hr), and
g-factor are three parameters that characterize the magnetic properties. Usually peaks in ESR (which have an
alternating current shape) are described using g-values, which are a measure of the magnetic fields at which they
occur. The room temperature electron spin resonance spectrum of samples nanocrystalline ferrites are shown in
Fig3.

The values of various parameters such as peak to peak line width (AHpp), resonance field (Hr) g-value, relaxation
time(t2), are calculated and tabulated in Table 2

Intensity a.u.

) »o &0 o

Magnetic field (mT)

Fig. 3 ESR spectra of S1,52,S3 (x=0, 0.2,1.0) samples.

It is obvious from Table 2 that the values of AHpp decreased from 621 to 117 mT and the values of g-factor
increased from 1.52 to 2.65 by increasing Ni content because the g-factor is inversely proportional to the resonance
field, according to Equation (1). It is reported that ferrite samples exhibit a low resonance field due to crystalline
anisotropy [25]

The value of the Landé g-factor can be calculated by using the following Equation:

6
5 B (6)
where,h is Planck’s constant, V' is a microwave frequency, Lig is the Bohr magnetron, and By is an applied magnetic

field, g-factor value for free electrons is g = 2.0023.

The relaxation time is correlated with the line width of ESR. The spin—spin relaxation process is the energy
difference(AE) transferred to neighbouring electrons and the relaxation time(t2) can be determined from the peak to
peak line width according to the relation given below. The spin—spin relaxation time(which arises from the influence
of one magnetic ion on another)limits the broadening of line width. [26]
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Table 2. Peak to peak line width(AHpp), g-value, resonance field (Hr), relaxation time(t2) of S1,S2,S3 (x=0,
0.2,1.0) samples

1]

g factor =

Samples AHpp(mT) Hr(mT) g-factor Relaxation timeT;

Co Fex04 621 445.7 1.52 2.41137x101!
Coo.8Nig.2Fe204 567.4 432.25 1.56 2.57129 x10°'1

Ni Fe204 117 254.1 2.65 7.3223x10!
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3.4 FTIR FOURIER TRANSFORMS INFRARED SPECTROSCOPY (FTIR) STUDIES

IR transmittance spectra of S1,52,S3 (x=0,0.2,1.0) samples were recorded in 4000-400 cm™ region at ambient
temperature by sol gel method, but only range of 1000— 400cm™ is shown in Fig.4. In 600 — 400cm™* wavenumber
range, the broad metal-oxygen bands are observed in the FTIR spectra of all samples. The peaks in the range of
600-550 cm region is detected due to tetrahedral metal-oxygen stretching vibration and the peaks in the range of
450-385 cm region arises from the metal— oxygen stretching vibration at the octahedral sites by sol gel method
[27]. The presence of the peaks in later i.e. octahedral sits is explained by the cation exchange between the
tetrahedral and octahedral spinel sites which often occurs for ferrite [28]. The spectra show no peaks in the range of
4000 cm* to 600 cm in the spectra (hence avoided in Fig.4), due to no moisture present in the samples there were
no water stretching and bending modes respectively of free or absorbed water. The intensity and position of these
modes of vibration (slight shifts in peaks) vary with nickel, cobalt and iron oxide compound concentration due to
change in crystalline field effect and strain in the lattice reported in paper[29] The peaks in the 300 to 700 cm™*
regions are assigned to the fundamental vibrations of the ions of the crystal lattice. For analysis of spectra in Fig 4 it
is necessary to consider the vibrational spectrum of periodic structures. The vibrational problem is most
conveniently treated by classification of crystals according to the continuity of bonding as (1) continuously bonded;
(2) discontinuously bonded; and (3) intermediate. In continuously bonded crystals, the atoms are bonded to all
nearest neighbors by equivalent forces (ionic, covalent, or van der Waals) and the frequency distribution of
vibrations. In the discontinuously bonded or molecular crystal, sets of atoms are tightly bound by
(intramolecular) chemical valence forces and separated from adjacent sets by weak (intermolecular) van
der waals forces. In the intermediate case the intermolecular forces may be stronger than the actual
molecule leading to the overlap, vibrational problem tending to perturbation case [30]

Transmittance (%)

58054
L

A A A A - A ™ L
1000 8co & 700 S00 §00 a0
Wavenumber (cm”)

Fig.4 FTIR spectrum of S1,52,S3(x=0, 0.2,1.0) samples
The transmission peaks observed are as follows:
Table 2 Transmission peaks by FT-IR

Samples Peakl Peak2 Peak3

Co Fe;0q4 580.54 cm 472,53 cm™ 416.60 cm™
CoosNig2Fe;04 584.4 cm™ 468.67cm™ 422.38 cm™

Ni Fe;04 588.25 cm™ 468.67 cm™ 428.17 cm™

4. CONCLUSIONS
Nickel-substituted cobalt Ferrite nanoparticles are prepared by sol-gel method. These particles belonged to the cubic
spinel structure as established by XRD studies. The crystallite size of the nano ferrites found in the range 25 - 34
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nm. It is observed that lattice parameters of the samples decreased with increasing Ni content due to the smaller
ionic radius of Ni. SEM images show that the particles are agglomerated.

The ESR spectra show a single broad signal indicating the presence of metal ions. It is observed there is a shift in
the resonant field and variation in line width with the increase in concentration of Ni. It is seen that the peak-to-peak
width is narrow for higher concentration of Ni. The observed g-value from ESR is approximately equal to standard
value The observed peaks in FTIR spectra also confirm the formation of ferrites. FTIR studies reveal cationic
exchange in tetrahedral and octahedral interstitial sites.
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