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Cobalt ferrite nanoparticles were synthesized by citrate sol-gel auto combustion technique and sintered 
at 400 °C, 700 °C, and 900 °C. The structural characterization of the samples was done by using XRD, 
SEM and FTIR. The XRD and FTIR analysis clearly showed the formation of a cubic spinel structure for 
all samples sintered at different temperatures. The crystallite size increased from 15.99 nm to 69.08 nm 
while the grain size increased from 56.28 nm to 107.54 nm with increase in sintering temperature. It 
was observed that lattice parameters increase with an increase in sintering temperature. From the FTIR 
spectra, the higher frequency band in the range of 500-600 cm⁻¹ confirmed the vibrations due to M-O 
stretching at the tetrahedral site, while the lower band in the range 400-500 cm⁻¹ confirmed the 
vibrations due to M-O stretching at the octahedral site. In the present work force constants (Kt, K0), 
elastic velocities (𝑉𝑙 , 𝑉𝑡 , 𝑉𝑚), elastic moduli (𝑌, 𝐺, 𝐵), Poisson’s ratio, and Debye temperature were 
evaluated. 
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1. Introduction 

Spinel ferrite materials are metal oxides with spinel structures that 
have the general chemical formula M (Fe2O4), where M is a divalent cation 
metal ion such as Ni2+, Mn2+, Mg2+, Zn2+, Co2+, Cu2+ [1]. Unit cell of spinel 
ferrites consists of 32 O2- ions, 16 Fe3+ ions and 8 divalent metal irons i.e. 
total 56 ions which is 8 times greater than the total ions contained in the 
general formula. Hence the unit cell of spinel ferrite contains 8 formula 
units [2,3].  

In the crystal structure of spinel ferrite, divalent and trivalent metal 
cations can occupy either tetrahedral A site or octahedral B site. 
Depending on this site occupancy these ferrites can be classified as normal, 
inverse, and mixed ferrite. In normal spinel ferrites, all the divalent metal 
cations occupy A sites and all trivalent metal cations occupy B sites. In the 
inverse spinel ferrites, half of the trivalent cations occupy A sites while the 
remaining half and divalent cations occupy B sites. In mixed spinel ferrite, 
the divalent and trivalent metal cations are randomly distributed among 
A and B sites [4,5]. 

In recent years, spinel ferrites have attracted the attention of many 
researchers due to specific properties such as high electrical resistance, 
high chemical/thermal stability, high permeability, and mechanical 
properties. Due to these properties, spinel ferrites play some roles such as 
in biomedical fields, chemical sensors, data storage devices, magnetic 
actuators, magnetic ceramics, magnetic hyperthermia, manufacture 
contaminant nano-adsorbents, magnetic resonance imaging (MRI), power 
transformers, sensing applications, solar cells, storage devices, 
and supercapacitors [6]. Cobalt ferrite is a member of the inverse spinel 
ferrite and has various advantages due to its strong cubic magneto 
crystalline anisotropy, high coercivity, moderate saturation 
magnetization, high electrical resistivity, high Curie temperature, 
excellent chemical stability and low cost. These properties make them an 
ideal candidate for use in permanent magnets, energy and information 
storage devices, microwave absorption, chemical industry like biosensors 
and gas sensors and biomedical applications [7,8].  

Co ferrite nanoparticles were synthesized by various methods such as 
sol–gel auto combustion, hydrothermal, solvothermal, co-precipitation, 
Solid-State Synthesis, thermal decomposition and microwave combustion 

methods etc., [9,10]. Among all these methods, sol–gel auto-combustion is 
found as the simplest method having the advantages of low cost, low 
sintering temperature, rapid synthesis, low-external energy consumption, 
good purity, porous structure, good chemical homogeneity, large surface 
area, good stoichiometric control, controllable particle size, etc., [11,12]. 

The chemical, physical and magnetic properties of spinel ferrites largely 
depend on crystalline structure, cation distribution at tetrahedral and 
octahedral sites, composition and microstructure and therefore can be 
tuned through suitable substitutions, synthesis route and sintering 
temperature variations [13]. 

More et al. synthesized Ni0.25Cu0.55 Zn0.20 Fe2O4 nano ferrite by using a 
sono-chemical method, was sintered at different (200 °C, 400 °C, 600 °C, 
and 800 °C). It has been observed that the cubic phase of 
Ni0.25Cu0.55Zn0.20Fe2O4 is generated and is unaffected by temperature 
changes. FTIR reveals that with the increase in the sintering temperature 
there is shift in the tetrahedral and octahedral band position. FESEM and 
TEM images revealed the nanocrystals exhibit irregular shapes which 
transformed into cubic and hexagonal morphology with the increase in the 
sintering temperature [14].  

Xavier et al., synthesized CoFe2O4 nanoparticles by using a sol-gel 
technique that was sintered at different temperatures (300 °C, 400 °C, 500 
°C and 700 °C). It has been observed that the cubic phase of 
Ni0.25Cu0.55Zn0.20Fe2O4 is generated and is unaffected by temperature 
changes.  A negligible presence of hematite ( -Fe2O3) phase is detected in 
all the samples. The crystallite size of the samples increases with the 
increase in the sintering temperature. The TEM image shows that the 
nanoparticles are spherical in shape and slightly agglomerated. The FTIR 
analysis corroborates the spinel characteristics of the samples [15]. 

Han et al., synthesized Zn0.5Co0.5Fe2O4 ferrite powder by sol–gel method 
at different sintering temperatures (600 °C, 700 °C, 800 °C, 900 °C and 
1000 °C). It has been observed that the change of sintering temperature 
does not change the crystal structure of ferrite. As the temperature 
increases, the lattice constant does not change much, but the crystallite 
size and experimental density increase, the porosity decreases, From the 
SEM image analysis it is seen that the particle size of the sample is 
significantly larger than the crystallite size. The FTIR analysis confirm the 
spinel characteristics of the samples [16]  

Literature review shows that Temperature is one of the key parameters 
in the synthesis of a system of magnetic nanoparticles and can 
considerably affect the arrangement of atoms in the crystal structure. 
Consequently, the magnetic, elastic, and structural properties are strongly 
impacted. Keeping this in mind, cobalt ferrite nanoparticles with formula 
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CoFe2O4 has been prepared by sol–gel auto combustion method and 
studied the effect of the different sintering temperatures such as 400 °C, 
700 °C, and 900 °C on structural and elastic properties of CoFe2O4 
nanoparticles. The prepared samples were characterized by X-ray 
diffractometer (XRD), High-resolution field emission scanning electron 
microscopy (HR-SEM) and Fourier transforms infrared spectroscopy 
(FTIR). 
 

2. Experimental Methods 

Cobalt ferrite (CoFe2O4) nanoparticles were synthesized by citrate sol-
gel auto combustion technique [17].  In this work, Fe(NO3)3.9H2O (Merck, 
≥ 99.95%), Co(NO3)2.6H2O (Merck, ≥ 99.95%), and citric acid monohydrate 
C6H5O7 (Merck, ≥ 99.95%) were used as raw materials without any further 
purification. Different steps involved in the sol–gel auto-combustion 
synthesis of CoFe2O4 spinel ferrite nanoparticles are given in Fig. 1. 
 

 

Fig. 1 Steps involved in the sol-gel auto-combustion synthesis of CoFe2O4 nano ferrite 

 

3. Results and Discussion 

3.1 XRD Analysis 

X-ray diffraction (XRD) for prepared CoFe2O4 nano ferrite samples 
sintered at different temperatures (400 °C, 700 °C, and 900 °C) was 
recorded between 20° and 80°.  It has been observed reflecting peaks 
indexed as (220), (311), (212), (400), (331), (422), (511/333) (440), 
(531), (442), (620), (533), (622) and (444) according to standard JCPDS 
card #22-1086 [18,19]. Rietveld refined XRD data of CoFe2O4 

nanoparticles sintered at 400 °C, 700 °C, and 900 °C performed using Full-
Proof software as shown in Fig. 2(a-c). 

The XRD pattern of the synthesized nanoparticles shows sharp and 
intense diffraction peaks with narrow full width at half maxima (FWHM) 
is evidence of the crystalline nature. XRD pattern of prepared sample at 
different sintering temperature not showing any notable impurity peak, 
indicating the formation of the pure cubic spinel ferrite structure [20]. The 
intensity of the XRD peak was increased (FWHM was decreased) as 
sintering temperature increased from 400 °C to 900 °C, hence the 
crystallite size found to be increased. The overall χ2 values from Rietveld 

refinement are 1.54, 1.14 and 1.36 for the CoFe2O4 samples sintered at 400 
°C, 700 °C, and 900 °C respectively, which is indicative of good agreement 
between the reference data and the experimental data. 
 

 

 

 
Fig. 2 Rietveld refinement of XRD data of CoFe2O4 nano ferrite sintered at (a) 400 
°C; (b) 700 °C and (c) 900 °C 

 
Structural parameters obtained from Rietveld refinement of CoFe2O4 

nano ferrite sintered at 400 °C, 700 °C, and 900 °C are given in Table 1. 
The crystallite size (D), Lattice volume (V), and X-ray density (𝜌𝑥)  were 

estimated using following relations [19, 21].  
 

D = 
0.9 𝜆

𝛽 cos 𝜃 
             (1) 

𝑉 =  𝑎3     (2)  

𝜌𝑥 =
8𝑀

𝑁𝐴V
=

8𝑀

𝑁𝐴𝑎3
                  (3) 

 
where 𝜃 = Bragg’s angle of maximum intensity peak, λ = Wavelength of Cu-
Kα radiation, 𝛽 = angular line width at high maximum intensity (FWHM), 
M = Molecular weight of the composition, and NA = Avogadro’s number. 
 
Table 1 Structural parameters obtained from Rietveld refinement of CoFe2O4 nano 
ferrite sintered at 400 °C, 700 °C and 900 °C 
 

Parameters  Sintering Temperature 

400 °C 700 °C 900 °C 

Χ² 1.54 1.14 1.36 

a = b = c (Å) 8.3752 8.3930 8.3975 

V (Å𝟑) 587.4706 591.2440 592.1907 

FWHM (β) (degree) 0.4940 0.1433 0.1144 

(D) (nm) 15.99 55.14 69.08 

𝜌𝑚 (g/cm3) 5.3055 5.2717 5.2632 

(𝐷𝑚) (nm) 56.28 65.79 107.54 
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While calculating crystallite size, the highest intensity peak (311) was 
considered for prepared samples sintered at different temperatures. The 
calculated values of crystallite size, lattice volume, X-ray density, and grain 
size for CoFe2O4 nano ferrite for various sintering temperatures have been 
noted in Table 1. The Rietveld analysis shows that the lattice parameters 
and lattice volume increases with increasing sintering temperature. The 
crystallite size increases as the sintering temperature increases because 
the diffusion between grains occurs easily at higher temperatures. Atomic 
activity and mobility are temperature dependent and found to increase 
with increase in sintering temperature. The lattice defects and strain 
decrease with increase in sintering temperatures. Hence, atoms are easily 
agglomerated for higher sintering temperature and grain size increases 
[15,16,22].  As the sintering temperature increases from 400 °C to 900 °C 
the X-ray density decreases because of an increase in lattice constant 
(lattice volume). The lattice constant depends on many factors like crystal 
size, grain growth, and lattice strain and for spinel ferrites generally 
increases as sintering temperature increases [23,24]. 
 
3.2 HR-SEM Analysis 

High-resolution scanning electron microscope (HR-SEM) (Resolution 
1.2 nm and magnification 12x – 105x) was used to study surface 
morphology and microstructural analysis of the CoFe2O4 nano ferrite 
sintered at different temperatures. The SEM micrographs and the 
histogram of grain size distribution of CoFe2O4 nanoparticles sintered at 
400 °C, 700 °C, and 900 °C are shown in Fig. 3. ImageJ software was used 
to measure the size of particles. 
 

 

 

 

Fig. 3 SEM images and histograms of CoFe2O4 nano ferrite sintered at (a) 400 °C; (b) 
700 °C and (c) 900 °C 

 
The SEM images show that particles are homogeneously distributed 

with non-uniform size. The size of the grains was measured by using 
ImageJ software. The particle size distribution for prepared samples was 
estimated by fitting the size histogram with a log-normal function 
represented by the following equation [25].  

 

𝑓(𝐷)  =  
1

√2𝜋𝜎𝐷
 𝑒𝑥𝑝 [ 

𝑙𝑛2 (
𝐷

𝐷0 
)

2𝜎2
 ]             (4) 

where, 𝐷0 = median diameter and σ = size dispersity,  
The mean diameter 𝐷𝑚 and standard deviation 𝜎𝐷  estimated from the 

following equations [25], 
 

𝐷𝑚 =  exp [ln (𝐷0 )  +  
𝜎2

2
 ]    (5) 

𝜎𝐷 =  Dm[ exp (𝜎2)  − 1 ]1/2        (6) 

The average grain size was observed to be 56.28 nm, 65.79 nm and 
107.54 nm along with standard deviation (𝜎𝐷) 1.49 nm, 1.25 nm, and 1.41 
nm for CoFe2O4 nanoparticles sintered at 400 °C, 700 °C, and 900 °C 
respectively. It is observed that for prepared samples sintered at different 
temperatures the average grain size is larger than the average crystallite 
size determined from XRD data. Because every particle is formed due to 
agglomeration of several crystallites [26]. 

 
3.3 FTIR Study 

The Fourier Transform Infrared (FTIR) spectra CoFe2O4 nano ferrite 
sintered at 400 °C, 700 °C, and 900 °C were recorded in the range of 400 - 
1000 cm−1 and are shown in Fig. 4. 
 

 
Fig. 4 FTIR spectra CoFe2O4 nano ferrite sintered at 400 °C, 700 °C, and 900 °C 

 
FTIR spectra show vibration band in the range 600–550 cm−1 

corresponds to the stretching vibrational mode of M-O in the tetrahedral 
sites (A) and lowest band in the range 450–400 cm−1 corresponds to the 
stretching vibrational mode of M-O in the octahedral sites (B) [27, 28]. 
Presence of vibrational bands corresponding to A and B sites confirm 
formation of spinel ferrite structure [29]. 

Force constants Kt and K0 at A and B sites were calculated using 
following relation [30]. 

 

Kt = 4π2c2ϑ1
2μ    (7) 

K0 = 4π2c2ϑ0
2μ    (8) 

where, μ = Reduced mass of Fe3+ and O2− ions (μ = 2.065 × 10−26 Kg/
mol), c = Velocity of electromagnetic wave (c = 2.99 × 108 m/s) 

Average force constant (K) estimated as, 

K = (𝐾𝑡 + 𝐾0)/2    (9) 

Absorption frequencies ϑt and ϑ0 corresponding to tetrahedral (A) and 
octahedral (B) sites were measured from FTIR spectra and listed in Table 
2. This present study observed that shifting of  ϑt and ϑ0 towards lower 
frequency with increase in sintering temperature. The frequency shifts are 
mainly attributed due to variation of cations distribution with respect to 
sintering temperature, gain size, and method of synthesis [31]. Eqs (7) and 
(8) show that force constant (Kt and K0) is proportional to vibrational 
frequency (ϑt and ϑ0) are found to decreases with increasing sintering 
temperature. This decrease may result from the movement of cations 
between A and B sites and change in bond lengths [32]. 
 
Table 2 Tetrahedral stretching frequency (𝜗𝑡) and octahedral stretching frequency 
(𝜗0),  force constant Kt and K0 at A and B sites, and average force constant (K) of 
CoFe2O4 spinel ferrites sintered at 400 °C, 700 °C and 900 °C 
 

Parameters Sintering Temperature 

400 °C 700 °C 900 °C 

𝜗𝑡 (𝑐𝑚−1) 564.29 553.57 546.88 

𝜗0 (𝑐𝑚−1) 407.3 406.53 405.21 

Kt (𝑁/𝑚) 231.84 223.11 217.75 

K0 (𝑁/𝑚) 120.78 120.33 119.55 

K (𝑁/𝑚) 176.31 171.72 168.65 

 
3.4 Elastic Properties 

Elastic properties of cobalt ferrite sintered at different sintering 
temperatures were studied using FTIR and XRD data. The stiffness 
constant (C11) was calculated using the following relation [33]. 

 

 C11 =  
K

a
     (10) 

where, a = Lattice constant 
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The velocity of longitudinal wave (VL), velocity of shear wave (VS), mean 
velocity (Vm), longitudinal modulus (Y), rigidity Modulus (G), Poisson’s 
ratio (σ), stiffness constant (C12), Bulk modulus (B), and Debye 
temperature (θD) estimated from following equations [33]. 

 

 VL =  (
C11

ρ
)

1/2
    (11)

 VS =  
VL

√3
     (12)

 Vm = [3 (
VL

3VS
3

VS
3+2VL

3)]
1/3

   (13) 

 Y = ρ(VL)2    (14)

 G = ρ(VS)2    (15) 

 σ =
(Y−2G)

2(Y−G)
     (16) 

 C12 =
σC11

1−σ
     (17) 

 B = (C11 + 2C12)/3    (18) 

 θD =
hVm

KB
[

3ρqNA

4πM
]

1/3
    (19) 

where, h = Planks constant, M = Molecular weight, KB = Boltzmann 
constant, ρ = density, and q = Number of atoms in one formula unit. 
 
Table 3 Elastic parameters of sintered CoFe2O4 spinel ferrites 

Parameters Sintering Temperture 

400 °C 700 °C 900 °C 

C11 × 1011 (GPa) 2.11 2.05 2.01 

VL (m/s) 6299.12 6229.85 6177.24 

VS (m/s) 3636.80 3596.81 3566.43 

Vm (m/s) 4037.54 3993.14 3959.41 

Y × 1011 (GPa) 2.11 2.05 2.01 

𝐺 × 1011  (GPa) 0.7017 0.6820 0.6694 

σ 0.25 0.25 0.25 

C12 × 1011  (GPa) 0.7017 0.6820 0.6694 

B × 1011  (GPa) 1.17 1.14 1.12 

θD (K) 549.46 542.26 537.39 

 
Estimated values of elastic stiffness constants (C11 & C12) for different 

sintering temperature are listed in Table 3. It has been observed a 
decrease trend in stiffness constants with an increase in sintering 
temperature. The stiffness constants mainly depend on force constants 
and strength of atomic bonding. The decrement in C11 & C12 may be 
attributed due to increase in lattice volume and weakening of atomic 
bonding between 𝐶𝑜2+, 𝐹𝑒3+, and 𝑂2− ions [34]. Elastic moduli (Y, G, B) 
are found to decrease with increase in sintering temperature. The 
decrease in elastic moduli may be due to decrease in atomic binding 
force [31,34].  The longitudinal wave velocity, transverse wave velocity, 
and mean velocity estimated from equations 11, 12, and 13 respectively 
and listed in Table 3. It is observed that elastic wave velocities decreased 
with increase in sintering temperature. This is accounted weakening of 
bonds between  Co2+, Fe3+, and O2− ions or decrease in force constants 
with increase in sintering temperature [35]. The Poisson’s ratio is 
observed to be constant for all sintering temperatures and it is found to be 
between -1.0 to 0.5 for isotropic elastic materials [35]. The Debye 
temperature (θD) found to be decreased with increase in sintering 
temperature. The decrease in θD with increase in sintering temperature 
may be due to absorption heat partly of the conduction electron [31]. 

 

4. Conclusion 

Cobalt ferrite nanoparticles were synthesized by using sol–gel auto 
combustion method and sintered at the different temperatures viz. 400 °C, 
700 °C, and 900 °C. In the present work, structural and elastic properties 
are investigated with respect to sintering temperature. The XRD pattern 
confirms the cubic spinel structure without any impurity for all sintering 
temperatures.  Cubic spinel phase was obtained at a very low sintering 
temperature (400 °C). The crystallite size increases from 15.99 nm to 
69.08 nm and grain size increases with increase in sintering temperature 
from 56.28 nm to 107.54 nm indicating that grains are formed due to 
agglomeration of several crystallites. The lattice parameters and lattice 
volume increases while X-ray density decreases with increasing sintering 
temperature. The FTIR spectrum confirmed the formation of spinel ferrite 
structure. Elastic moduli (Y, G, B), elastic wave velocities (𝑉𝑙 , 𝑉𝑡 , 𝑉𝑚), and 
Debye temperature (θD) are found to be decreased with increase in 
sintering temperature. 
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