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Abstract In this article, cobalt ferrite nanoparticles were
synthesized using a starch-assisted sol-gel auto-combustion
route. The significant role played by further annealing
temperatures of 300, 500, 700, 900 and 1100 °C on par-
ticle size and magnetic properties of ferrite nanoparti-
cles was explored and reported. The prepared nanoparti-
cles were characterized by X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), Raman
spectroscopy, Fourier transform infrared spectroscopy,
X-ray photoelectron spectroscopy and using a vibrat-
ing sample magnetometer. The X-ray diffraction patterns
demonstrated single phase formation of CoFe;Oy4 spinel fer-
rite nanoparticles at different annealing temperatures. The
FESEM analysis indicated a change of particle size and
morphology at higher annealing temperature. The change in
Raman modes and infrared absorption bands was observed
with change of particle size and cation distribution. The
highest value of coercivity (1091.2 Oe) and the saturation
magnetization (54.76 erg g~!) were obtained at anneal-
ing temperatures of 900 and 1100 °C, respectively. X-ray
photoelectron spectroscopy revealed the presence of Co>t
and Fe3T at octahedral and tetrahedral sites in CoFe,Oy4
nanoparticles. Further, the cation redistribution with change
of particle size was confirmed by X-ray photoelectron
spectroscopy.
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1 Introduction

Recently, spinel ferrite magnetic nanomaterials have
attracted much attention because of their potential applica-
tion in magnetic resonance imaging, drug delivery, mag-
netic fluids, spintronics, high density magnetic recording,
catalysis, gas sensors, etc. [1]. Among the spinel fer-
rites, cobalt ferrite has been extensively studied because
of its excellent chemical stability, mechanical hardness,
high coercivity, reasonable saturation magnetization and
high magnetocrystalline anisotropy [2, 3]. Its higher mag-
netocrystalline anisotropy compared to other spinel ferrites
is due to the orbital angular momentum of Co’* not being
completely quenched by the crystalline field. Consequently,
Co?* on the octahedral sites of the crystal lattice con-
tributes an orbital moment, comparable to the spin moment,
resulting in strong spin—orbit coupling which is responsi-
ble for the characteristic properties of cobalt ferrite [4].
The bulk cobalt ferrite crystallizes in a partially inverse
spinel structure (space group Fd3m — Og) with the for-
mula, (Cofi2 (SFef) [CO;ZFe;rE 8] Oy4, where the round and
square brackets denote tetrahedral (A) and octahedral (B)
sites, respectively, and § represents the degree of inversion;
the fraction of the A sites is occupied by Fe3T cations. If § =
1, the structure is called inverse spinel; if § = 0, the struc-
ture is called normal spinel; otherwise, it is called mixed
spinel. The value of § also depends on the thermal history
of formation of cobalt ferrite [5].

The change in the exchange interaction between the
tetrahedral and octahedral site cations in cobalt ferrite is
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a key to controlling the magnetic properties. The mag-
netic properties of cobalt ferrite are also affected by par-
ticle size, morphology, composition, synthesis parameters
and synthesis methods [6]. Until now, magnetic spinel
ferrite nanoparticles have been synthesized by various syn-
thesis methods, such as co-precipitation, sol-gel, micro-
emulsion, combustion, hydrothermal method, etc. [7-16].
This article presents the effect of annealing temperature
on the structural cation distribution and magnetic proper-
ties of CoFe;O4 nanoparticles. In this work, cobalt fer-
rite nanoparticles were synthesized using a starch-assisted
sol-gel auto-combustion route and further annealed at the
temperatures 300, 500, 700, 900 and 1100 °C to achieve
different sized ferrite nanoparticles. Further, the change
in magnetic properties with a change in particle size
was observed. The change in cation redistribution with
change of particle size was studied by X-ray photoelectron
spectroscopy.

2 Experimental Section
2.1 Chemicals

Iron(Ill) nitrate nonahydrate (Fe(NO3)3 - 9H,0) and
cobalt(IDnitrate hexahydrate (Co(NO3), - 6 H,O) were pur-
chased from Alfa Aesar GmbH & Co KG, Germany. Starch-
soluble (C¢H19Os5),, (from potatoes) was purchased from
Lach-Ner, Czech Republic. In this study, the obtained chem-
icals were of analytical reagent grade and were used as
received without any further purification.

2.2 Preparation of Ferrite Nanoparticles

Different sized CoFe,04 nanoparticles were synthesized
using a starch-assisted sol—gel auto-combustion method and
by further annealing at different temperatures. The stoichio-
metric amount of cobalt nitrate (Co(NO3); -6 H,0) and iron
nitrate (Fe(NO3)3 - 9H,0) was dissolved in distilled water
to obtain a mixed solution. The reaction procedure was car-
ried out in an air atmosphere. The molar ratio of cobalt
nitrate to iron nitrate was 1:2. The metal nitrates were dis-
solved together in the minimum amount of double-distilled
water needed to obtain a clear solution. An aqueous solution
of starch (CgH0Os5), (from potatoes) was mixed with the
metal—nitrate solution. The mixed solution was placed on a
hot plate with continuous stirring at 100 °C. During evapo-
ration, the solution formed a very viscous brown gel. Then,
the gel was heated to 200 °C to initiate a self-sustaining
combustion reaction and produce as-burnt ferrite powder.
Finally, the as-burnt powders were additionally annealed
in a furnace in air atmosphere at 300, 500, 700, 900, and
1100 °C for 2 h.
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2.3 Characterization

The structure and phase formation of cobalt ferrite nanopar-
ticles annealed at different temperatures were character-
ized through a PANalytical Empyrean X-ray diffractome-
ter with CuKa radiation (1.5406 A). Fourier transform
infrared (FTIR) spectra were recorded with a Nicolet iS 50
FTIR spectrometer using the ATR method. The morphology
and size of CoFe,0, ferrite nanoparticles were examined
using a field emission gun scanning electron microscope
(FEGSEM; JEOL Model JSM-7600F). Raman spectra were
measured using a confocal microscope with a spectrom-
eter (“Nanofinder-S”; SOLAR TII, Ltd.). Magnetic mea-
surements of ferrite nanoparticles were performed using a
vibrating sample magnetometer (VSM 7407; Lake Shore) at
room temperature with maximum applied magnetic field of
10 kOe. Information about the presence of the element, its
oxidation states, and cation distribution in nanoparticles was
studied by X-ray photoelectron spectroscopy (XPS) using
Kratos Analytical Axis Ultra DLD.

3 Result and Discussion
3.1 Crystal Structure

Figure 1 evidences the powder X-ray diffraction patterns
of cobalt ferrite nanoparticles synthesized using the starch-
assisted sol—gel auto-combustion method and annealed at
300, 500, 700, 900 and 1100 °C for 2 h. The X-ray diffrac-
tion (XRD) pattern showed the reflection planes of (220),
(331), (222), (400), (422), (511) and (440), which con-
firm the presence of single-phase cubic spinel type lat-
tice of CoFe,04 (JCPDS file No. 22-1086) [17]. The XRD
pattern of cobalt ferrite nanoparticles annealed at 300 °C
shows very broad peaks, indicating ultra-fine nature and
small crystallite size of the cobalt ferrite nanoparticles. The
XRD patterns of the cobalt ferrite nanoparticles show an
improvement in the sharpness and intensity of the crystallite
peaks with increasing annealing temperature. The increase
in crystallite size with annealing temperature was observed,
as shown in Table 1. The observed increase in cobalt ferrite
nanoparticles size with annealing temperature is most likely
due to the fact that higher annealing temperature and time
increase the coalescence process resulting in an increase
in the particle size of cobalt ferrite nanoparticles [18]. The
crystallite size of the cobalt ferrite nanoparticles is esti-
mated from the full width at half maximum (FWHM) of the
strongest diffraction peak using the Scherrer formula [19]

D =«xA/Bcosb

where D k, B A and 6 are the crystallite size, the
shape function, the FWHM of the (440) peak, the X-ray
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Fig. 1 X-ray diffraction pattern of CoFe;O4 nanoparticles synthesized using the starch-assisted sol—gel auto-combustion method and annealed at

300, 500, 700, 900 and 1100 °C for 2 h

wavelength and the diffraction angle, respectively. It
is observed that with the increase of annealing tem-
perature, the average crystallite size of cobalt ferrite
nanoparticles increases in the following order: 7.14 nm
(300 °C), 7.19 nm (500 °C), 13.96 nm (700 °C), 95.77 nm
(900 °C), and 676.30 nm (1100 °C), as listed in
Table 1.

3.2 Morphology and Particle Size Study

Figure 2 shows the field emission scanning electron
microscopy (FESEM) image of cobalt ferrite nanoparticles
annealed at 300 and 500 °C. The cobalt ferrite nanoparticles
annealed at a lower annealing temperature were spherical
and in the size range of 5-15 and 10-25 nm at 300 and

Table 1 Crystallite size (nm), M (emu/g), M; (emu/g), H. (Oe), K (erg/g), ng (uB), and M, / M value of CoFe;O4 nanoparticles synthesized
using the starch-assisted sol-gel auto-combustion method and annealed at 300, 500, 700, 900 and 1100 °C

Annealing temperature (°C) Crystallite size (nm) M (emu/g) M, (emu/g) H. (Oe) K x 103 (erg/g) nB (L B) M, | Mg
300 7.14 23.92 4.8 285.44 7.11 1.00 0.20
500 7.19 26.42 5.7 387.84 10.67 1.11 0.22
700 13.96 36.77 12.5 736.99 27.10 1.54 0.34
900 95.77 52.55 22.1 1091.2 52.34 2.21 0.42

1100 676.30 (bulk) 54.76 17.5 540.72 30.84 2.30 0.32
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Fig. 2 FESEM image of CoFe;04 nanoparticles annealed at 300 °C (a, b) and 500 °C (c, d)

500 °C, respectively. The FESEM image indicated the
increase in particle size with an increase of annealing tem-
perature. Figure 3 shows the FESEM image of cobalt ferrite
nanoparticles annealed at 700, 900, and 1100 °C. Some
moderately agglomerated and some separated spherical fer-
rite particles were observed at 700 °C. Further, spherical and
elongated bigger particles were observed at higher anneal-
ing temperatures. The cobalt ferrite nanoparticles annealed
at higher annealing temperatures were in the size range of
20-40, 50-150, and 100-800 nm at 700, 900, and 1100 °C,
respectively. The particle size derived from FESEM micro-
graphs is found to be larger than that estimated from XRD
data. This indicates that every spinel cobalt ferrite particle is
formed by the aggregation of a large number of crystallites.

3.3 Raman Spectroscopy

Figure 4 shows the Raman spectrum of CoFe,O4 nanopar-
ticles synthesized using the starch-assisted sol-gel auto-
combustion method and annealed at different temperatures.
CoFe,04 nanoparticles annealed at 300 °C show six peak
maxima at 190.2, 288.0, 460.0, 550.7, 602.8 and 673.2
cm~!, as mentioned in Table 2, and most of which are

the typical Raman modes of the cubic inverse spinel ferrite

@ Springer

structure. However, CoFe; 04 nanoparticles annealed at 500
°C show six peak maxima at 188.4, 289.8, 460.9, 559.2,
603.7 and 672.3 cm~!. CoFe;04 has a cubic inverse fer-
rite structure with OZ (Fd3m space group) which gives rise
to 39 normal vibrational modes, and out of which five are
Raman active, namely Ay, E; and three T35 [20]. Frequen-
cies above 600 cm~! are due to Ay symmetry involving
symmetric stretching of an oxygen atom with respect to
a metal ion in tetrahedral voids. The other low frequency
phonon modes are due to a metal ion involved in octahe-
dral void, i.e., E; and T»¢(3) [20]. These modes correspond
to the symmetric and antisymmetric bending of oxygen
atom in M-O bond at octahedral voids [21]. The change
in Raman modes is also observed at higher annealing tem-
peratures of 700, 900 and 1100 °C. CoFe;O4 nanoparticles
annealed at 700 °C show six peak maxima at 185.7, 290.7,
461.6, 559.6, 604.6 and 671.6 cm~!. Ferrite nanoparticles
annealed at 900 °C show six peak maxima at 199.8, 300.4,
462.5, 567.5, 605.5 and 685.6 cm~!. However, CoFe,04
nanoparticles annealed at 1100 °C show six peak maxima at
205.2,302.2, 464.3, 572.0, 607.1 and 690.1 cm~!, as shown
in Table 2. The variation in Raman modes of CoFe,;O4 sam-
ples annealed at different temperatures is due to change of
crystallite size and cation distribution [22, 23].
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Table 2 Raman modes of CoFe;O4 nanoparticles synthesized using the starch-assisted sol-gel auto-combustion method and annealed at 300,

500, 700, 900 and 1100 °C

Annealing temperature (°C) Raman peak (cm™ D)

Alg(l) Alg(2) Tlg(l) Tlg(z) Eg Tlg(3)

300 673.2 602.8 550.7 460.0 288.0 190.2
500 672.3 603.7 559.2 460.9 289.8 188.4
700 671.6 604.6 559.6 461.6 290.7 185.7
900 685.6 605.5 567.5 462.5 300.4 199.8
1100 690.1 607.1 572.0 464.3 302.2 205.2

3.4 Fourier Transform Infrared Spectroscopy

It can be observed from Fig. 5 that the FTIR spectra of
all the samples show two principle absorption bands near
540 cm~! (v;) and the second absorption band near 325
cm™! (1) [24, 25]. The difference in frequency between the
characteristic vibrations vy and v, may be attributed to the

%T

R S T T R ]
750 700 650 600 550

changes in bond length of oxygen O?>~ and metal ions Fe’*
at octahedral and tetrahedral sites. In the present study, the
vy frequency was 549.2, 544.11, 543.21, 524.24, and 519.12
cm™! for CoFe;O4 nanoparticles prepared at 300, 500,
700, 900, and 1100 °C, respectively, as listed in Table 3.
The v, frequency was 342.4, 334.86, 326.73, 302.64, and
301.44 cm~! for CoFe;Q4 nanoparticles prepared at 300,

/\ % 1100 °C
900 °C
700 °C
500 °C
300 °C

D e e
500 450 400 30 30 20
Wave number (cm1)

Fig. 5 FTIR spectra of CoFe;O4 nanoparticles synthesized using the starch-assisted sol-gel auto-combustion method and annealed at 300, 500,

700, 900 and 1100 °C
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Table 3 Frequency (v; and v;) and force constant (Fr and Fg) for the A and B sites, respectively;or CoFe,O4 nanoparticles synthesized using
the starch-assisted sol-gel auto-combustion method and annealed at 300, 500, 700, 900 and 1100 °C

Annealing temperature (°C) v (em™ 1) vy (em™ 1) Fr x 10° (dyne/cmz) Fg x 10° (dyne/cmz)
300 549.2 342.4 2.19 0.853
500 544.11 334.86 2.16 0.816
700 543.21 326.73 2.14 0.777
900 524.24 302.64 2.00 0.667
1100 519.12 301.44 1.96 0.661

500, 700, 900, and 1100 °C, respectively. The observed
change in the absorption bands with annealing temperature
is due to change of crystallite size and redistribution of
Co”* and Fe’" ions at octahedral and tetrahedral sites in
CoFe,04 nanoparticles The broadening in ferrites has been
commonly observed in the spectral bands. The broadening
is due to the statistical distribution of cations over octahedral
and tetrahedral sites [26]. It is well known that the vibration
frequency is proportional to force constant (F); therefore,
the band shift of vy and v, frequency with change of anneal-
ing temperature indicates that the force constant changes.
The calculated values of the force constant Ft and Fg for
the A and B sites, respectively, are listed in Table 3 using
the following relation [27]:

F = 4T1%¢%%m

where F' is the force constant, ¢ is the light velocity 2.99
x 1019 ¢cm s™!, v is the vibration frequency of the A and
B sites, and m is the reduced mass for the Fe>* ions and
the O>~ ions (~ 2.065 x 10723 g mol™!). The value of
force constant Fr (x 10° dyne/cmz) was 2.19, 2.16, 2.14,
2.00 and 1.96 for CoFe;O4 nanoparticles annealed at 300,
500, 700, 900 and 1100 °C, respectively. However, the value
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Fig. 6 Deconvolution of the Co 2p3, region for CoFe;O4 nanoparti-
cles annealed at 500 °C

of force constant Fg (x 10° dyne/cmz) was 0.853, 0.816,
0.777, 0.667 and 0.661 for CoFe,O4 nanoparticles annealed
at 300, 500, 700, 900 and 1100 °C, respectively.

3.5 XPS Study

The XPS spectra of CoFe;O4 nanoparticles annealed at
500 and 900 °C were collected using high-resolution 2p
regions of cobalt as shown in Figs. 6 and 7, respectively.
High-resolution XPS spectra of Co show satellite peaks
that appear on the high-binding energy side of both 2p3,,
and 2pj ;> regions for CoFe;O4 nanoparticles annealed at
500 and 900 °C. This observation of the strong satellite
peak indicates that Co is in an oxidation state of 42. Satel-
lite peaks appear due to the multiplet splitting for Co in
the +2 state [28]. The Co region was further deconvoluted
for the octahedral versus tetrahedral peaks and quantita-
tive analyses. Further analysis of 2p3;» Co regions of the
CoFe;04 nanoparticles annealed at 500 and 900 °C shows
obvious similarity in the 2p3,, peak shapes. Deconvolution
of the 2p peak regions of both samples reveals the pres-
ence of two nonequivalent bonds due to two types of lattice
sites, i.e., tetrahedral and octahedral. The binding energies
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Fig. 7 Deconvolution of the Co 2p3, region for CoFe;O4 nanoparti-
cles annealed at 900 °C
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associated with Co 2p3,; for CoFe;O4 nanoparticles
annealed at 500 °C is 779.7 and 781.9 eV. The binding
energies associated with Co 2p3,> for CoFe;O4 nanoparti-
cles annealed at 900 °C is 779.6 and 782.0 eV. The binding
energy peak 779.7 or 779.6 eV appears since Co>* has octa-
hedral (Op) bonding with oxygen, whereas peak 781.9 or
782.0 eV is due to the tetrahedral (T4) bonding of Co?t with
oxygen. For CoFe; 04 nanoparticles annealed at 500 °C, the
relative contributions to the overall intensity of Co>t ions
at the octahedral and tetrahedral sites were 76 and 24 %,
respectively. However, for CoFe;O4 nanoparticles annealed
at 900 °C, the relative contributions to the overall intensity
of Co®* ions at the octahedral and tetrahedral sites were 64
and 36 %, respectively, as shown in Table 4.

Figures 8 and 9 show the Fe 2p core electron spectrum
for CoFe,04 nanoparticles annealed at 500 and 900 °C,
respectively. To confirm the presence of Fe3T in the
CoFe,04 nanoparticles annealed at 500 and 900 °C, the
Fe 2p XPS spectra were fitted using Gaussian—Lorentzian
(GL30) line shapes after subtracting a Shirley-type back-
ground, as shown in Figs. 8 and 9. Based on spin—orbit
splitting, it consists of Fe 2p3/, and Fe 2p;/2 components.
An additional peak exists as a satellite peak in between Fe
2p1/2 and Fe 2p3,>. The satellite peak was at 718.5 eV for
CoFe,04 nanoparticles annealed at 500 °C and at 719.1 eV
for CoFe;O4 nanoparticles annealed at 900 °C. The differ-
ence between 6.0 eV for CoFe;O4 nanoparticles annealed
at 500 °C and 6.2 eV for CoFe;04 nanoparticles annealed
at 900 °C from the satellite peak to Fe 2p;/» peak is iden-
tified as Fe3* state in the both samples [29]. The shape of
XPS peak for these two samples is similar and asymmetric.
It indicates the presence of two nonequivalent bonds of Fe
ions in CoFe;O4 spinel ferrite nanoparticles, which are con-
sistent with that there are two kinds of lattice sites for Fe ion
occupancy in CoFe,O4 spinel ferrite nanoparticles. Decon-
volution of the 2p peak regions of both samples reveals the
presence of tetrahedral and octahedral sites. For CoFe;O4
nanoparticles annealed at 500 °C, it yields Fe 2p3,, binding
energies of 710.1 and 712.4 eV. For CoFe;O4 nanoparticles
annealed at 900 °C, it yields Fe 2p3,2 binding energies of
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Fig. 8 Deconvolution of the Fe 2p3,, region for CoFe;O4 nanoparti-
cles annealed at 500 °C

710.2 and 712.5 eV. The doublets in CoFe, 04 nanoparticles
annealed at 500 and 900 °C can be ascribed to Fe3* ions
in octahedral and tetrahedral sites, respectively. The relative
contributions to the overall intensity of Fe’>* ions at octa-
hedral and tetrahedral sites are 76 and 24 % for CoFe;O4
nanoparticles annealed at 500 °C. However, the relative
contributions to the overall intensity of Fe’* ions at octa-
hedral and tetrahedral sites are 67 and 33 % for CoFe;O4
nanoparticles annealed at 900 °C. From the XPS data, the
occupation formula for the CoFe,O4 nanoparticles annealed

at 500 and 900 °C s (Coy3,Fefiy) [CojdeFei,] Os
and (CO(J{_ §6Fear_ g6> [Co(}L_ é4FeTg4] Oy, respectively. Where

brackets ( ) and [ ] denote tetrahedral and octahedral sites,
respectively [30].

3.6 Magnetic Property

Magnetic hysteresis loops of the cobalt ferrite nanopar-
ticles synthesized using the starch-assisted sol-gel auto-
combustion method and annealed at 300, 500, 700, 900 and
1100 °C are shown in Fig. 10. Magnetic measurements show

Table 4 The analysis result of Co 2p and Fe 2p XPS spectra for the CoFe,O4 nanoparticles annealed at 500 and 900 °C

Sample Spectrum B.E. (eV) Assignment Atomic percentage (%)
CoFe, 04 annealed at 500 °C Co 2p3)2 779.7 Octahedral Co*t 76
781.9 Tetrahedral Co>* 24
Fe 2p3)» 710.1 Octahedral Fe** 76
712.4 Tetrahedral Fe3+ 24
CoFe, 04 annealed at 900 °C Co 2p3)2 779.6 Octahedral Co*t 64
782.0 Tetrahedral Co** 36
Fe 2ps3)» 710.2 Octahedral Fe** 67
7125 Tetrahedral Fe3+ 33
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that all of the nanoparticles exhibit a ferrimagnetic behavior.
The magnetic parameters such as the saturation magneti-
zation values (M;), remanent magnetization (M;) values,
and coercivity (H.) values of the cobalt ferrite nanopar-
ticles were calculated from the hysteresis curve shown in
Fig. 10 and are shown in Table 1. An important charac-
teristic observed in the hysteresis loops was the change in
saturation magnetization (M) in the CoFe;O4 nanoparticles
at different annealing temperatures. The largest saturation
magnetization value was found to be 54.76 emu g~! for
cobalt ferrite nanoparticles annealed at 1100 °C. However,
the smallest value was found to be 23.92 emu g~! for
cobalt ferrite nanoparticles annealed at 300 °C. The sat-
uration magnetization for the smaller size cobalt ferrite
nanoparticles is found to be lower than that for higher-
size cobalt ferrite nanoparticles, which can be attributed to

surface spin canting. The increase of saturation magnetiza-
tion with increase in annealing temperature is an indication
that the average magnetic domain size of the particles is
increasing and the atomic spins are getting more and more
aligned with the direction of the applied magnetic field.
The increase in coercivity from 285.44 Oe (at 300 °C) to
1091.20 Oe (at 900 °C) with an increase of annealing tem-
perature was found. However, a decrease in coercivity from
1091.20 Oe (at 900 °C) to 542.72 Oe (at 1100 °C) with
further increase of annealing temperature was found. There-
fore, the coercivity value was increased until it reached a
maximum value and then began to diminish. In other words,
the larger value of coercivity at lower annealing temperature
is due to single domain cobalt ferrite nanoparticles, which
then decreases on further annealing due to the formation of
multi-domains after single-domain size limit of the cobalt
ferrite nanoparticles. However, in the magnetic properties
of ferrite nanoparticles, there is an interplay of four fac-
tors, namely superexchange interaction, magnetocrystalline
anisotropy, canting effect, and dipolar interactions between
the projected moments on the surface [31]. Prabhakaran and
Hemalatha [32] reported the magnetization behavior of fer-
rite nanoparticles on the basis of changes in an exchange
interaction between tetrahedral and octahedral sub-lattices.
Peddis et al. [33] explained the effect of magnetic disorder
on saturation magnetization by the interplay between spin
canting and inversion degree. CoFe;O4 has an inverse spinel
structure in which Co?t occupies the octahedral site and
Fe3* ions equally occupied tetrahedral and octahedral sites,
with their spins in the opposite direction. In CoFe;04, the
magnetic properties primarily depend on the Co>* ions. The
distribution of cations between A and B sites depend on the
preparation method, the type of bonding, and ionic radius.

Fig. 10 The magnetic

hysteresis loop of CoFe;04 60 o ]
nanoparticles synthesized using 50 —+—300°C
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auto-combustion method and — ] 700 °C o
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and 1100 °C e
E 20 o / A ]
o l 1100 "C / /ﬁwﬁ"
= 104 / f"f"/ ]
2 0- P u’j
N 1 EL
B 107 »’_‘-ﬂ‘é/‘ # / ]
> -20- . .
© __.:_;:;:-:-_:/ f/
= 304 7 / N
.40 4 -",'..‘-’:i“-'- i
NP §
-60 .
T T T T T T T T T T T T T T T T T T
-10000 -8000 -6000 -4000 -2000 O 2000 4000 6000 8000 10000

Magnetic Field Strength ( Oe )

@ Springer



1860

J Supercond Nov Magn (2015) 28:1851-1861

The magnetic moment per formula unit, according to Neel’s
two sub-lattice model, is given by the difference of magnetic
moment of each sub-lattice [34].

M = Mp — Mg

In the above equation, My and Mp are the A and B
sub-lattice magnetic moments in ug, respectively. Accord-
ing to Neel’s postulate [34], magnetic moments of ferrites
are a sum of magnetic moments of individual sub-lattices.
Exchange interaction between electrons of ions in these
sub-lattices has different values. Generally, an interaction
between magnetic ions of sub-lattices “A” and “B” (A-B
interaction) is the strongest. The A—A interaction is almost
ten times weaker, and B-B interaction is the weakest.
The dominant A-B interaction leads to complete or partial
(non-compensated) ferrimagnetism [34]. Recently, Ghatreh-
Samani et al. [35] mentioned that by increasing the anneal-
ing temperature of the MnFe;O, nanoparticles, Fe3* ions
transferred from B site to A site, and therefore, the accu-
mulation of Fe’* ions increased in A site; consequently,
the Fei+ — F%"’ superexchange interactions increased and
this led to an increase in saturation magnetization. Li et al.
[36] also reported the increase of saturation magnetization
in MnFe>04 nanoparticles with an increase of annealing
temperature. This research group observed that when the
calcination temperature increases from 450 to 700 °C,
the occupation ratio of Fe3* ions at the octahedral sites
decreases from 42.5 to 38.9 % and this led to an increase in
the net magnetic moment. In this present study, XPS study
support the transfer of higher magnetic moment Fe3* ions
(5 ) as well as lower magnetic moment Co** (3 ug) from
B site to A site in CoFe;O4 nanoparticles with an increase
of annealing temperature, as listed in Table 4. Therefore, the
increase in saturation magnetization with an annealing tem-
perature of cobalt ferrite nanoparticles is due to an increase
of the A-B superexchange interactions.

The decrease of magneton number (ng) from 2.30 to 1.0
up was observed in CoFe; 04 nanoparticles with a decrease
in annealing temperature, as shown in Table 1. Decrease in
magneton number (up) (the saturation magnetization per
formula unit in pug) is associated with the decrease in A—B
interaction, and it is calculated using the relation [37-39]:

np = (mol weight x My)/5585

The dependence of anisotropy constant (K) on the anneal-
ing temperature, as listed in Table 1, is evaluated by using
the relation [40, 41]:

He = 0.96K / M

where K is an anisotropy constant.

The increase in anisotropy constant from 7.11 x 103 erg
g~ ! (at 300 °C) to 52.34 x 10% erg g~! (at 900 °C) with
an increase of annealing temperature was found. However,
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with further increase of annealing temperature, a decrease
in anisotropy constant from 52.34 x 103 erg g~! (at 900 °C)
to 30.84 x 10 erg g~! (at 1100 °C) was observed. There-
fore, magnetocrystalline anisotropy is affected by cationic
redistribution and change in magnetic domain regime due to
reduction in the average crystalline size [42].

4 Conclusion

In this work, we demonstrated magnetic properties of
cobalt ferrite nanoparticles dependent on particle size and
cation distribution on octahedral and tetrahedral sites. These
cobalt ferrite nanoparticles were synthesized using the
starch-assisted sol-gel auto-combustion route and further
annealed at the temperatures 300, 500 700, 900 and 1100 °C
to achieve different particle sizes of ferrite. The X-ray
diffraction patterns demonstrated single phase formation of
CoFe,04 spinel ferrite nanoparticles. The FESEM anal-
ysis indicated a change of particle size and morphology
at higher annealing temperature. The Raman spectroscopy
and Fourier transform infrared (FTIR) spectroscopy sup-
ported the formation of ferrite phase and change in spec-
tra with change of annealing temperature. Further, the
cation redistribution with change of particle size was con-
firmed by X-ray photoelectron spectroscopy. X-ray pho-
toelectron spectroscopy also confirmed the presence of
Co’* and Fe’t at octahedral and tetrahedral sites in
CoFe,04 nanoparticles. From the XPS analysis, the occu-
pation formula for the CoFe,O4 nanoparticles annealed at

500 and 900 °C was (Cog3,Feg ) [ Coj3eFetd, | 0 and

(Coaf §6Feaf 26) [Co& (2)4Fel+g 4] Oy, respectively. The highest
value of coercivity (1091.2 Oe) and saturation magnetiza-

tion (54.76 erg g~') were obtained at annealing tempera-
tures 900 and 1100 °C, respectively.
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