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Abstract

In this study, the effect of vanadium addition on the structural and magnetic properties of cobalt ferrite (Co;_,V,Fe,;Oy;
where x =0, 0.05, 0.10, 0.15, 0.20, and 0.25) prepared by a novel sol-gel autocombustion method was investigated. The
formation of cubic spinel structure (space group Fd3m) was confirmed by X-ray diffraction in combination of Rietveld
structure refinement analysis and transform infrared spectroscopic spectrum (FT-IR) analyses. Also, phase and elemental
analyses confirmed that an inevitable secondary phase of hematite along with the spinel phase appears by addition of
vanadium; therefore, a nanocomposite was formed in the sample containing vanadium. However, the SEM observations in
combination of the results obtained by Rietveld structure refinement analysis showed that the presence of vanadium can
affect the size of synthesized cobalt ferrite. VSM measurements showed that saturation magnetization and coercivity values
are strongly dependent on the vanadium content and particle size, so that the maximum value of coercivity was obtained
equal to ~916 Oe for Cog g5V 15Fe,04.
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Highlights

o Effect of vanadium ions addition on the magnetic properties of cobalt ferrite.
o Effect of adding these ions on morphology and agglomeration of the nanoparticles.
e The evolution of structural properties by using the Rietveld method.

1 Introduction

Spinel ferrites nanoparticles are known as one of the most
remarkable materials in modern technology [1-4]. Among
these ferrites, cobalt ferrite (CoFe,O,) has attracted the
attention of numerous researchers because of its unique
characteristics, such as moderate saturation magnetization
(~80 emu/g) [5], high coercivity (~5400 Oe) [6], high Curie
temperature (520 °C) [7, 8], significant chemical stability,
and mechanical hardness [7, 9]. These unique properties
make it an excellent candidate not only for various appli-
cations, such as hyperthermia [8, 10, 11], magnetic drug
delivery [7, 12], magnetic resonance imaging [9, 13],
medical diagnosis [12], but also for magneto-optics devices
[14], high-density recording media [6, 13], and stress sensor
[5]. On the other hand, these magnetic nanoparticles were
synthesized by various methods such as sol-gel [1],
hydrothermal [15], coprecipitation [3, 16], and microemul-
sion [17] methods. Among these methods, the sol-gel
method has been used in numerous papers to obtain
homogeneous nanoparticles [18-24].

In recent years, the effect of addition of various agents
and alloying elements in order to improve the morphology
and magnetic properties of cobalt ferrite nanoparticles
synthesized by sol-gel method has been studied, so that it
has been shown that the doping of alloying elements, such
as Mg [23, 25], Ca [26], Sr [3, 27, 28], Y [1, 6], Ti [18, 29],
V [30], Cr [31], Mn [32], Ni [33], Cu [19, 34], Zn [35, 36],
Al [37], Dy [38, 39], and Ho [22] can significantly improve
its properties. Among these doping elements, some of them
enhance the soft magnetic properties, while the others
increase the hard magnetic properties. For instance, it turns
out to be a soft magnetic material by doping of Mg”" [25]
or Zn>* [36] ions, while addition of alloying elements such
as vanadium can increase the coercivity of cobalt ferrite
[30]. Heiba et al. [30] synthesized CoFe, ,V,0; (0<x<
0.25) and CoFe;_;¢7xVO4 (x=0.1 and x = 0.2) by using
the sol-gel method and showed that vanadium occupies on
B-site for x<0.1 for CoFe,_,V,0,4, while some of vana-
dium immigrates to A-site for x>0.1. However, the
saturation magnetization of V-doped samples was obtained
less than that of for pure CoFe,Oy4, but coercivity increased
with an increase in vanadium concentration and also an
increase in magnetocrystalline anisotropy. Despite the done
investigations, to the authors’ knowledge, no works have
been devoted to the effect of substitution of cobalt ions by
vanadium on the phase evolution, size, morphology, and
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magnetic properties of CoFe,O, magnetic nanoparticles
prepared by sol-gel method. Therefore, it seems that more
comprehensive study is necessary. Accordingly, the main
objective of this study is the synthesis of the Co;_,V Fe,O4
magnetic nanoparticles by a novel sol-gel autocombustion
method. For this purpose, the thermal analysis, morpholo-
gical characteristics, phase analysis, and magnetic proper-
ties are investigated by simultaneous thermal analysis, field
emission scanning electron microscopy (FE-SEM), X-ray
diffraction (XRD), and vibrating sample magnetometer
(VSM), respectively. Moreover, a comprehensive structural
analysis was done using the “Rietveld refinement” method.

2 Materials and methods
2.1 Materials and synthesis process

In this study, the used raw materials including cobalt (II)
nitrate hexahydrate (Co(No3),-6H,0, 299%), iron (III)
nitrate nonahydrate (Fe(NOs3);-9H,0, >99%), ammonium
monovanadate (NH4VO;, 299%), citric acid (299.5%), and
ammonia (225%) were obtained from Merck (Darmstadt,
Germany). To investigate the effect of vanadium doping on
the morphology and magnetic properties of CoFe,Oy,
samples with the compositions of Co;_,V,Fe,O4, where
x=0, 0.05, 0.10, 0.15, 0.20, and 0.25 in molar ratio, were
prepared by the sol-gel autocombustion method as pre-
sented in Fig. 1. For this reason, at the first stage, stoi-
chiometric amounts of nitrate precursors and citric acid
were dissolved together in a minimum amount of double
distilled water at room temperature under stirring to obtain a
clear solution. Then, ammonia was slowly added to this
solution to adjust the pH at 6. Afterward, the solution was
heated at 80 °C for 3 h with constant stirring using hot plate
to achieve a viscous brown gel. At the next stage, the
obtained gel was heated under stirring at 300 °C for 2 h to
evaporate the solvent water and this process was followed
by decomposing of the precursors in a furnace at 800 °C for
3 h under air atmosphere to get the final product.

2.2 Characterization techniques

To determine the occurred phenomena during the combus-
tion process and formation of final product, thermal analysis
of the precursors was investigated by a combined thermo-
gravimetry/differential ~ thermal  analysis  technique
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Fig. 1 Schematic representation of the sol-gel process used in the present study

(TG-DTA, STA503, Bahr, USA) up to 1200 °C at a heating
rate of 20 °C/min in the air atmosphere. The diffraction
patterns of the synthesized powder were obtained by XRD
(PW1730 PHILIPS, Netherlands) using Cu ka radiation
(A=0.1540nm) and a working voltage and current of
40kV and 30mA, respectively. The Rietveld’s powder
structure refinement analysis of XRD data was adopted to
obtain the relative phase abundance, particle size, and lattice
parameter changes. Also, the particles size distribution and
the morphology of the synthesized nanoparticles were
investigated using FE-SEM equipped with energy dis-
persive spectroscopy (EDS) (MIRA 3, TESEAN, Czech
Republic). The surface functional groups were analyzed by
Fourier transform infrared spectroscopic spectrum (FT-IR,
Aatar, Thermo, USA) at wave number range of
400-4000 cm™!. Also, VSM (Magnetic Daghigh Danesh-
pajouh, Iran) was used to obtain the magnetic properties of
the samples at room temperature under magnetic field
upto 1T.

3 Results and discussion
3.1 DTA-TG analysis

Figure 2 illustrates the DTA-TG curves related to the com-
bustion process of dried gels of the samples with composi-
tions of Co;_,V,Fe,O,4, where x =0 and 0.15. According to
TG curves, it is observed that the weight loss occurs in two
stages. At the first stage, a weight loss is observed from
ambient temperature up to 360 °C, which is due to both the
evaporation of residual water in the gel and the removal/
desorption of trapped water/other gases (i.e., N,Hy [40]) in the
samples. Although, it seems that evaporation of residual water
to be exothermic process, but some other reactions can be
endothermic process at this temperature range. Therefore, no
peak at this temperature can be observed on the DTA curves
and this similar behavior was supported by literatures [8, 41].
At the next stage, the weight loss occurs in the temperature
range of 360430 °C, which is due to the decomposition of
nitrate salts and other organic compounds, and also the for-
mation of the spinel ferrite. As shown, the second weight loss
stage is associated with the first sharp exothermic peak in the
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Fig. 2 DTA-TG curves of the combustion process in dried gels of the

samples with compositions of Co;_,V,Fe,Oy4, where x =0 and 0.15

DTA curves for both samples. These results are in good
agreement with the results obtained by others [42, 43].
However, a broad exothermic peak is shown in the tem-
perature range of ~430-960°C, while no weight loss is
observed in TG curve in the temperature range. Therefore,
this exothermic peak is attributed to the densification of the
powder and this similar behavior was supported by literatures
[8, 44—46]. Moreover, it should be noted that both stages of
weight loss are increased in the presence of vanadium. Also, it
is shown that the first DTA peak of the sample containing
vanadium (0.15 at.%) is sharper than that of the vanadium-
free sample, which shows that a strong combustion reaction
occurs in the presence of vanadium. It can influence on the
morphology, and structural and magnetic properties of the
synthesized nanoparticles.

3.2 Phase and structural analysis

XRD patterns of all synthesized samples with the com-
positions of Co;_,V, Fe,04, where x =0, 0.05, 0.10, 0.15,
0.20, and 0.25, are shown in Fig. 3. As seen, all diffraction
peaks are matched properly with the standard pattern of the
cubic spinel structure of CoFe,04 (JCPDS reference card
#96-591-0064). The detected diffraction peaks related to
the ferrite are assigned to (111), (220), (311), (222), (400),
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Fig. 3 XRD patterns of the synthesized samples with compositions of Co;_,V,Fe,04 (0 <x<0.25) sintered at 800 °C/3 h

Table 1 Chemical composition, microstructural, and morphological properties of Co;_,Fe,V, 0,4 (x=0, 0.05, 0.10, 0.15, 0.20, and 0.25) samples

Sample no.  Chemical composition Crystallite size (nm) wt% X—rayxdensity Lattice parameter (A) VDog]ume
(g/em’) —_— (A)
XRD & Rietveld XRD
analysis

Debye—Scherrer’s Rietveld FE-SEM  Rietveld

formula analysis analysis
1 CoFe,0y 51.4 74.3 91 100 5.32 8.39275 8.364 585.1
2 Cog.95V0.0sFe204 31.6 39.5 135 81.5 5.36 8.38782 8.337 5795
3 Co.90Vo.10Fe204 35.8 48.5 326.9 74.6 5.42 8.38142 8.304 572.6
4 Cogg5Vo.15Fe,04 41.1 58.7 594 71.6 5.34 8.38635 8.341 580.3
5 Cogg0FeaV2004 343 423 - 62 5.35 8.38748 8.328 577.6
6 Cog.75V.25Fe,04 274 444 - 539 5.29 8.38282 8.355 5832

(422), (511), and (440) planes at 20 values of 18.389°,
30.250°, 35.632°, 37.274°, 43.309°, 53.736°, 57.286°, and
62.913°, respectively. Therefore, it is a clear evidence for
the formation of cobalt ferrite in all samples. However, in
addition to this phase, two other phases are also found in
the samples containing vanadium, which are assigned to
the hematite (Fe,Os; JCPDS reference card #96-591-0083)
and the iron vanadium oxide (FeVOy,; JCPDS reference
card #00-030-0667) phases. As shown, the diffraction
peaks of these phases become broader and sharper by
adding more vanadium. It means that the volume factions
of these two phases are increased with an increase in the
amount of vanadium. Although the main purpose of this
work is to investigate the effect of substitution of vana-
dium for cobalt in the cobalt ferrite structure, the XRD
patterns show that this substitution is limited. Thus, other
phases including Fe,O; and FeVO, are formed in the
presence of vanadium and the relative amount of these
secondary phases is increased by an increase in vanadium
amount. Similar results are observed for substitution of Er
[47] and Ho [22] for cobalt in the cobalt ferrite structure.

@ Springer

Heiba et al. [30] reported that V can be substituted as the
V" or/and V3 ions. However, in the present study, NH,;VOs;
was used as the source of vanadium +5 cations. Although the
occupation of the octahedral sites (B sites) by V' ions at low
concentration of vanadium has been reported, some
researchers believe that the size of the V>* (0.36 A) is smaller
than the Fe** (0.64 A) and Co>* (0.78 A) ions, so that V>
ions tend to occupy the tetrahedral sites (A-sites) [48].
However, it seems that the occupation of a significant amount
of Co?" by V' cannot be occurred and V> ions occupy the
Fe sites, and therefore Fe>™ ions can form other secondary
phases, i.e., Fe,0O; and FeVO,, which is confirmed by the
XRD patterns.

The average crystallite size of cobalt ferrite formed in all
samples is calculated using the Scherer’s formula [49]
p=2% (1)

pCos6
where f$ is the full width at half maximum, and 1 is the X-
ray wavelength (0.1540 nm) [50]. The calculated average
crystallite size for all samples is summarized in Table 1. As



Journal of Sol-Gel Science and Technology

|

obs.

- Ica

- | - Bragg position
— Iobs.'Ica

Intensity (a.u.)

20 30 40 50 60 70
20 (deg.)

Fig. 4 Rietveld refined XRD patterns for the sample containing
025at.% V

seen, the calculated average crystallite size decreases from
~51 nm (COF6204) to ~27 nm (COQV75VQ.25 F6204). How-
ever, it is obvious that the average crystallite size of cobalt
ferrite nanoparticles in the presence of vanadium is smaller
than that of V-free CoFe,Q0y.

On the other hand, a careful XRD analysis (Fig. 3)
reveals the shift of diffraction peaks, which indicates a
change in the lattice parameter. Therefore, the lattice para-
meters are calculated using the following equation [36]:

a = dhkl\/ h2 + k2 + 12, (2)

where d is the interplanar spacing; a is the lattice parameter;
and (hkl) are Miller indices of the diffraction peaks.
Moreover, the unit cell volume of the synthesized
nanoparticles is calculated using the formula expressed as
follows:

V= a3, 3)

where a represented the lattice parameter calculated using
Eq. (2).

Values of the calculated lattice parameter and the unit
cell volume are presented in Table 1.

As mentioned, the size of V>* ion is smaller than that
of the Fe’* (0.64 A) and Co®>" (0.78 A) ions. Therefore,
the lattice parameter and the unit cell volume of synthe-
sized cobalt ferrite decrease by addition of vanadium,
which can be due to a partial substitution of smaller
vanadium ions instead of iron and/or cobalt ions. Also, all
the XRD patterns were refined by using the Rietveld
method to evaluate the average crystallite size and lattice
parameters (Table 1). As seen, there is a good agreement
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Fig. 5 The average crystallite size and lattice parameter with vanadium
content for x = 0-0.25

between the structural parameters calculated by both the
Scherer’s formula and the Rietveld method. For instance,
Fig. 4 shows the measured XRD patterns based on the
Rietveld refinement technique for the sample containing
0.25 at.% V. However, as seen in Table 1, the crystallite
sizes evaluated from Rietveld analysis are larger than
those obtained from Scherrer’s formula. In is notable that
in Rietveld analysis, refinement is done by using all
peaks, while for those obtained from Scherrer’s formula,
only (220) peak was considered, because the peaks of
secondary phase overlapped with other cobalt ferrite
peaks. Also, Fig. 5 indicates the relation between the
lattice parameter and the average crystallite size calcu-
lated by the Rietveld method versus vanadium content. As
seen, both structural parameters in V-free sample are
higher than samples containing V, which can be due to the
smaller vanadium ions as compared with both iron and
cobalt ions. On the other hand, not only ionic radius but
also the average grain size can affect the lattice parameter.
It is reported that smaller particles have large surface area
as well as high surface tension [51]. As seen in Fig. 5, the
lattice parameter and the average crystallite size are in
good agreement with each other. Therefore, the decrease
in lattice parameter suggests possible lattice shrinkage due
to the high surface tension of smaller particles. The
similar behavior was shown in the literatures [35, 51].
On the other hand, NH;V O3 is known as a source of the
vanadium +5 oxidation states. Therefore, V occupies the
lattice sites as V. It is acceptable that small ions with high
charges occupy the tetrahedral sites [30]. The V> ion
radius is small compared with Co>*, Fe?*, and Fe*" ions,
therefore V°* ions tend to occupy the tetrahedral sites
[52, 53]. Nevertheless, it is reported that V3T jons may
occupy the octahedral sites at low concentration of vana-
dium [48, 54]. Accordingly, V°* adding into the lattice sites
results in the creation of some Fe?*, so that each V>* ion

@ Springer
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converts two Fe>* ions into two Fe?t. Therefore, Fe*>" ions
are formed due to the incorporation of V> into the lattice
[55]. The similar behavior has been reported in the case
of Ti*'-Fe?" pairs in the titanium substituted Mn—Zn
ferrite [56].

As mentioned, if V> ions occupy the octahedral sites at
low concentration of vanadium (<0.15), it can lead to
decrease in the lattice parameter. But, in the samples with
vanadium content>0.15, a significant part of vanadium
ions occupy the tetrahedral sites as V' ions, that it can lead
to enlarge the cell. Although V> ions have a smaller radius
than Fe3* ions, this incorporation into the lattice results in
the creation of some Fe?" that have a longer ionic radius
compared with Fe’" ions. So, this can lead to a slight
increase in the lattice parameter for the samples with
vanadium content > (0.15. On the other hand, as observed in
XRD patterns, it is shown that driving force of the forma-
tion of secondary phases (i.e., Fe,0j3) is increased by more
addition of vanadium, so it can be expected that in the
presence of high concentration of vanadium (0.25), forma-
tion of secondary phases leads to a decrease in lattice
parameter of cobalt ferrite. It should be noted that some
Co?* sites may be substituted by V' ions. This can lead to
the exit of a divalent (Co*>"/Fe*?) and trivalent ion (Fe*")
from the structure. Therefore, formation of the secondary
phases (i.e., Fe;03) can be expected. Furthermore, it is also
possible that some of the vanadium ions cannot substitute
the sites of unit cell of CoFe,0, and appear in the secondary
phases (i.e., FeVOy).

Furthermore, the X-ray density is calculated for all the
samples by using the following equation [57, 58]:

8- M )

where M is the molecular weight; a represents the lattice
parameters; 8 is the number of molecules per unit cell of

590 5.50
—=— Volume
—0— X-ray density
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Fig. 6 The variation of volume of unit cell and theoretical density for
Co;_,V,Fe,O4 with increasing vanadium content
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cubic spinel lattice; and N is the Avogadro number. Figure
6 illustrates the variation of unit cell volume and X-ray
density versus vanadium concentration. As seen, it is clear
that the X-ray density increases by vanadium doping (x =
0.1), while this parameter reduces by adding more
vanadium, which is in good agreement with the effect of
vanadium doping on the lattice parameter/unit cell
volume.

3.3 Microstructural observations

Figure 7 represents the FE-SEM images and the particle size
distribution of the synthesized samples with the composi-
tions of Co,_,V,Fe,04 (x=0, 0.05, 0.10, and 0.15). As
shown, there are significant differences in the morphology
and the average crystallite size of the synthesized nano-
particles in the presence of various amount of vanadium. As
seen, the nanoparticles of the V-free sample have an
agglomerated semispherical morphology (Fig. 7a). But, the
shape of some of the synthesized nanoparticles differs from
a semispherical morphology in the V-free sample to a
cubical shape by addition of 0.05at.% V (Fig. 7b). This
may happen due to the presence of hematite phase and
magnetic interaction, so that this interaction produces a low
surface energy state and reduces the interface between
nanoparticles [59]. On the other hand, the particles size of
Cop9Vy.1Fe,0,4 sample was increased (Fig. 7c). Figure 7d
shows that there are two different morphologies in the
sample containing 0.15at.% V. In order to confirm the
chemical composition of these synthesized particles, an
EDS study was carried out. Typical EDS patterns of the
samples containing 0.05 and 0.15at.% V are shown in
Fig. 7f-i. Also, the stoichiometry of the formed phase with
the theoretical one in EDS patterns are compared in Table 2
to better understand the possibility of substitution of vana-
dium on sites of CoFe,0,. As seen, it is accepted that some
vanadium ions occupy the sites of CoFe,0y.

Moreover, the average of particle size calculated by MIP
is presented in Table 1. As presented, the values of particle
size measured by using the FE-SEM micrographs is larger
than those obtained from XRD patterns; it is due to the fact
that every particle is formed by aggregation of a large
number of crystallites [60, 61].

3.4 FT-IR analysis

The FT-IR spectroscopy is a useful method to determine the
chemical functional groups and structural changes occurring
in materials [35]. Figure 8 represents the FT-IR absorption
spectra of the synthesized samples with compositions of
Coy_,V,Fe,04, where x=0, 0.05, 0.10, 0.15, 0.20, and
0.25. As seen, the spectra are made up of two basis
strong fundamental stretching vibrations in the ranges of
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Fig. 7 FE-SEM images of the synthesized samples with the compositions of Co;_,V,Fe,04, where x =0 (a), 0.05 (b), 0.10 (¢), and 0.15 at.% (d).
EDS patterns related to the points 1 (e), 2 (f), 3 (g), and 4 (h) shown in b and d

Table 2 Elemental composition of the synthesized nanoparticles of
Co;_,V,Fe;,04 (x=0.05 and 0.15) as evaluated from stoichiometry

composition and EDS

Elemental composition Co (at.%) Fe (at.%) O (at.%) V (at.%)
evaluated from
Stoichiometry composition
CoFe,0, 14.29 28.57 57.14 0
Co0.95V.0sFe204 13.57 28.57 57.14 0.72
Cop.85Vo.15Fe204 12.14 28.57 57.14 2.15
EDS
Point 1 6.56 16.68 76.53 0.23
Point 2 6.44 16.22 77.06 0.28
Point 3 5.65 15.16 79.02 0.18
Point 4 3.81 18.61 76.27 1.32

500460 cm™' (v4) and 600-500cm~! (vg), which are
related to the tetrahedral and octahedral sites of the spinel
structure, respectively. The differences in vibrations fre-
quencies between the two crystallographic A and B sites
can be ascribed to the transition in bond length (M-O),
where the ionic radius of A-site is smaller than that of B-site
[59]. Also, there are the peaks at 1090 and 1382 cmfl,
which are related to the C-O and asymmetrical COO—
groups, respectively [2]. Furthermore, the FT-IR spectra of
the samples display bands at 1630 cm ™!, which are attrib-
uted to bending and stretching vibration of H-O-H [39].
Moreover, the bands at 2923cm™! are assigned to the
vibration mode of the C—H bond [2, 62], and also the bands
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at 3420cm™! are attributed to the O-H bond [63]. As
summarized, it is clear that the addition of vanadium can
effect on the migration of the cations between the tetra-
hedral and octahedral sites.

475 =
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Fig. 8 FT-IR spectra of the samples with the compositions of
Coy_,V,Fe,04, where 0 <x (at.%) <0.25
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Fig. 9 Hysteresis loops for all the compositions (Co;_,V,Fe,0,, where
0<x (at.%) < 0.25) at room temperature

3.5 VSM measurements

Figure 9 depicts the hysteresis loops for all the samples,
which shows the effect of presence of vanadium on the
magnetic behavior of the cobalt ferrite. Magnetic char-
acteristics including saturation magnetization (M), coer-
civity (H.), and remanent magnetization (M,) for all
synthesized samples are extracted from the hysteresis loops
and are summarized in Table 3. Also, variation of the M,
and H, with vanadium content is shown in Fig. 10. As seen,
M; decreases by adding vanadium, which is due to the
appearance of nonferromagnetic secondary phases (Fe,O3;
and FeVOy). Also, the experimental magnetic moment (n
in Bohr magneton) has been calculated from the M; value
using the following equation [38, 64, 65] and the results are
presented in Table 3:

o MCoFeZO4 X Mr

= 5
Up 3585 ’ ( )

where Mcope,0, 18 the molecular weight of particular ferrite
composition, and M, is saturation magnetization (emu/g).
As presented, the changes in the saturation magnetization
and the magnetic moment are in good agreement with each
other, which is related to the appearance of secondary
phases.

On the other hand, as presented in Table 3, the variation
of M, M,, ng, K, and M,/M; are monotonic, while the var-
iation of H, is not monotonic. The coercivity, an important
magnetic property, is affected by various factors, i.e., the
structural defects, the average crystallites size, the appear-
ance of secondary phases, the magnetocrystalline aniso-
tropy (K), etc. [30, 66]. For instance, the coercivity is the
required magnetic field for overcoming the magnetocrys-
talline anisotropy to flip the magnetic moments. Therefore,
the change in anisotropy field by adding vanadium can
change the coercivity. The anisotropy for all samples is
calculated by the following formula [57, 65]:

_ H. X M;

=———" 6
K 0.98 ’ (©)

here, M, and H, represent the saturation magnetization and
coercivity, respectively. Values of the calculated anisotropy
are summarized in Table 3. Moreover, this sudden change

Table 3 Magnetic properties of

. 4
Coy_FeaV, 0, (with x = 0, 0.05, Sample no. Vanadium content M, (emu/g) M, (emu/g) H.(Oe) Kx10" (erg/lg) np M, /M,
0.10, 0.15, 0.20, and 0.25) 1 - 65.6 33.9 8203  5.50 275 051
samples
2 0.05 61.3 26.6 880.1 5.50 2.57 043
3 0.10 60.6 20.5 859.7 5.31 2.53 033
4 0.15 49.6 15.5 915.8 4.63 2.07 031
5 0.20 42.3 12.9 875.6 3.77 1.76  0.30
6 0.25 394 12.3 809.7 3.25 1.64 0.31
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in magnetic behavior of cobalt ferrite by adding vanadium
can be related to the possible change in orientation of the
magnetization vector from the easy axis (100) to the hard
axis (111) in CoFe,O4 [67]. On the other hand, as
mentioned before, the coercivity can be affected simulta-

neously by various factors. Hence, a nonmonotonic
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Fig. 10 Variation of coercivity and saturation magnetization as a

function of vanadium content

Table 4 The average of crystallite
[22, 25, 26, 30, 31, 33, 35, 38, 41, 68]

size and magnetic properties

variation for this parameter can be expected. While, the
main reason of the change in other magnetic parameters is
the presence of secondary phases, which are formed by
addition of V.

Furthermore, the obtained magnetic parameters for
cobalt ferrites synthesized in the present work and the other
studies [22, 25, 26, 30, 31, 33, 35, 38, 41, 68] are compared
in Table 4. As shown, CoFe,0, synthesized in the present
work has magnetic properties better than that obtained in
most of the previous works.

4 Conclusion

In the present study, the effect of vanadium addition on the
size, morphology, phase evolution, and magnetic properties
of magnetic CoFe,0O,4 nanoparticles synthesized by a novel
sol-gel autocombustion method was investigated. The
obtained results revealed the following:

(1) The vanadium atoms cannot be completely substituted
by cobalt atoms sites; therefore, two other phases were
also found in the samples containing vanadium.
However, Rietveld structure refinement analysis

of CoFe;,0O, MNPs in comparison to other investigations

Chemical composition Crystallite size (nm) M, (emu/g) H,. (Oe) M, (emu/g) Ref.
Substitution for iron
CoFe,_,Ho,04 64.4-75.8 49.7-65 440.7-618.8 16-24.1 [22]
(x=0.0, 0.05, 0.10, 0.15, 0.20)
CoFe,_,Cr,O4 13.9-27.8 49.7-115.7 302-1428.4 7.4-92.6 [31]
(x=0.0,0.2,04, 0.6, 0.8, 1.0)
CoFe,_,Dy,O4 4.1-13 9.7-14 21.3-312.8 0.24-3.3 [38]
(x=10.025, 0.05, 0.075, 0.10)
CoFe,_,V,0, 18-106 63.2-83.5 870.4-2476.6 25.7-39.4 [30]
(x=0.0, 0.05, 0.10, 0.15, 0.20, 0.25)
CoFe;_1.67x V04
(x=0.10, 0.20)
Substitution for cobalt
Co;_,Mg,Fe,04 50.8-66.8 35.2-77.9 38.3-680.2 4.9-232 [25]
(x=0.0,0.2,04, 0.6, 0.8, 1.0)
Co,_,CaFe,04 42.9-71.8 43.2-63.9 819.8-1312.1 17.2-26 [26]
(x=0.0, 0.05, 0.10, 0.15)
Co;_,NiFe,O4 70-160 37.3-70.8 321-1188 - [33]
(x=0.1, 0.3, 0.5, 0.7, 0.9)
Co;_,Zn,Fe,04 21.7-41.5 21.4-65.7 9.6-47.5 0.36-18.8 [35]
(0.0, 0.5)
Co;_,Cu,Fe,04 40.4-45.8 74-82.6 1121.3-1281.5 31.5-36.8 [41]
(0.0, 0.05, 0.10, 0.15, 0.20, 0.25)
Co;_,NiFe,O4 23-27 41.7-76.1 162.5-1049.6 12.1-36.3 [68]
(x=0.0, 0.25, 0.5, 0.75, 1.0)
Co;_,V,Fe,04 27.4-51.4 39.4-65.6 809.7-915.8 12.3-33.9 This work

(x=0.0, 0.05, 0.10, 0.15, 0.20, 0.25)
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confirmed that the addition of vanadium affects both
the average crystallite size and the lattice parameter of
the synthesized cobalt ferrite nanoparticles.

(2) The formation of the secondary phases such as Fe,O3
was confirmed by FE-SEM observations.

(3) The functional group was studied by FT-IR analysis,
which confirmed the formation of cubic spinel phase
in all samples.

(4) The saturation magnetization was decreased by
addition of vanadium due to the formation of
secondary phases. While, the coercivity was increased
from 823 Oe in the vanadium-free sample to 918 Oe
in the samples with composition of Cog g5V 15Fe,04.
The increase in the coercivity was correlated with the
presence of secondary phases, the average crystallites
size changes, and the magnetocrystalline anisotropy.
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