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a b s t r a c t

NixCo1-xFe2O4/SiO2 nanocomposites (x¼ 0, 0.25, 0.50, 0.75 and 1.00) were synthetized by a modified sol-
gel method. The X-ray diffraction (XRD) patterns revealed the crystalline phases and the crystallite size
variation with increasing annealing temperature and Ni content. The lattice constants, cell volume, X-ray
density, hopping length in A and B sites, average crystallites size and relative crystallinity calculated from
XRD data are consistent with the mixed spinel structure. The transmission electron microscopy images
reveal the spherical shape of nanoparticles and their size increase with increasing annealing tempera-
ture. The magnetic properties such as saturation magnetization (Ms), remanent magnetization (Mr),
coercivity (Hc), magnetic moments per unit cell (nB) and anisotropy (K) decrease with increasing Ni
content, but they increase with the annealing temperature due to the influence of the cation stoichi-
ometry and their specific sites occupancy. The M€ossbauer spectra showed the characteristic magnetic
patterns of Co and Ni spinels and revealed only the presence of Fe3þ. The Ni-rich nanocomposites pre-
sented superparamagnetic behavior, while the Ni-poor nanocomposites ferromagnetic behavior.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The production of high quality ferrites remains a challenge. The
properties of these materials are dependent upon microstructure
and composition, and they are sensitive towards the processing
techniques [1]. NiFe2O4 and CoFe2O4 are attractive materials for
numerous applications such as microwave devices, recording me-
dia, computer memory cores, gas sensors, high density information
storage, drug delivery, low energy inductors, medical instruments,
telecommunication, catalysts, high frequency transformers, mi-
crowave and dye absorbers [1e5]. A wide range of methods were
used to synthesize NiFe2O4 and CoFe2O4 nanoparticles, such as sol-
gel, solid-state reaction, microwave-assisted flash combustion
technique, high energy ball milling, hydrothermal, chemical co-
precipitation, autocombustion, spray pyrolysis, matrix isolation,
pong).
forced hydrolysis, laser-induced vapor phase reactions and solid
state evaporation condensation [1e10]. Among these methods, the
sol-gel is considered a simple, low-cost, highly reproducible
method that allows excellent composition control while it requires
low processing time and low energy consumption [3].

The spinel structure of CoeNi ferrites consists of a cubic close-
packed lattice of 32 oxygen atoms with the metal ions distributed
in two different sub-lattices: 8 tetrahedral Ni2þ or Co2þ (A-sites)
and 16 octahedral Fe3þ (B-sites) [2,4,9,10]. The inverse spinel
structure is characterized by 8 Ni2þor Co2þ and 8 Fe3þ cations
occupying half of the octahedral sites and 8 Fe3þ ions occupying
tetrahedral sites [4]. In the mixed spinel structure, the number of
Fe3þ ions in octahedral sites increase, while that of the Fe3þ ions in
tetrahedral sites decrease due to presence of divalent ions (Ni2þ,
Co2þ) in tetrahedral sites [4].

Polycrystalline CoFe2O4 is a hard magnetic material having high
coercivity (Hc), high chemical stability, good electrical insulation,
large mechanical hardness and rather high saturation magnetiza-
tion (Ms, 80.0 emu/g) at room temperature [2]. By replacing Ni2þ
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with Co2þ in the structure of NiFe2O4, Hc and Ms increase due to
higher magnetocrystalline anisotropy and higher magnetic
moment of Co2þ. The magnetization of CoeNi ferrites is strongly
dependent on the cations distribution (Fe3þ, Ni2þ, Co2þ) between
tetrahedral and octahedral sites. Moreover, NieCo ferrite exhibits
high resistivity in addition to excellent magnetic properties [3]. The
frequency of operation of spinel ferrites is directly proportional to
square of Ms and electrical resistivity and it is inversely propor-
tional to grain size [11]. Bulk CoxNi1-xFe2O4 produced by standard
ceramic process showed lower resistivity with increasing Co con-
tent and semiconducting properties [12].

Previous studies demonstrated that embedded NieCo ferrites
exhibit high magnetocrystalline anisotropy, unique magnetic
structure and high correlation between the coercivity, crystallite
sizes and sample preparation pressure [13]. Moreover, the increase
of Ni content in NixCo1-xFe2O4 determines an increase of the
magnetic hyperfine fields, indicating strong superexchange in-
teractions [12]. These findings further motivated research on the
improvement of structural and magnetic properties of ferrites by
cation substitution [14e16]. Our study presents the sol-gel syn-
thesis of NixCo1-xFe2O4/SiO2 nanocomposites (NCs) and the evolu-
tion of their structural, morphological and magnetic properties
with the thermal treatment at 500, 800 and 1100 �C. Also, the in-
fluence of Ni content on the structural and magnetic properties of
NixCo1-xFe2O4/SiO2 NCs is discussed.

2. Experimental

2.1. Reagents

Nonahydrate ferric nitrate (Fe(NO3)3$9H2O) of 98% purity,
hexahydrate cobalt nitrate (Co(NO3)2$6H2O) of 98% purity, hexa-
hydrate nickel nitrate (Ni(NO3)2$6H2O) of 99% purity, 1,4-
butanediol (1,4BD) of 99% purity, tetraethylorthosilicate (TEOS) of
99% purity, ethanol of 96% purity and HNO3 65% were purchased
fromMerck (Germany). All reagents were used as received without
further purification.

2.2. Synthesis

NixCo1-xFe2O4/SiO2 NCs were prepared by a modified sol-gel
route using the following Ni/Co molar ratios: 0/1 (x¼ 0), 0.25/
0.75 (x¼ 0.25), 0.50/0.50 (x¼ 0.5), 0.75/0.25 (x¼ 0.75) and 1/
0 (x¼ 1). The sols were prepared by mixing Fe(NO3)3$9H2O,
Co(NO3)2$6H2O and Ni(NO3)2$6H2Owith 1,4-BD, TEOS, ethanol and
HNO3. In all cases, a molar ratio of 1:1:1 NO3

�:1,4-BD:TEOS was
used. The resulted sols were mixed together under continuous
stirring, for 30min, and kept at room temperature until gelation.
The obtained samples were grinded, annealed at 500 �C for 4 h and
at 800 and 1100 �C for 5 h, as high purity gels with high crystallites
size are obtained using a thermal pretreatment before annealing.

2.3. Characterization

The Ni/Co/Fe ratio in the NixCo1-xFe2O4/SiO2 NCs was confirmed
by inductively coupled plasma optical emission spectrometry (ICP-
OES) using a Perkin Elmer 5300 Optima DV spectrometer, after
microwave digestion with aqua regia. The formation of crystalline
phases, the crystallite size, relative crystallinity, lattice constant,
cell unit volume and X-ray density were investigated by X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer, oper-
ating at 40 kV and 40mA, with CuKa radiation (l¼ 1.5406 Å) at
room temperature, while the structure and composition of the NCs
by Fourier-transform infrared spectroscopy (FT-IR) using a Perkin
Elmer Spectrum BX II FT-IR spectrometer. The shape and size of
NieCo ferrite nanoparticles embedded in SiO2 matrix were inves-
tigated by transmission electron microscopy (TEM) using a Hitachi
SU8230 ultra-high resolution scanning electron microscope, on
sputter-coated samples, coupled with an Oxford Instruments X-
Max 1160 EDX detector. The magnetic properties as a function of
Ni-content variation in NCs were studied using a vibrating sample
magnetometer (VSM) using a Cryogenic Ltd. 12 T VSM. The hys-
teresis loops were recorded in magnetic fields from �1 to 1 T, at
room temperature. Magnetization (M) vs. magnetic field (H) mea-
surements were performed to find the saturation magnetization
MS, up to 7 T. The powder samples were embedded in an epoxy
resin to prevent any nanoparticles movement [17]. The M€ossbauer
spectroscopy was used to investigate the cation distribution and to
establish the stoichiometry of NixCo1-xFe2O4 structure. The
M€ossbauer measurements were performed at room temperature
using aWissEL-ICE Oxford M€ossbauer cryomagnetic system. The g-
rays were provided by a 10mCi 57Co source in Rh matrix. The iso-
mer shift is given relative to a-Fe at room temperature.

3. Results and discution

3.1. XRD analysis

The XRD patterns of NCs reveals the effect of Ni content on the
NixCo1-xFe2O4 (x¼ 0, 0.25, 0.50, 0.75, 1) system embedded in SiO2

matrix (Fig. 1). In the case of samples annealed at 500 �C, for NCs
without Ni (x¼ 0), well-crystallized CoFe2O4 (JCPDS card 22e1086)
and Co3O4 (JCPDS file 42e1467) phases are observed [18]. For NCs
containing Ni, a decrease of the intensity and a flattening of
diffraction lines with the increase of Ni content are evidenced. At
x¼ 0.25, poorly crystallized Co3O4 and Ni0.25Co0.75Fe2O4, while in
the case of x¼ 0.50 single-phase Ni0.5Co0.5Fe2O4 are observed. Two
phases: Ni0.75Co0.25Fe2O4, and NiO (JCPDS card 47e1049) are
observed for x¼ 0.75, while for x¼ 1, the NiFe2O4 (JCPDS card
89e4927) main phase appears contaminated by NiO [18]. The for-
mation of NiO is possible due to the presence of oxygen that cause
the formation of intermediate products (NiO) instead of ferrites or
due to the broken oxygen bonds on the surface, which causes
incomplete exchange bonds [19].

For the samples annealed at 800 �C, the XRD patterns of NCs are
more intense and better separated. Amixture of CoFe2O4 and Co3O4
for x¼ 0, Ni0.25Co0.75Fe2O4 and Co3O4 for x¼ 0.25, Ni0.5Co0.5Fe2O4
for x¼ 0.50, Ni0.75Co0.25Fe2O4 for x¼ 0.75, and NiFe2O4 for x¼ 1
were identified. The strong, intense and sharp reflection peaks at
1100 �C, confirm the high degree of crystallinity of CoFe2O4 (x¼ 0)
and NiFe2O4 (x¼ 1) (cubic spinel structure with Fd-3m space
group) [19]. For the samples annealed at 1100 �C, single phases
Ni0.25Co0.75Fe2O4 (x¼ 0.25), Ni0.5Co0.5Fe2O4 (x¼ 0.50) and Ni0.75C-
o0.25Fe2O4 (x¼ 0.75) were identified. The diffraction lines of
CoFe2O4 overlap to those of NiFe2O4 (isostructural compounds)
[18]. For NCs with x¼ 1, the formation of NiFe2O4 crystalline phase
is the result of low oxidation capacity, low melting point, high
electronegativity, high thermal expansion coefficient and high
specific heat capacity of Ni [20]. A decrease of diffraction lines in-
tensity with the increase of Ni content was also remarked [3]. The
XRD data indicated single-phase cubic NiFe2O4 spinel (x¼ 1) and
single-phase cubic CoFe2O4 spinel (x¼ 0). The degree of crystal-
linity is given by the ratio between the sum of diffraction peaks area
and the diffraction halos area. As the diffraction areas and diffrac-
tion halos are approximately constant for a particular material with
the same type of scattering atoms, the degree of crystallinity can be
determined also by the ratio between the sum of the diffraction
areas for the sample to be analyzed and the sum of the same
diffraction peaks area for a sample with 100% crystallinity. Since
even in the sample with the highest crystallinity (NCs annealed at



Fig. 1. XRD patterns and FT-IR spectra of NixCo1-xFe2O4/SiO2 NCs annealed at 500, 800 and 1100 �C and XRD patterns of NiFe2O4 (JCPDS card 89e4927) and CoFe2O4 (JCPDS card
22e1086).
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1100 �C) amorphous phases are still observed, the crystallinity was
expressed in arbitrary units (a.u.) instead of percentages. The
relative crystallinity values increase with increasing Ni content. A
possible explanation is the high number of small size crystallites for
NCs with high Ni content and high number of big-size crystallites
for NCs with low Ni content, respectively [21].

Ni2þ and Co2þ ions prefer octahedral sites, while Fe3þ ions
occupy both octahedral and tetrahedral sites. Therefore, the
increase of Ni2þ content forces the Fe3þ ions to occupy tetrahedral
sites [21]. All NCs exhibit a poly-oriented structure and the main
diffraction peaks can be identified as to the planes (h k l) of (111), (2
2 0), (3 1 1-maximum intensity), (2 2 2), (4 0 0), (5 1 1) and (4 4 0),
confirming the formation of a cubic structure (fcc). In case of
NixCo1-xFe2O4 annealed at 1100 �C, highly crystalline NieCo ferrite
phase was observed. The peaks become sharpen and the intensity
of diffraction peaks increases with increasing annealing
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temperature due to enhanced crystallization degree. According to
Bragg law, the increase of d-spacing in crystal structure is associ-
ated with moving theta towards lower diffraction angles [8]. For all
NCs, the XRD peaks for the samples annealed at 1100 �C are shifted
to lower angles, indicating the substitution of Co with Ni in the
spinel structure and increasing plane distances [10]. The intensities
of (2 2 0), (3 11) and (4 4 0) planes are more sensitive to cations in
tetrahedral and octahedral sites and decrease in response to higher
Ni content, due to the migration of Fe3þ ions from octahedral to
tetrahedral sites, as Co2þ ions are replaced by Ni2þ ions [22,23].

The average crystallites size (Dhkl) was calculated using the
Scherrer equation (Eq. (1)) [22].

Dh k l ¼
0:9 $l
b $cos q

(1)

where l is the wavelength of CuKa radiation (1.5406 Å), b is the
broadening of full width at half the maximum intensity (FWHM),
hkl are the Miller indices, q is the Bragg angle (o).

The lattice constant, a (Å) was calculated from Bragg's law with
Nelson-Riley correction (Eq. (2)).

a ¼ l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
2 $sinq

(2)

where l is the wavelength of CuKa radiation (1.5406 Å), hkl are the
Miller indices, q is the Bragg angle (o).

The Ni/Co/Fe molar ratio, average size of nanocrystallites (XRD)
and relative crystallinity (XRD) of NieCo nanoparticles are pre-
sented in Table 1. The average crystallite size of CoeNi ferrites
annealed at 1100 �C is 18.2e31.7 nm, which is small enough to
achieve suitable signal-to-noise ratio recommended for high den-
sity recording media [3]. This effect is due to the replacement of
Co2þ ions in CoFe2O4 on the grain boundary during crystallization,
leading to the reduction of grain size and favoring the formation of
new nuclei and preventing further growth of grains [10]. The ICP-
OES measured values show good agreement with the theoretical
values.

The unit cell volume, V (Å3) and X-ray density, dx (g/cm3) which
reflects the packing of atoms in a unit cell, were calculated from
XRD spectra using themolar mass of ferrite and Avogadro's number
(6.022$1023mol�1) according to Eqs. (3) and (4) [2,8]. The distance
between magnetic ions (d, hopping length) in A (tetrahedral) and B
(octahedral) sites of NCs annealed at 800 and 1100 �C were calcu-
lated using Eqs. (5) and (6).

V ¼ a3 (3)

dx ¼ Z $M
NA $a3

(4)

dA ¼ 0:25 $a
ffiffiffi
3

p
(5)
Table 1
Ni/Co/Fe molar ratio, average crystallites size ðDh k l) and relative crystallinity (RC) of Nix

x Ni/Co/Fe Dh

500 800 1100 50

0.00 0/1/2 0/1.10/1.90 0/1.01/2 10
0.25 0.23/0.78/2 0.25/0.75/2 0.27/0.73/2 9.8
0.50 0.54/0.46/2 0.51/0.49/2 0.48/0.52/2 7.5
0.75 0.76/0.24/2 0.77/0.23/2 0.74/0.26/2 6.2
1.00 0.98/0/2.02 1.04/0/1.96 1.10/0/2 5.1
dB ¼ 0:25 $a
ffiffiffi
2

p
(6)

were a is the lattice constant (Å), Z is the number of molecules per
unit cell (8), M is the molecular weight (g/mol) and NA is the Avo-
gadro number.

Table 2 shows that for samples annealed at 1100 �C, the sub-
stitution of Co2þ by Ni2þ leads to the gradually decrease of the
lattice constant from 8.4379 to 8.3178 Å. This variation indicates
that the NieCo ferrite system follows the Vegard's law. A possible
explanation could be the larger ionic radius of Co2þ (0.740 Å)
compared to that of Ni2þ (0.695 Å). Thus, the replacement of Co by
Ni ions in the octahedral sites leads to a decrease of the lattice
constant and formation of a compositionally homogeneous solid
solution [3,24,25]. The change of lattice constant causes internal
stress and suppresses additional grain growth during annealing [9].
The difference between theoretical and experimental values can be
attributed to the approximation which considers all ions as rigid
spheres distributed in a rigid manner [3].

For the samples annealed at 800 and 1100 �C, the X-ray density
increases, while the lattice constant decreases with the increase of
Ni content [7]. The fluctuation of XRD density caused by small
fluctuations in lattice constant is probably due to the changes in the
distribution of cations within A and B-sites [12]. The decrease of
unit cell volume is expected with the introduction of smaller-sized
Ni in the crystal lattice [3]. There is no significant difference in
molecular weight of different NCs, hence the decreased unit cell
volume with increased Ni content has resulted in increase of X-ray
density [3].

The distance between magnetic ions (d, hopping length) in A
(tetrahedral) and B site (octahedral) of NCs shows an increasing
trend with the increase of Co content, attributed to higher ionic
radius of Co2þ in comparison to Ni2þ. Furthermore, Co and Ni have
very low, but not zero tendency for A-site occupancy, while Fe is not
equally divided between A and B-sites, its value varying with Ni
content [3].

Thus, for CoFe2O4, an increase of crystallites size, relative crys-
tallinity, lattice constant, unit cell volume and hopping length in A
and B sites and a decrease of X-ray density at higher annealing
temperatures are observed. For Ni-rich NCs, an increase of the
crystallites size, relative crystallinity, X-ray density and a decrease
of lattice constant, unit cell volume and hopping length in A and B
sites at higher annealing temperature is remarked.

3.2. Fourier-transformed infrared spectroscopy

The FT-IR spectra of NixCo1-xFe2O4 (Fig. 1) confirm the formation
of the oxidic phases identified by XRD and the formation of silica
matrix. The bands at 420 cm�1, present only at 800 and 1100 �C, are
attributed to octahedral-metal stretching vibration of NieO and
CoeO bonds. The bands at 455e471 and 570-605 cm�1 are attrib-
uted to intrinsic stretching vibrations of FeeO bond and suggest the
spinel formation with Fe in both octahedral and tetrahedral sites
[10]. Both octahedral and tetrahedral characteristic bands shift
Co1-xFe2O4 annealed at 500, 800 and 1100 �C.

k l (nm) RC (a.u.)

0 800 1100 500 800 1100

.8 12.1 31.7 20.3 51.2 81.6
11.5 28.1 26.7 56.0 85.2
10.1 24.7 32.5 61.7 89.1
8.1 21.4 36.9 67.5 93.2
7.2 18.2 42.4 72.8 100



Table 2
Lattice constant (a), cell volume (V), X-ray density (dx), hopping length in A (dA) and B (dB) sites of NixCo1-xFe2O4 annealed at 800 and 1100 �C.

x a (Å) V (Å3) dx (g/cm3) dA (Å) dB (Å)

800 1100 800 1100 800 1100 800 1100 800 1100

0.00 8.3551 8.4379 583.3 600.8 5.344 5.188 3.618 3.654 2.954 2.983
0.25 8.3818 8.4063 588.9 594.0 5.292 5.246 3.629 3.640 2.963 2.972
0.50 8.3710 8.3754 586.6 587.5 5.311 5.303 3.625 3.627 2.960 2.961
0.75 8.3610 8.3459 584.5 581.3 5.329 5.358 3.620 3.614 2.956 2.951
1.00 8.3522 8.3178 582.6 575.5 5.344 5.411 3.617 3.602 2.953 2.941
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toward higher wavenumbers with the decrease of Ni2þ substitution
in CoFe2O4, because the atomic weight is inverse proportional to
thewavenumber in FT-IR spectra. Another explanation could be the
larger ionic radius of Co2þ comparing to Ni2þ that results in larger
distance of FeeO bond [10]. In case of samples with high Co content
(x¼ 0, 0.25), at low temperatures, the band at 658-671 cm�1 is
attributed to Co3O4. The disappearance of this bands at higher
temperatures (1100 �C) indicate that Co3O4 is reduced to CoO and
then converted to ferrite [2,4,24,26]. The specific bands of SiO2
found at 1627-1643 cm�1, are attributed to the bending vibration of
the HeOeH bond, while those from 1072 to 1098 cm�1, are
assigned to the stretching vibration of SieOeSi bonds [22,26,27].
The band around 800 cm�1 is attributed to the symmetric
stretching and bending vibration of SieOeSi chains and indicates a
low degree of polycondensation in the SiO2 network [2,4,26,27].

3.3. M€ossbauer spectroscopy

The room temperature M€ossbauer spectra of NixCo1-xFe2O4 NCs
consist in hyperfine magnetic patterns accompanied by small
quadruple doublets (Fig. 2). In the hypothesis of a Lorentzian line
Fig. 2. Room temperature M€ossbauer spectra of NixCo1-xFe2O4 and the best computer
fitting (blue line -tetrahedral sites and red line - octahedral sites of Fe3þ). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
shape, the best fit with the experimental point was obtained by
considering two prevailing magnetic sextets and a small quadru-
pole doublet. The magnetic sextets attributed to Fe3þ ions in
tetrahedral (A) and octahedral (B) positions are in good agreement
with the structural data of NixCo1-xFe2O4. The main M€ossbauer
parameters isomer shift (IS), quadrupole splitting (QS), hyperfine
magnetic field (Hhf), relative areas of tetrahedral (AT) and octahe-
dral (AO) sites and site assignment are presented in Table 3.

The dominant hyperfinemagnetic sextets in the spectra indicate
the magnetic order of samples. The doublets present in some
spectra represent the superparamagnetic contribution of very small
particles. The sextets with higher Hhf and IS are ascribed to Fe3þ

ions from octahedral sites [28]. A slight decrease of Hhf from 51.01
to 49.57 T for octahedral sites and from 49.01 to 47.10 T for tetra-
hedral sites is in good agreement with the MS dependence on Ni
content.

The isomer shifts ranging from ~0.27e0.30mm/s for tetrahedral
and from ~0.38e0.41mm/s for octahedral sites, does not depend on
Ni content. This behavior indicates that s eelectron density at the
M€ossbauer nucleus is not influenced by the Ni content in the
analyzed samples. The IS values are characteristic for Fe3þ ions in a
high spin state [29]. The small quadrupole splitting of both tetra-
hedral and octahedral sites does not depend significantly on Ni
content, the cubic symmetry being conserved even after substitu-
tion of Co2þ by Ni2þ ions.

The cation distribution in spinel ferrites depends on many fac-
tors including thermal history and preparation method. The
M€ossbauer spectroscopy can be used to establish the cation dis-
tribution from area ratio of tetrahedral A and octahedral B sites
[30]. Considering the preference of Ni2þ for octahedral sites, the
general stoichiometric formula is calculated as (Co0.25-
0.25xFe0.75þ0.25x)[NixCo0.75-0.75xFe1.25-0.25x]O4.
Table 3
M€ossbauer fit results: isomer shift (IS), quadrupole splitting (QS), hyperfine mag-
netic field (Hhf), site assignment and relative area of tetrahedral (AT) and octahedral
(AO) sites of NixCo1-xFe2O4 NCs.

x IS (mm/s) QS (mm/s) Hhf (T) Site assignment AT (%) AO (%)

0.00 0.287 0.050 49.01 Tetra 42
0.408 �0.068 51.01 Octa 58

0.25 0.288 0.036 48.83 Tetra 44
0.394 �0.063 50.54 Octa 52
0.287 0.676 e Paramagnetic 4

0.50 0.284 0.029 48.62 Tetra 45
0.401 �0.067 50.10 Octa 53
0.232 0.666 e Paramagnetic 2

0.75 0.302 0.034 48.43 Tetra 42
0.393 �0.059 49.85 Octa 52
0.143 0.581 e Paramagnetic 6

1.00 0.267 0.051 47.10 Tetra 42
0.377 �0.066 49.57 Octa 54
0.197 0.72 e Paramagnetic 4

Errors ±0.002 ±0.004 ±0.02 ±1 ±1



Table 4
The average particles size (D) of NixCo1-xFe2O4 at 500, 800 and 1100 �C.

x D (nm)

500 800 1100

0.00 11.1 13.7 33.1
0.25 10.2 12.4 30.4
0.50 8.1 10.9 26.9
0.75 6.9 9.2 23.7
1.00 5.4 8.3 20.1
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3.4. TEM analysis

The TEM images of NixCo1-xFe2O4/SiO2 NCs (Fig. 3) revealed
crystalline planes over the amorphous SiO2 background. In all NCs,
the particles have uniform sized spherical shapes. For the samples
annealed at 500 �C, the particles are not clearly delineated and the
particles size is much lower than for samples annealed at higher
temperatures. For the samples annealed at 800 and 1100 �C, a
clearly delineation of spherical particles is observed. The average
particles size (Table 4) decreases from 11.1 to 5.4 nm (500 �C), 13.7
to 8.3 nm (800 �C) and 33.1 to 20.1 nm (1100 �C) with the increase
of Ni content, probably due to the higher surface tension of smaller
size nanoparticles, which generates a driving force that increases
agglomeration [25].

Thus, with increasing Ni2þ content, soft and friable
Fig. 3. TEM images of NixCo1-xFe2O4/SiO2 NCs (x
agglomerates with very fine porous particles and irregular
morphology were observed [21]. Moreover, an increase of nano-
particle size with the increase of temperature is observed. The in-
crease of crystal growth rate can be attributed to volume expansion
¼ 0e1) annealed at 500, 800 and 1100 �C.
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and supersaturation reduction of the system at high temperature
(1100 �C). When the nucleation rate is higher than the growth rate,
small and homogenously distributed particles are obtained, while
at high annealing temperatures, the particle size increase due to
coalescence [6]. Furthermore, the high temperature increases the
solubility of amorphous Fe oxides, leading to the crystallization of
ferrite, as Co2þ and Ni2þ have adequate energy to diffuse into the
ferrite structure [31]. The differences between the particle size
obtained by XRD and TEM could be explained by the interference of
amorphous SiO2 and large-size nanoparticles that give important
contribution to the diffraction patterns, as they contain a large
fraction of the total number of atoms [31].

The particle size (D) distribution charts of the NixCo1-xFe2O4/
SiO2 NCs (x¼ 0e1) annealed at 1100 �C are presented in Fig. 4. They
were calculated from the TEM micrographs by analyzing over 100
nanoparticles for each sample. By increasing Ni content in NixCo1-
xFe2O4/SiO2, the particle size decrease from 33 to 22 nm. The par-
ticle sizes estimated by XRD and TEM data are comparable.
3.5. Magnetic measurements

For the samples that didn't show saturation of magnetization in
magnetic fields up to 7 T, saturation magnetization (Ms) value was
obtained by fitting the M(H) curve using Eq. (7) [4,20], while the
magnetic moments per unit cell (nB, in Bohr magnetons) using Eq.
(8) [20]. For nano-size particles with multi-axial orientation
anisotropy (K) was calculated from Hc and Ms using Eq. (9) [4,20].

MðHÞ ¼ MS

 
1þ a

m0H
þ b

ðm0HÞ2

!
(7)

nB ¼ M$Ms

mB $NA
(8)
Fig. 4. Particle size distributions of NixCo1
K ¼ m0 $Ms $Hc

2
(9)

where M(H) is the magnetization, Ms is the saturation magnetiza-
tion, a and b are the parameters determined by the fitting pro-
cedure, H is the magnetic field, mB is Bohr magneton (9.274$10�24 J/
T), NA is the Avogadro number, m0 is vacuum permeability
(m0¼1.256 10�6 N/A2) and Hc is the coercivity (T).

Fig. 5a shows the magnetic hysteresis loops, while Fig. 5b shows
the magnetization first derivatives (dM/d (m0H)) with increasing Ni
content in NixCo1-xFe2O4/SiO2 NCs. In almost all cases, the de-
rivatives of the hysteresis loop exhibited small and broad peaks
suggesting partially crystalline samples and the presence of large
proportion of crystal defects, dislocations.

Based on hysteresis loops and M(H) curves, Ms, remanent
magnetization (Mr), Hc, magnetic moments per unit cell (nB),
anisotropy (K) values were determined (Table 5). The values of Ms,
Mr, Hc, nB and K decrease with increasing Ni content but they in-
crease with the annealing temperature. In ferrites, the magnetic
behavior is determined by the super-exchange interaction between
the magnetic cations through oxygen atoms. The magnetic mo-
ments of the ions located in tetrahedral ‘A’ site and those from the
octahedral ‘B’ site point in opposite directions [20]. The net mag-
netic moment is given by the difference between the two magne-
tizations, from A site and B. The increase ofMs andMr values can be
explained by N�eel's theory and distribution of cations at tetrahedral
(A) and octahedral (B) sites [2].

The spins of electrons of Fe3þ in A and B sites are antiparallel to
each other and fail to produce a net magnetic moment of 2mB due to
Ni2þ ions at B sites [2]. The substituent Co2þ, with magnetic
moment of 3mB, occupies preferably B sites. The increase in Ms and
Mr originates from the replacement of Ni2þ (2mB -two unpaired
electrons) with Co2þ (3mB -three unpaired electrons) that increase
the number of unpaired electrons at octahedral sites [2]. The
magnetic behavior of the inverse spinel (NiFe2O4) structure with
-xFe2O4/SiO2 NCs annealed at 1100 �C.



Fig. 5. Magnetic hysteresis loops (a) and magnetization derivative (b) of NixCo1-xFe2O4/SiO2 NCs annealed at 500, 800 and 1100 �C.

Table 5
Saturation magnetization (Ms), remanent magnetization (Mr), coercivity (Hc), magnetic moments per unit cell (nB) and anisotropy (K) of NixCo1-xFe2O4/SiO2 NCs annealed at
500, 800 and 1100 �C.

x Ms (emu/g) Mr (emu/g) Hc (T) nB K$103 (erg/cm3)

500 800 1100 500 800 1100 500 800 1100 500 800 1100 500 800 1100

0.00 22.9 23.8 29.0 5.32 5.56 12.25 0.085 0.086 0.15 0.96 1.00 1.22 1.22 1.29 2.73
0.25 9.65 18.2 25.5 1.38 3.19 9.53 0.036 0.050 0.09 0.41 0.76 1.07 0.22 0.57 1.44
0.50 7.65 17.0 22.0 0.59 2.20 6.75 0.025 0.028 0.06 0.32 0.71 0.92 0.12 0.30 0.83
0.75 7.06 15.9 19.6 0.37 1.17 5.04 0.014 0.018 0.04 0.30 0.67 0.82 0.06 0.18 0.49
1.00 6.46 11.1 19.0 0.28 0.79 4.33 0.011 0.013 0.015 0.27 0.47 0.80 0.04 0.09 0.18
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formula (NiFe)B(Fe)A is a result of the cations distribution and of the
magnetization of Ni2þ ions that occupy octahedral sites while Co2þ
and Fe3þ ions occupy both octahedral (B) and tetrahedral (A) sites
[2].
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In NixCo1-xFe2O4 system, the substitution ions occupy B sites.
This phenomenon lowers the atomic magnetic moments, increase
the saturation magnetization due to decrease of magnetic moment
at that position, increase of the difference of atomic magnetic
moment between A and B site and allows the AeOeB super-
exchange interaction to become dominant [32].

The sample with x¼ 1, annealed at 1100 �C (pure NiFe2O4) is
completely saturated, while the other samples do not reach satu-
ration values in the applied field range [20]. For the samples
annealed at 1100 �C, CoFe2O4 (x¼ 0) show a Ms of 29 emu/g with a
magnetic moment per unit cell of 1.22mB even at lowmagnetic field.
The rather high magnetization value at low fields may be the result
of the mixed spinel nature of nano-ferrites instead of the inverse
spinel structure for cobalt-rich ferrites [20,33]. The decrease of MS

with increasing Ni content is the effect of the lower magnetic
moment Ni2þ (2mb), replacing the magnetic moment of Co2þ (3mb)
at the octahedral site [20]. This decreases Ms with increasing Ni
content and decreasing crystallites size [20].

Due to the different atomic magnetic moments orientation of
the metal ions, the ferromagnetism will be induced by a magnetic
field [32]. The magnetic properties of Ni ferrite nanoparticles are
influenced by crystallinity and particle morphology [2]. The highMs

values are determined by the presence of Co2þ, which have higher
magnetic moment than Ni2þ [1]. Besides this, the Ni2þ substitution
by Co2þ increases the exchanges between tetrahedral and octahe-
dral sub-lattices, increases crystallinity and narrows particle size
distribution [2]. The larger average crystallite size of CoFe2O4

(31.7 nm) compared to that of NiFe2O4 (18.2 nm) influence the
super-exchange interaction and the dynamics of the magnetic do-
mains in NixCo1-xFe2O4 system [32].

The decrease of Ms with increasing Ni content result from the
antiferromagnetic coupling between the magnetic moments of the
ions from the neighboring A (tetrahedral) and B (octahedral) sites.
The weak increase in the Mr with increasing Co content is attrib-
uted to the small remanence associated with the soft Ni-ferrites.
The remanence increase is mainly due to Co2þ ions [2]. The pres-
ence of impurities in samples annealed at 500 and 800 �C deter-
mine high magnetic disorder and reduce MS [4].

The Hc of a magnetic material is a measure of its magneto-
crystalline anisotropy [25]. For our NCs, the Hc decreases with
increasing Ni content. This behavior is attributed to the larger
magneto-crystalline anisotropy characteristic to CoFe2O4. Since Ni
substitution with Co do not show monotonous changes we can
presume that Ni2þ ions occupy both tetrahedral and octahedral
sites of the spinel structure and this cation redistribution is
responsible for themagnetic changes in the ferrite particles [4]. The
Fig. 6. Coercivity (Hc) as a function of x (a) and of average crystallite siz
low Hc suggests an enhanced coalescence of the crystallites in the
nanostructures, that results in stronger magnetic coupling and
higher magnetization [2]. The hysteresis loops have S-shape at low
magnetic fields and linear dependence at higher fields, indicating
the presence of small size magnetic particles with
superparamagnetic-like behaviors [2]. The ferromagnetic behavior
of the NCs containing CoFe2O4 as major component, with higher Hc

values is revealed by the shape of the MeH curves. As Co2þ have
higher anisotropic character than Ni2þ, it generates a larger Hc,
when the Co content increases [2]. The increase of Hc with the Co
content increase is attributed to the increase of the anisotropy field,
which enhances the energy of the magnetic domain wall [2]. The
materials suitable for high density recording media request higher
values of Ms and Hc, provided by CoFe2O4 [2]. As known, CoFe2O4
usually forms an inverse spinel structure with very high anisotropy
energy constants [25].

With increasing Ni content in NixCo1-xFe2O4, the coercivity
decrease together with the anisotropy decrease, lowering the value
of the domain wall energy [25]. By replacing Co2þ by Ni2þ, the
antiferromagnetic interaction is weakened and the ferromagnetic
super-exchange interaction is enhanced, decreasing Hc and
reducing Ms [25].

The variation of Hc with the Ni content and average crystallite
size of NixCo1-xFe2O4/SiO2 NCs is presented in Fig. 6. The Hc rapidly
decreases for x¼ 0.25, where the Co content is high, then slowly
decrease with the increase of Ni content, for all annealing tem-
peratures. Also, Hc increases with increasing crystallite size at all
annealing temperatures.

A significant increase of Hc for NCs annealed at low temperature
(500 �C) is observed, due to magnetocrystalline anisotropy and
exchange anisotropy that generates spin disorder at the surface of
the particles, spin-canting, cluster-glass behavior, local chemical
disorder and broken exchange interactions in the surface layers of
nanoparticles [2,32,34]. For small particles, this effect is more
pronounced due to the larger surface-to-volume ratio [2,18,34]. The
Hc can be also increased by the enhancement of the surface po-
tential barrier caused by the various defects in the crystalline lattice
such as the deviation of atoms from the normal positions in the
surface layers [2,35]. The dependence of Hc on the particle sizes
considering critical size, internal strain, magnetic domain structure,
shape and magnetocrystalline anisotropy of the nanoparticles is
not fully elucidated [2].

The high Hc (0.015e0.15 T) values for NCs annealed at 1100 �C,
suggest cubic magnetic anisotropy of the ferrites and single mag-
netic domain structure [4]. The Hc values of NCs annealed at 500
and 800 �C are lower than those of NCs annealed at 1100 �C, since
es, D (b), for NixCo1-xFe2O4/SiO2 annealed at 500, 800 and 1100 �C.
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the particle sizes increases at higher annealing temperatures. The
Mr/Ms ratio is strongly related to magnetic anisotropy, particle size,
shape, density, crystal defects and preparation routes [2]. The Ms

decreases with decreasing the size of the nanoparticles as
explained by the core shell model of the magnetic order. The values
of Ms measured for CoeNi ferrite particles also suggest that these
particles have single magnetic domains with a weakly magnetized
core, anti-parallel to the strongly magnetized shell [4]. The lowerHc

values of NCs annealed at 500 and 800 �C suggests that Hc is not
dependent on the cation redistribution but only on the Ni content
of NCs.

The presence of Ni reduces the magneto crystalline anisotropy,
Hc and Ms. The magnetic anisotropy is a very important parameter
of a permanent magnet. The crystallographic directions, the size of
the defects or the size of the inhomogeneities are responsible for
the magnetic anisotropy of the sample [20].

In case of annealing at 1100 �C, NiFe2O4 (K¼ 0.18$10�3 erg/cm3)
has lower magnetic anisotropy than CoFe2O4 (K¼ 2.73$10�3 erg/
cm3). The lower values of the magnetic anisotropy of NCs annealed
at 500 and 800 �C can be the consequence of the relation between
the defect/inhomogeneity sizes and of the crystalline orientation
[4]. The Hc of CoFe2O4 is much larger than that of NiFe2O4. The very
high anisotropy can be responsible for partial magnetic disorder in
the particles. An additional contribution to the exchange anisotropy
and Hc can arise from the antiferromagnetic interaction of the thin
CoO shells from the surface of the nanoparticles [25].

The significant reduction ofmagnetic momentwith the particles
size makes these NCs less attractive for magnetic applications. The
broad peaks in magnetization derivative curves suggest wide dis-
tributions of particle sizes leading to an increased distribution of
Hc's. The broaden peaks, quasi-splited in case of samples with x¼ 0,
0.25 and 0.5 annealed at 1100 �C suggest the presence of both
magnetic phases (CoFe2O4 and NiFe2O4). Due to the isomorphism,
in XRD, only the CoFe2O4 phase can be observed. For the cases
where there is no horizontal shift of the peaks from the origin the
distribution of Hc is uniform due to the strong coupling between
nanoparticles. The sharp peaks corresponding to NCs with high
NiFe2O4 content suggest higher magnetic purity.

4. Conclusions

The polycrystalline NixCo1�xFe2O4 (x¼ 0e1) cubic spinel, pre-
pared by sol-gel method, displays excellent purity, crystallinity and
reproducibility after annealing at 1100 �C. In this case, XRD results
indicated a decrease of lattice constant (8.4379e8.3178 Å), average
crystallite size (31.7e18.2 nm), unit cell volume (600e576 Å3) and
hopping length in A (3.654e3.602 Å) and B (2.983e2.941 Å) sites
and an increase of X-ray density (5.188e5.411 g/cm3) and relative
crystallinity (81.6e100 a. u.) with the increase of Ni content. A
possible explanation could be the larger ionic radius of Co2þ

compared to that of Ni2þ. According to TEM, the sizes of spherical
nanoparticles decrease from 11.1 to 5.4 nm (500 �C), 13.7 to 8.3 nm
(800 �C) and 33.1 to 20.1 nm (1100 �C) with the increase of Ni
content, reflecting the high crystallinity at high temperatures. The
M€ossbauer measurements revealed only the presence of ferric ions
in high spin state and established the stoichiometric formula of
samples. The magnetic properties such as saturation magnetiza-
tion, remanent magnetization, coercivity, magnetic moments per
unit cell and anisotropy decrease with increasing Ni content but
they increase with the annealing temperature, due to the influence
of cation stoichiometry and their specific sites occupancy. At all
annealing temperatures, CoFe2O4 (x¼ 0) exhibits ferromagnetic
behavior, magnified hysteresis loops and enhanced magnetic
properties, while NiFe2O4 (x¼ 1) with S-shape hysteresis loops and
poor magnetic properties displays superparamagnetic behavior.
Due to their magnetic characteristics, polycrystalline NieCo ferrites
could be used both as soft and hard magnetic materials in technical
applications.
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[30] D. Gingaşu, I. Mîndru, S. Preda, J.M. Calderon-Moreno, D.C. Culiţǎ, L. Patron,
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