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a b s t r a c t

Magnetic nanocomposites of nickel ferrite nanoparticles uniformly dispersed in the silica matrix have
been synthesized successfully by a sol–gel process using tetraethylorthosilicate (TEOS) and metallic
nitrates as precursors. In addition, the influence of the annealing temperatures, varying from 400 to
900 ◦C, and NiFe2O4 contents, x(NiFe2O4)/(100 − x)SiO2 (10 ≤ x ≤ 60 wt.%), on the structural and magnetic
properties of the nanocomposite samples have been investigated. The studies carried out using XRD,
FT-IR, TEM, STA (TG–DTG–DTA) and VSM techniques. The results indicated that the structural and mag-
netic properties of the samples showed great dependence on the variation of the particle size caused
by the annealing temperature and NiFe2O4 content. The crystallization, saturation magnetization Ms

and remenant magnetization Mr increased as the annealing temperature and NiFe2O4 content increase.

ilica matrix
ol–gel

But the variation of coercivity Hc was not in accordance with that of Ms and Mr, indicating that Hc is
not determined only by the size of NiFe2O4 nanoparticles. TEM images showed spherical nanoparticles
homogeneously dispersed in the silica network and were uniform in both morphology and particle size
distribution with sizes of 10–15 nm. The results showed that the well-established silica network pro-
vided nucleation locations for NiFe2O4 nanoparticles to confinement the coarsening and aggregation of
nanoparticles. The synthesized nanocomposites with adjustable particle sizes and controllable magnetic

icabil
properties make the appl

. Introduction

Magnetic nanocomposites consisting of nanometric spinel fer-
ites embedded in an insulating matrix such as silica have attracted
uch attention in recent years due to their new magnetic proper-

ies [1] and their applicability in a variety of areas such as magnetic
ecording media, high-density information storage, ferrofluid tech-
ology, bioprocessing, magnetic drug delivery, catalysts, magnetic
esonance imaging enhancement, gas sensors and magneto-optical
evices [2–9].

Among spinel ferrites, nickel ferrite is one of the most versatile
nd technologically important ferrite materials because of its mag-
etic properties, high electrochemical stability, catalytic behavior,
bundance in nature, low conductivity and thus lower eddy current
osses [10]. In addition, NiFe2O4 is the most suitable material for
evice applications in the upper microwave and lower millimeter

ave ranges. Apart from its technological importance in the elec-

ronic and magnetic industries, NiFe2O4 has been used as a highly
eproducible gas [9,11] and humidity [12] sensor material.

∗ Tel.: +98 21 22944184; fax: +98 21 22947537.
E-mail address: gharagozlou@icrc.ac.ir.

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.01.128
ity of nickel ferrite even more versatile.
© 2010 Elsevier B.V. All rights reserved.

Various synthetic routes have been reported in the literature
for the preparation of nanoscale ferrites such as ceramic method
[13], sol–gel [14], co-precipitation [15], solvent evaporation [16],
hydrothermal [17], combustion [18], microemulsion [19] and cit-
rate methods [20]. In the previous report, spinel cobalt ferrite
nanoparticles have been synthesized by the polymeric precur-
sor method [21]. While the nanoparticles obtained usually have a
strong tendency to aggregate; this makes it very difficult to exploit
their unique physical properties [22]. The preparation of magnetic
nanocomposites through the dispersion of ferrite nanoparticles in
a suitable matrix represents a route to obtain very fine nanopar-
ticles by reducing particle agglomeration [23] leading to a narrow
distribution of the dimensions. Also this technique allows one to
stabilize the particles and study their formation reactions.

The interest in the preparation of magnetic nanocomposites
has increased in the last years due to the properties presented
by these materials, which are dependent on particle sizes, compo-
nent ratio and distribution in the matrix. Magnetic nanocomposites
showed considerable differences in the magnetic properties when

compared with their equivalent pure and bulk materials. Different
nanoparticles such as Fe [24], Ni [25], Fe2O3 [26], and NiZn-ferrite
[27] dispersed in the silica matrix with applications in areas such as
catalysis, sensors and electronic devices have been studied. Mag-
netic nanocomposites of nickel ferrite nanoparticles dispersed in

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gharagozlou@icrc.ac.ir
dx.doi.org/10.1016/j.jallcom.2010.01.128
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the crystallite sizes of the nanocomposite samples were shown in
Tables 1 and 2, respectively.

The crystallite size of all samples prepared at different anneal-
ing temperatures and Ni-ferrite contents estimated from XRD peak
18 M. Gharagozlou / Journal of Alloy

he silica matrix have been studied [28–35] revealing behavior dif-
erent from that of bulk systems and as a model for the study of
mall particles.

Among various synthetic routes, the sol–gel process offers some
dvantages in making inorganic composite materials containing
ighly dispersed magnetic particles. The process facilitates a good
nd homogeneous dispersion of the particles into the inorganic
atrix. The porous nature of the sol–gel derived amorphous sil-

ca matrix is an excellent host for supporting different types of
uest nanoparticles which provides nucleation sites for magnetic
anoparticles and minimizes the aggregation imposing an upper

imit to the size of the particles. This method makes possible the
ntroduction of various concentrations of different components in

matrix with molecular homogeneity, which can be vitreous or
rystalline, either porous or densified.

In this paper, the influence of annealing temperature and
iFe2O4 content on the structural and magnetic properties of
(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30, 40, 50, 60 wt.%) nanocom-
osites prepared by sol–gel method has been reported aiming at
uning the magnetic properties of NiFe2O4 nanoparticles dispersed
n a silica matrix and greatly expanding the range of applications
y adjusting the annealing temperature and NiFe2O4 content. Also,
he alcogel precursors with different weight percents of compo-
ents have been investigated. Therefore, special attention is given
o the correlation between the structural and magnetic properties
f NiFe2O4 nanoparticles embedded in a silica matrix, for different
nnealing temperatures and component ratios.

. Experimental

All the chemicals were of analytical grade and used without any further purifi-
ation. Nanocomposites of nickel ferrite dispersed in a silica matrix were prepared
y sol–gel process using tetraethylorthosilicate (TEOS) as a precursor of silica and
etallic nitrates as precursors of the ferrite. The TEOS:EtOH:H2O and Fe:Ni molar

atios were controlled at 1:4:8 and 2:1, respectively. The weight ratios of the
anocomposites were x(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30, 40, 50, 60 wt.%). The
ols were prepared by dissolving Fe(NO3)3·9H2O and Ni(NO3)2·6H2O in deionized
ater, followed by the addition of the alcoholic solution of TEOS. After vigorous

tirring for 1 h, the sols were allowed to gel at room temperature for 4 days in par-
ially closed glass vessels. The obtained alcogels G1–G6 matching to x = 10–60 wt.%,
espectively were put into an oven for further drying at 110 ◦C for 24 h to obtain
erogels. The xerogels were annealed at different temperatures varying from 400 to
00 ◦C for 2 h with a heating rate of 10 ◦C/min in ambient atmosphere.

X-ray diffraction (XRD) patterns were collected using a Philips PNA-analytical
iffractometer with Cu K� radiation. FT-IR spectra (500–4000 cm−1) were recorded
n a PerkinElmer Spectrum One spectrophotometer with KBr pellets. Thermal
nalyses (TG–DTG–DTA) including the thermogravimetery (TG), derivative thermo-
ravimetery (DTG) and differential thermal analysis (DTA) were carried out using
PerkinElmer simultaneous thermal analyzer (STA Pyris Diamond Model) with the
eating rate of 5 ◦C/min in flowing air. TEM images were recorded on a Philips
M 200 FEG transmission electron microscope. Selected area electron diffraction
SAED) patterns were obtained on the TEM to ascertain the crystallinity. Magnetic

easurements were carried out at room temperature using a vibrating sample mag-
etometer (VSM).

. Results and discussion

.1. X-ray diffraction (XRD) analysis

The XRD patterns of the 30 wt.% NiFe2O4/SiO2 samples annealed
t different temperatures varying from 400 to 900 ◦C were shown
n Fig. 1 to investigate the influence of the annealing temperature
n the structure. The weak diffraction peaks assigned to NiFe2O4
ppeared at 400 ◦C suggesting that the particles of NiFe2O4 had
een nucleated in the silica matrix.
Our results showed that with increasing the annealing temper-
ture, the intensity of peaks increases and the diffraction peaks
ecome sharper and narrower. This indicates the enhancement
f the crystallinity which originated from the increment of the
rystalline volume ratio due to the size enlargement of the nuclei
Fig. 1. XRD patterns of the 30 wt.% NiFe2O4/SiO2 samples annealed at different
temperatures varying from 400 to 900 ◦C.

[36]. The full-width at half maximum (FWHM) of the diffraction
peaks decreases with increasing annealing temperature discloses
that the average crystallite size is becoming bigger correspond-
ingly. The very broad peak at 2� of around 23◦ in XRD patterns
of all samples was attributed to the characteristic diffraction peak
of the amorphous SiO2 matrix. All of the diffraction peaks con-
firmed the formation of the pure single-phase nickel ferrite with
the face-centered cubic spinel phase and Fd3m (2 2 7) space group.
No diffraction peaks of impurities were observed in the patterns.
It showed that Ni-ferrites synthesized successfully under current
mild experimental conditions.

To study the influence of the NiFe2O4 content on the struc-
ture, the XRD analyses were done on the x(NiFe2O4)/(100 − x)SiO2
(x = 10, 20, 30, 40, 50, 60 wt.%) nanocomposites annealed at 800 ◦C
as shown in Fig. 2. As the NiFe2O4 content increases from 10 to
60 wt.%, the characteristic diffraction peaks of NiFe2O4 gradually
grow and become stronger in intensity but narrower in FWHM,
which indicates that the crystallite size of NiFe2O4 increases with
increasing the NiFe2O4 content. When the NiFe2O4 content is up
to 40 wt.%, the evidence of the amorphous silica almost disappears.
The position of all peaks coincided with the characteristics peaks
of the standard NiFe2O4 phase.

The increase of the annealing temperature and the Ni-ferrite
content results in sharper peaks with the increased intensity and
higher crystallization without changes in the obtained phases. The
influence of the annealing temperature and Ni-ferrite content on
Fig. 2. XRD patterns of the x(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30, 40, 50, 60 wt.%)
nanocomposites annealed at 800 ◦C.
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Table 1
Magnetic properties of the 30 wt.% NiFe2O4/SiO2 samples annealed at different temperatures varying from 400 to 900 ◦C.

Temperature (◦C) Crystallite size (nm) Ms (emu/g) Mr (emu/g) Coercivity, Hc (Oe)

400 – 0.14 0.001 23
500 – 0.18 0.003 28
600 – 0.55 0.012 45
800 7.9 2.87 0.017 19
900 10.8 4.65 0.042 8

Table 2
Magnetic properties of the x(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30, 40, 50, 60 wt.%) nanocomposites annealed at 800 ◦C.

Ni-ferrite x (wt.%) Crystallite size (nm) Ms (emu/g) Mr (emu/g) Coercivity, Hc (Oe)

10 – 1.37 0.010 19
20 7.3 2.85 0.011 6
30 7.9 2.87 0.016 20
40 9.3 7.57 0.149 8
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roadening using Scherrer’s formula [37]

= 0.9�

ˇ cos �
(1)

here t is the crystallite size, � the wavelength of X-ray radiation
Cu K�), � the Bragg angle and ˇ is the full-width at half max-
mum (FWHM) of the most intense diffraction peak (3 1 1). The
rystallite size slightly increases only at higher annealing temper-
tures and Ni-ferrite contents, indicating that the silica network
lays an important role in restricting the growth and aggregation
f Ni-ferrite nanoparticles.

.2. FT-IR analysis

Fig. 3 shows the FT-IR spectra of the alcogel G3 (x = 30 wt.%) and
0 wt.% NiFe2O4/SiO2 samples annealed at different temperatures
arying from 400 to 900 ◦C.

Two broad bands at 3415 and 1633 cm−1 in the IR spectrum of
he alcogel G3 ascribed to the stretching mode and H–O–H bending
ibration of the free or absorbed water. As shown in Fig. 3a, the band

t 1384 cm−1 is associated with the antisymmetric NO3

− stretch-
ng vibration arising from the residual nitrate groups in the alcogel.
he silica network is characterized by the strong absorptions at
079, 825 and 470 cm−1 corresponding to the Si–O–Si antisymmet-
ic stretching and bending modes [38].

Fig. 3. FT-IR spectra of (a) alcogel G3 (x = 30 wt.%) and 30 wt.% NiFe2O4/SiO2 sam
0.560 21
0.302 12

In the IR spectra of the samples annealed at different temper-
atures varying from 400 to 900 ◦C, the intensities of the broad
bands associated with the absorbed water are drastically weak-
ened. Also, the disappearance of the absorption at 1384 cm−1 could
be ascribed to the complete decomposition of the nitrate species
after annealing, as confirmed by the thermal analysis. The band at
580 cm−1 assigned to the Si–O–Fe vibration increases in intensity
with increasing the annealing temperature, which can be ascribed
to the enhanced interactions between NiFe2O4 particles and the
silica matrix [39]. The absence of the band at 580 cm−1 showed the
breakage of the Si–O–Fe interaction in samples annealed at 400
and 500 ◦C. The characteristic absorptions for the silica network
slightly increased in intensity with increasing annealing tempera-
ture.

FT-IR spectra of the alcogels G1–G6 matching to x = 10, 20, 40,
50, 60 wt.% were shown in Fig. 4. In the IR spectra the stretch-
ing mode and H–O–H bending vibration of the free or absorbed
water appeared at about 3420 and 1635 cm−1, respectively. All the
alcogels showed the characteristic vibration of silica and nitrate
precursors. The characteristic bands of the silica network decrease
in intensity with increasing the Ni-ferrite content.
The FT-IR spectra of the x(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30,
40, 50, 60 wt.%) nanocomposites annealed at 800 ◦C were shown
in Fig. 5. With increasing the Ni-ferrite content the intensity of

Si–O–Si absorption band of the SiO4 tetrahedron of the sil-
ica network at 1080 cm−1 slightly decreases. The intensity of the

ples annealed at (b) 400 ◦C, (c) 500 ◦C, (d) 600 ◦C, (e) 800 ◦C, and (f) 900 ◦C.
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Fig. 4. FT-IR spectra of alcogels

and assigned to Si–O–Fe vibrations increases with decreasing the
iFe2O4 content, which can be attributed to the enhanced interac-

ions between NiFe2O4 particles and the silica matrix.

.3. Thermal analysis

The simultaneous thermal analyses (TG–DTG–DTA) of the
lcogel G3 matching to x = 30 wt.% were shown in Fig. 6. The
hermogravimetery (TG) and derivative thermogravimetery (DTG)
urves show two stages of the weight loss. The total weight loss is
0% up to 400 ◦C, typical of the synthesis processes using sol–gel
outes. First stage of the weight loss at about 50–120 ◦C was
ttributed to the loss of water and some gases adsorbed on the sur-
ace, which corresponds to an endothermic peak in the differential
hermal analysis (DTA) curve. The second one at about 150–350 ◦C
as ascribed to the burning of residual CH3–CH2–O– groups accom-
anied by an exothermic peak in the DTA curve. We can observe
broad endothermic event between 600 and 1300 ◦C associated

ith the densification of the nanocomposites. Above 400 ◦C the
eight loss is almost negligible showing that the majority of the
ass loss occurs under 400 ◦C which allows for optimization of the

eat treatment program. These results were in agreement with the
T-IR spectroscopy and XRD ones.

Fig. 5. FT-IR spectra of x(NiFe2O4)/(100 − x)SiO2 (a) x = 10 wt.%, (b) x = 20 wt.%, (c) x
ing to x = 10, 20, 40, 50, 60 wt.%.

3.4. Transmission electron microscopy (TEM) analysis

The TEM images and selected area electron diffraction (SAED)
patterns of the x(NiFe2O4)/(100 − x)SiO2 (x = 30 and 50 wt.%)
nanocomposites annealed at 800 ◦C were shown in Fig. 7.
TEM observations indicate that the uniformly dispersed, well-
crystallized and almost spherical Ni-ferrite nanoparticles were
homogeneously embedded in the silica network. The average par-
ticle sizes of the x(NiFe2O4)/(100 − x)SiO2 nanocomposites with
NiFe2O4 content of 30 wt.% and 50 wt.% were about 10 nm and
14 nm, respectively, in accordance with the results obtained from
XRD analyses according to the Scherrer’s formula. The diffraction
dots and diffuse rings of different lattice planes in the SAED pat-
terns (Fig. 7c and d) were in good agreement with the present spinel
system.

3.5. Magnetic measurements
To investigate the influence of the annealing temperature and
Ni-ferrite content on the magnetic properties of the nanocompos-
ite samples, hysteresis loops of the 30 wt.% NiFe2O4/SiO2 samples
annealed at different temperatures varying from 400 to 900 ◦C and
x(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30, 40, 50, 60 wt.%) nanocom-

= 30 wt.%, (d) x = 40 wt.%, (e) x = 50 wt.% and (f) x = 60 wt.% annealed at 800 ◦C.
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Fig. 8. Hysteresis loops of 30 wt.% NiFe2O4/SiO2 samples annealed at different tem-
peratures varying from 400 to 900 ◦C. The inset shows the higher magnification of
400 and 500 ◦C.
ig. 6. Thermal analyses of the alcogel G3 (x = 30 wt.%): (a) TG–DTA and (b) TG–DTG.

osites annealed at 800 ◦C were analyzed by VSM, as shown in
igs. 8 and 9, respectively. Also, the corresponding magnetic param-
ters were listed in Tables 1 and 2.

Our results showed that the magnetic remnant and coerciv-
ty values were negligible and also the curves of all samples did
ot reach saturation which indicates that the nanoparticles are
ostly in superparamagnetic state. These results are in good agree-
ent with previous data for nickel ferrite nanoparticles dispersed
n the silica matrix [28–33]. Manova et al. [28], Liu et al. [30]
nd Mohallem and Seara [40] reported the superparamagnetic
anoparticles with the Ms values less than 10 emu/g and negli-
ible magnetic remnant and coercivity values for nanoparticles
ith size less than 15 nm. Kinemuchi et al. [41] found the value

Fig. 9. Hysteresis loops of x(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30, 40, 50, 60 wt.%)
nanocomposites annealed at 800 ◦C.

Fig. 7. TEM micrographs: (a) x = 30 wt.%, (b) x = 50 wt.%; SAED patterns: (c) x = 30 wt.%, (d) x = 50 wt.% of x(NiFe2O4)/(100 − x)SiO2 nanocomposites annealed at 800 ◦C.
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Fig. 10. Variation of saturation magnetization (Ms) and remanent magnetization
(Mr) of 30 wt.% NiFe2O4/SiO2 samples annealed at different temperatures varying
from 400 to 900 ◦C as a function of the annealing temperature.
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ing temperature and NiFe O content. The magnetic properties
ig. 11. Variation of saturation magnetization (Ms) and remanent magnetization
Mr) of the x(NiFe2O4)/(100 − x)SiO2 (x = 10, 20, 30, 40, 50, 60 wt.%) nanocomposites
nnealed at 800 ◦C as a function of the Ni-ferrite x (wt.%).

f 33 emu/g for nanoparticles with size of 45 nm. While Huang
nd Chen reported nanocomposites prepared through solutions
ontaining HNO3 [34] which showed ferromagnetic behavior with
ignificant magnetic remnant values and coercivity can get value
s high as 313 Oe.

It seems that 30 wt.% NiFe2O4/SiO2 samples annealed at 800
nd 900 ◦C have typical superparamagnetic behavior, while sam-
les annealed at lower temperatures, 400–600 ◦C, are paramagnetic
nd showed a drastic change in the shape of hysteresis loop
Fig. 8). In addition, typical superparamagnetic behavior observed
or x(NiFe2O4)/(100 − x)SiO2 (x = 20, 30, 40, 50, 60 wt.%) samples,
hereas the 10 wt.% NiFe2O4/SiO2 sample showed the paramag-
etic behavior. Below the critical size, NiFe2O4 nanocrystals had a
uperparamagnetic single domain structure, while the nanocrys-
als with particle sizes larger than the critical size exhibited bulk
ike behavior.

The variation of the saturation magnetization Ms and rema-
ent magnetization Mr as a function of temperature and NiFe2O4
ontent were shown in Figs. 10 and 11, respectively. To calculate
he saturation magnetization (Ms) the magnetization values (M)
ere plotted vs. 1/H. The Ms was calculated from the extrapola-

ion of the magnetic curve at the magnitude of M when 1/H ≈ 0
Tables 1 and 2). It can be observed that the Ms and Mr values
or 30 wt.% NiFe O /SiO samples annealed at different temper-
2 4 2
tures were increased by increasing the temperature (Fig. 10),
hereas the coercivity increases with the annealing temperature

hen decreases, which is in agreement with the literature [39]. This
ype of behavior is entirely consistent with a model of particle
Compounds 495 (2010) 217–223

growth in the system in such a way that the differences in the mag-
netic parameters are associated with changes in the particle size
[42]. Fig. 11 showed that Ms values for x(NiFe2O4)/(100 − x)SiO2
(x = 10, 20, 30, 40, 50, 60 wt.%) samples increased by increasing the
NiFe2O4 content, while the coercivity showed no regular orderli-
ness.

The changes in the magnetic properties of the samples can
be recognized by the modification of the crystallite sizes depen-
dent on the annealing temperature and NiFe2O4 content [43]. Our
results show that the saturation magnetization values of the sam-
ples increase with increasing the particle sizes due to the spin
non-colinearity at the surface of the crystals, while the coercivity
field values have no analogous orderliness. These properties origi-
nate from the large surface area, reduced size and modification in
interparticle interactions. Due to the proportionality of the mag-
netic particle energy in the external field to the particle sizes via
the number of molecules in a single magnetic domain, the increase
of the Ms values with the increase of particle sizes can be attributed
to the surface effects which are the result of the finite-size scaling
[44] of nanocrystallites.

The lower Ms values related to the particles with the smaller
size could be attributed to the surface distortion due to the inter-
action of transition metal ions in the spinel lattice with the oxygen
atoms, which can reduce the net magnetic moment in the par-
ticle [45]. This effect is particularly prominent for the ultrafine
particles due to their large surface to volume ratio. In addition,
the magnetocrystalline anisotropy of the particles is dependent
on the degree of the crystallinity of the nanoparticles. Large pro-
portion of crystal defects and dislocations can occur within the
lattice of most samples annealed at lower temperatures which
causes a significant reduction of the magnetic moment within the
particles as a result of the magnetocrystalline anisotropy distor-
tion. In all samples the saturation magnetization values were in
good agreement with previous reports [28,30–32,40] and were
less than the value reported for the bulk NiFe2O4 (55 emu/g) [46].
Finite-size effects have been reported as being responsible for
the reduction of the saturation magnetization of nanoparticles
[47].

4. Conclusions

In summary, the influence of the annealing temperature and
Ni-ferrite content on the magnetic properties and crystallite size
of the x(NiFe2O4)/(100 − x)SiO2 (10 ≤ x ≤ 60 wt.%) nanocomposites
with tunable magnetic properties which successfully synthesized
by sol–gel route were investigated with the aim of tuning the
magnetic properties and greatly expanding the range of appli-
cations. The silica matrix network provides an ideal nucleation
environment to uniformly disperse NiFe2O4 nanoparticles and thus
to confine them to aggregate and coarsen. Particle sizes of the
samples increased with the annealing temperature and Ni-ferrite
content. Our results showed that the magnetic properties of the
nanocomposite samples were strongly affected by the annealing
temperature and Ni-ferrite content as a consequence of the gradual
increase in the crystallinity and particle size. The saturation magne-
tization for all the samples was lower than that of the NiFe2O4 bulk
phase owing to the particle sizes obtained. Therefore, uniformly
dispersed, size-adjustable and magnetic controllable nickel fer-
rite nanoparticles were obtained by embedding NiFe2O4 particles
in the amorphous silica network and controlling suitable anneal-
2 4
of the synthesized nanocomposites indicate that these materi-
als have good potential for important technological applications,
e.g. in information storage, bioprocessing and magneto-optical
devices.
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