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Abstract In this work the synthesis of CoFe,04-SiO; and
NiFe,04-Si0, nanocomposites was studied via the sol—gel
method, using the polymerized complex route. The polymer-
ized precursors obtained by the reaction of citric acid, ethy-
lene glycol, tetracthylorthosilicate, ferric nitrate, and cobalt
nitrate or nickel chloride were characterized by nuclear mag-
netic resonance (NMR) and infrared (IR) spectroscopy. NMR
and IR spectra of the precursors, without and with metal-
lic ions, show the formation of polymeric chains with ester
and ether groups and complexes of metal-polymeric pre-
cursor. The nanocomposites were obtained by the thermal
decomposition of the organic fraction and characterized by
X-ray diffraction (XRD) and vibrating sample magnetome-
try (VSM). XRD patterns show the formation of CoFe,04
and NiFe, O, in an amorphous silica matrix above 400 °C in
both cases. When the calcination temperature was 800 °C the
particle size of the crystalline phases, calculated using the
Scherrer equation, reached ~ 35 nm for the two oxides. VSM
plots show the ferrimagnetic behavior that is expected for this
type of magnetic material; the magnetization at 12.5 KOe of
the CoFe,04-Si0, and NiFe,04-Si0, compounds was 29.5
and 17.4 emu/g, respectively, for samples treated at 800 °C.
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1 Introduction

In bulk form, cobalt and nickel ferrites are magnetic com-
pounds useful in many technological applications [1]. But
also, when these compounds are synthesized by techniques
such as the polymerized complex method [2], continuous
hydrothermal synthesis [3], or microemulsion [4], nanoscale
particles are obtained, that can be employed in important
applications, such as magnetocaloric refrigeration [5], fer-
rofluid technology [6], and magnetically guided drug deliv-
ery [7]. However, it is well known that magnetic nanoparti-
cles tend to agglomerate, due to their large surface energies
and strong magnetic interactions [8]. For this reason, some
nanoscale magnetic materials are synthesized by dispersing
the particles in inert matrixes, such as amorphous silica or
polymers [9, 10]. On the other hand, the synthesis route of
the polymerized complex of the sol-gel method has been
used to obtain several mixed oxides [11], especially fer-
rites of nickel [12], nickel-zinc [13] and strontium [14]. This
method presents a better control in the stoichiometry of the
products, use lower synthesis temperatures and shorter reac-
tion times with respect to other synthesis routes, especially
the solid state reaction method, which is the route often used
to obtain oxides [11]. In addition, the polymerized complex
method give better reproducibility compared to the solid state
reaction method.

Here we report a comparative study of the synthesis
of two nanocomposites of CoFe;04-SiO, and NiFe,O4-
Si0,, through the polymerized complex route of the sol—gel
method and the NMR and IR characterization of the poly-
merized precursors.
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2 Experimental

The starting chemicals used in this work were cit-
ric acid (CA), ethylene glycol (EG), iron nitrate
(Fe(NO3)5-9H,0), cobalt nitrate (Co(NO3),-6H,0), nickel
chloride (NiCl,4H,0) tetraethylorthosilicate (TEOS) and
ethanol of reagent grade ( > 98%) purchased from Aldrich.

The appropriate amounts of CA (9 mol) and EG (22.5 mol)
were mixed and stirred at room temperature in order to obtain
a transparent solution. Cobalt or nickel (1 mol), respectively,
and iron (2 mol) salts were added and the mixtures were
stirred to achieve complete solubility. TEOS (3 mol) was
then added, which was immiscible, followed by addition of
ethanol to solubilize the TEOS. The solutions were heated at
130 °C for 2 h at 80 mm Hg in order to promote the polyester-
ification and completely remove the residual water and EG.
During this reaction, the solution became more viscous and
showed no turbidity. This viscous gel is called the “polymer-
ized complex”. The polymerized complex was cross-linked
by heating at 130 °C for 7 days in an oven. This resulted in
a brown solid mass, which was grounded into a powder with
a planetary mill. The powder was then heat treated at 400,
600, 800 and 1000 °C for 2 h in a furnace. For the purpose
of comparison, a “polymeric precursor” without metal ions
was prepared, following the same procedure, except for the
thermal treatments.

2.1 Characterization of precursors

All 1D ("H and '*C) and 2D (HETCOR)-NMR spectra were
collected at room temperature in D,0O, using a Jeol-Eclipse-
300 spectrometer at frequencies of 300 and 75.4 MHz for
'H and 3C, respectively. IR spectra (4000-500 cm™~") were
recorded on KBr pellets using a Thermo-Nicolet/Nexus 470
spectrometer.

2.2 Characterization of nanocomposites

XRD spectra were obtained using a Siemens D5000 X-ray
diffractometer (Cu Ko, A = 1.5418 A) in a 26 range of
10 to 80° with a step size of 0.02°/s. Magnetic properties
of the samples were measured with a Lake Shore 7300 vi-
brating sample magnetometer in applied fields from —12.5
to 12.5 KOe. Transmission micrographs were taken using a
Jeol JEM 1200EXII microscope operated at 60 KV.

3 Results and discussion
3.1 Characterization of precursors

Figure 1 shows a two-dimensional NMR plot (HETCOR ex-
periment) of the polymeric precursor without metal ions,
where the '3C and 'H spectra are correlated. Both '3C
and 'H spectra show resonances that correspond to carbon
or proton centers, respectively, that arise from methyl and
methylene groups of CA, EG and TEOS after the esterifi-
cation, etherization and substitution reactions [15], accord-
ing to chemical shift values (Table 1) and corroborated in
this figure by the correlation between carbon and hydrogen
signals remarked with dot lines. Letters are used to indi-
cate the signals ascribed to the carbon (lower case) and hy-
drogen (upper case) centers in the scheme presented in the
figure.

The polymerized complexes with iron and cobalt or iron
and nickel show NMR spectra similar that of the polymeric
precursor without metal ions, although they are broader (es-
pecially in the case of "H-NMR) and the base line is noisier
due to the presence of the paramagnetic ions [16].

The formation of the polymerized complex in the two pre-
cursors synthesized with the metal ions, Fe(III)-Co(II) and

Table1 '>C and 'H chemical
shifts for different moieties

Chemical shifts

13C IH

—CH,- a 43.8 Ha, Hp 2.6,2.8
C b 73.8 - -
0=C c 171.3 - -
0=C d 173.5 - -
-O-CH,— e 63.2 E 4.3
—-O-CH,—- f 64.2 F 4.32-4.48
—-O-CH,— g 66.7 G 4.16
—-O-CH,—- h 67.8 H 4.26
—CH,-O- i 59.6 1 3.75
—CH,-O- ] 59.6 J 3.82
—CH3 k 13.4 K 1.2
—CH,—-O-Si— 1 62.2 L 4.1
0=C 174.5 - -

m 176.42 - -
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Fig. 1 HETCOR plot of the
precursor without metal ions
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Fe(IIT)-Ni(Il), is demonstrated by the presence of two IR
bands at ~ 1624 and ~ 1400 cm™', which are attributable
to the carboxylate groups arising from the reaction of CA,
EG and TEOS being coordinated to the metal ions [17]. The
comparison between the IR spectra of polymeric precursor,
polymerized complex with iron and cobalt and polymerized
complex with iron and nickel, is shown in Fig. 2. All the spec-
tra contain a broad band at ~ 3400 cm~' due to the O-H
stretching modes of the hydroxyl groups in the precursors
and to the intermolecular hydrogen bonds [17]. In addition,
there are two bands related to C=0 and C-O stretching vi-
brations of the ester groups [17] at ~ 1730 and ~ 1185cm™',
respectively, and another band at ~ 1075 cm~!, which could
be associated with Si—O stretching vibrations [18]. The poly-
merized complexes with Fe(III) [19], Y({II) and Fe(II) [17],
Li(I) and Co(II) [20], reported previously, show analogous
bands at the same frequencies.

3.2 Characterization of nanocomposites

The comparative study of the formation of the CoFe,04-SiO,
and NiFe,04-S10, nanocomposites as a function of sintering
temperature by X-ray diffraction is showed in the Fig. 3. In
both cases it is possible to observe an improvement in the
crystallinity of magnetic phase as a function of the increase
in temperature during thermal treatment. The spectra of the
samples sintered above 400 °C show a clear correspondence
with reported patterns of CoFe,O4 and NiFe,O4 (JCPDS
cards: 22-1086 and 10-0325, respectively). The samples sin-
tered at 1000 °C show a diffraction peak (identified as * in the
figure) associated with the crystallization of amorphous SiO,
to quartz (JCPDS 11-0252). The average size of crystallites
in the samples of the two nanocomposites was calculated us-
ing Scherrer equation [21] and the most intense diffraction
peaks. The growth of crystallites with increasing sintering
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Fig. 2 IR spectra of precursor without metallic ions (A), polymerized
complex with iron and cobalt (B) and polymerized complex with iron
and nickel (C)

temperature is show next to the strongest peak in the patterns
of Fig. 3. In the samples with quartz (1000 °C), the ferrite
particles do not grow so much as in the samples treated at
800 °C, where crystallization silica does not occur.

The hysteresis loops of the two nanocomposites heated
at 800 °C (Fig. 4) show the ferrimagnetic behavior charac-
teristic of CoFe,04 and NiFe,04 [8]. Since the composi-
tion and the average size of the particles affect the satura-
tion magnetization values [22], these values differ, in our
case, for: (1) samples with cobalt or nickel and (2) sam-
ples with thermal treatments at different temperatures. The
magnetization values at 12.5 KOe increased with particle size
(Table 2). This tendency has been observed in other magnetic
materials [23]. The maximum magnetizations were reached
in the nanocomposites at 800 °C; their values were 29.5 and
17.4 emu/g for CoFe,04-Si0, and NiFe,04-Si0,, respec-
tively. These values are approx 70% of the room temperature
saturation values of Co and Ni ferrites (80 and 50 emu/g, re-
spectively) at a 50% loading. Nanoscale magnetic particles
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Fig. 3 Structural evolution of CoFe;04-SiO, and NiFe,04-Si0; as a
function of temperature

typically show magnetizations values lower than expected
due to surface effects [24]. In addition, the magnetization
values reported here are not saturation values.

Figure 5 shows the micrographs of the CoFe;04-Si0,
and NiFe,0,4-SiO, nanocomposites obtained sintering the
polymeric complexes at 800 °C. In these images is possible
to observe the nanoparticles, as dark spots in the photograph,
homogeneously dispersed in the amorphous silica matrix.
The size of the particles in both nanocomposites varies from
10 to 35 nm approximately.

The results obtained in this work are interesting by them-
selves and additionally, when compared to those presented
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Table 2 Saturation magnetization values as a function of average
particle size of nanocomposites
COF6204 NiF8204
Size (nm) Ms (emu/g) Size (nm) Ms (emu/g)
18.2 13.2 16.9 7.9
28.6 20.1 26.2 11.2
30.9 253 28.7 14.7
35.1 29.5 35.7 17.4
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Fig. 4 Hysteresis loops of nanocomposites of CoFe,04-SiO; (A) and
NiFe,04-Si0, (B), prepared at 800 °C

previously by some of us regarding the synthesis of CoFe,O4
nanoparticles by a similar approach to the one used in this
paper [2]. In that case, CoFe, 0,4 nanoparticles (without the
silica matrix) obtained at 800 °C had a ferrimagnetic be-
havior, a magnetization value of 79.8 emu/g at 12.5 KOe
and an average particle size of 56 nm (XRD) and ~30-
50 nm (TEM). The differences between the results obtained
in both papers are a consequence of the presence of the
silica matrix which constraint the CoFe,O4 nanoparticles
growth.

Fig.5 TEM micrographs of the CoFe,04-SiO; (A) and NiFe,04-Si0O,
(B) nanocomposites sintered at 800 °C

4 Conclusions

The esterification, etherization and substitution reactions be-
tween CA, EG and TEOS lead to the polymeric precursor
presented in this work. In addition, in the presence of metallic
salts result in the formation of precursors bonded to the metal
ions. As such, these precursors may be useful in the prepa-
ration of homogeneous dispersion for Co and Ni ferrites in
amorphous silica at the low temperature of 800 °C.
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