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Synthesis and characterization
of silica-coated magnetic nanoparticles

Abstract The present work reports
on the synthesis and properties of
magnetic nanoparticles based on
magnetite coated by a silica layer.
A series of conditions was tested to
allow the synthesis of the nanopar-
ticles, usually performed in an
aqueous medium, and could be effi-
ciently coupled with the silica sol-gel
process. The resulting particles were
characterized by means of X-ray
diffraction, transmission electron
microscopy associated with electron
energy loss spectra and electron
spectroscopy imaging, Fourier
transform 1R, Mdssbauer and mag-
netization measurements. Initially,
magnetite particles with an average
crystalline grain size of about 100 A
and a polydispersion of 30%, as
revealed by X-ray diffraction and
transmission electron microscopy
analyses, respectively, were obtained
with a mixture of FeCl, and FeCl; in
aqueous and acid solution. The
magnetization measurements, at
room temperature, show that the
particles are in the superparamag-
netic regime. Magnetite was also
synthesized in acid solutions in an
alcoholic environment (25% metha-
nol-to-base ratio), a medium that
allows us to proceed with silica-
coating by the sol—gel process in a

one pot reaction. The resulting par-
ticles present size dispersion ranging
from around 15 A to about 200~
300 A as evidenced by electron
micrographs. The superparamagnet-
ic behavior is preserved, although its
saturation magnetization value
decreases from about 92 to about
50 emu g~'. probably owing to the
contribution of the smallest particles
as well as to the surface spin disorder
induced by addition of methanol to
the synthesis medium. For higher
values of the alcohol-to-base ratio,
the resulting particles are amor-
phous, becoming crystalline under
thermal treatment. When tetraethyl-
orthosilicate is added to a solution
containing 25% of methanol to base,
iron oxides are SiO»-coated at room
temperature, as evidenced by elec-
tron spectroscopy imaging and
Fourier transform IR spectroscopy.
The magnetization results are
dependent on the Si-to-Fe volume
ratio, in such a way that the values
decrease as the Si0- amount
increases, reflecting the nanoparticle
coating.

Keywords Magnetic nanoparticles -
Sol-Gel synthesis - Silica coating -
Superparamagnetism - Electron
spectroscopy imaging



Introduction

Magnetic nanocomposites have been the subject of
extensive investigation owing to their important proper-
ties and applications [1], such as information storage [2],
color imaging [3], and magnetic refrigeration [4].

The preparation methods of ferrite-like nanocompos-
ites (Fe;04 or y-Fe»03) are very important owing to the
fundamental and technological perspectives. Small par-
ticles exhibit very peculiar properties compared with
those presented in bulk materials, and these peculiar
properties can provide new ways of using magnetic
structures also in biotechnology [5]. A challenging issue
in the nanomagnetic field is to develop strategies to
functionalize these particles. A new biocompatible
magnetic nanoparticle covered by drugs would have
potential application in medicine [6].

Several strategies are being tested to functionalize
these particles. including reaction with dimercaptosucci-
nic acid [6], which has been used to graft a variety of
molecules and biomolecules to magnetic nanoparticles
[6-8]. However, this route usually provides relatively
labile bridges with the magnetic nanoparticle [6-8].
Another possible route to graft these particles, which
has received special attention in recent years, involves the
use of an inorganic material such as silica [9-17]. This
special interest arises from the fact that the silica grafting
somehow stabilizes the particles in the ferromagnetic }-
Fe,O; form, i.e.. it decreases the transition efficiency to
the antiferromagnetic 2-Fe,Q5 form with an increase in
temperature [12, 15, 16]. It also provides a transparent
layer that can be used to stabilize the particles in
suspension, providing a route to easily further graft it
with organic molecules [9, 10, 12, 18, 19].

There are basically two ways to obtain the y-Fe,Os/
SiO; composites:

1. Disperse the previously synthesized iron oxide parti-
cles in different sol-gel matrices. This is usually
performed by coprecipitating the particles in aqueous
solution, filtering and redispersing the precipitate in
ethanol solution to perform the silica coating by
silane hydrolysis and polymerization [9, 10, 11].

. In situ precipitation of the magnetic nanoparticles
during the matrix formation [12, 15-17]. which does
not involve the step of filtration and redispersion.
However, this method can have relatively long
gelation times, sometimes longer than 9 days [17,
20], and the solution has to be heated to relatively
high temperatures (above 700 °C) [12, 16, 17, 20].

In the current work, an effort has been made to find an
alternative route to prepare magnetic nanoparticles and
to coat them with silica. Ferrite-like nanoparticles were
prepared by mixing FeCl, and FeCl; acidic solutions (to
avoid the formation of iron hydroxides) in an alcoholic
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environment and by adding tetraethylorthosilicate
(TEOS) in an one-pot reaction scheme. With this
procedure we would not need the filtration and redisper-
sion step characteristic of method 1 nor the long gelation
time and thermal treatment of method 2.

A variety of structural and spectroscopic methods
were used to characterize these particles. Structural
determination of nanoparticles was performed by means
of X-ray diffraction (XRD). Fourier transform IR
(FTIR) spectroscopy was used to identify the stretching
vibration of Si-O-Fe. Transmission electron microscopy
(TEM) with an energy filter was also carried out to
observe the nanoparticle size and shape. Electron
spectroscopy imaging (ESI) was used to probe the
elemental distribution. Mdéssbauer and vibrating sample
magnetometer (VSM) techniques, at room temperature,
were used to characterize the magnetic properties of the
nanoparticles.

Experimental
Materials

All reagents were obtained from commercial suppliers and were
used without any further purification. Water was distilled in all-
glass apparatus, filtered and deionized (Milli-Q water). All
experiments were performed at room temperature of 23 + 1 °C.

Synthesis

Three different kind of samples were studied. The first one was
synthesized in an acidic medium according to the well-established
protocol in the literature [21]. A 1.0-mL aliquot of FeCl, (Merck)
(1.0 M) and 4.0 mL FeCl; (Merck) (0.5 M) prepared in 1.0 M HCI
(Aldrich) were vigorously stirred, while 50.0 mL NHy (0.7 M)
(Aldrich) was slowly dropped into the solution, resulting immedi-
atelv in a black precipitate. At this stage, the precipitate was
decanted. washed thoroughly with acetone and dried in vacuo. The
second one involved the same iron mixture of acid solution in an
alcoholic medium containing methanol (Merck) and base in a
volume ratio of 25%. After the same washing and drying
procedures as described for the fist sample, a black powder was
also obtained. Both samples were crystalline at room temperature
(see later). It is worthy of mention that solutions containing higher
ratios of methanol to base were also investigated, but the
nanoparticles obtained were amorphous at room temperature,
becoming crystalline under thermal treatment at 500 °C for 2 hina
nitrogen atmosphere.

In order to obtain silica-coated magnetic nanoparticles at room
temperature, TEOS was used as the Si source and was added to the
25% methanol-to-base solution just after the black precipitate had
been formed. The amount of TEOS was changed depending on the
desired Si-to-Fe volume ratio (10%, 20%. 30%, 50% and 70%). A
brown gel was immediately obtained, and was washed with
acetone. The nanoparticles were isolated by decantation.

Methods
XRD: Structural identification was performed by using a Rigaku-

Denki powder diffractometer with a conventional X-ray generator
(Cu Kz radiation 2=1.5418 A and a graphite monochromator)
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coupled to a scintillation detector. The angular scanning performed
on all samples ranged from 20° up to 70° with 0.05° step width. The
average size of the nanoparticles was calculated from the full width
at half maximum of the (311) reflection (spinel structure) using
Scherrer’s equation [22].

TEM: A Carl Zeiss CEM 902 transmission electron microscope
equipped with a Castaing Henry-Ottensmeyer filter spectrometer
within the column was used. One drop of the particle dispersion
was deposited onto carbon-coated parlodion films supported in
300-mesh gold grids. The images were obtained using zero loss
energy. low loss energies between 20 and 30 eV and specific
elemental energies; they were recorded with a slow-scan CCD
camera (Proscan) and processed in the AnalySis 3.0 system.
Electron energy loss spectra in the range 70-150 and 680-760 eV
for Si and Fe were acquired for use as a reference to ESI. in the
CEM-902 transmission electron microscope, by using the parallel
acquisition method [23].

FTIR: The IR spectra were recorded using a Nicolet
IMPACT 400 spectrophotometer in a w‘lvenumber range from
4,000 to 400 em™', at a resolution of 2 em™ . using KBr pellets.

VSM: A VSM was used to obtain the magnetization versus
magnetic field loop (M versus H) at room temperature up to
H =20 kOe. The apparatus was calibrated with a Ni pattern. The
magnetization measurements were carried out on a known quantity
of sample powder, slightly pressed and conditioned in cylindrical
holders of Lucite.

Maossbauer: The measurements were performed with a conven-
tional constant-acceleration spectrometer in a transmission
geometry with a source of about 50 mCi *’Co in a Rh matrix
between 78 and 296 K. Hyperfine parameters, such as the
distribution of the hyperfine magnetic field (B), the isomer shift
(IS) and the quadrupole shift (QS), were determined by the
NORMOS program.

Results and discussion
Structural and morphological evaluations

X-ray diffraction data, typical of a spinel structure [24],
obtained from samples prepared in acid solution in the
absence (sample 1) and in the presence of an alcoholic
medium (no TEOS, sample 2) are shown in Fig. 1. In
fact, such a structure corresponds to magnetite, as
demonstrated by the Maossbauer data presented later.
The analysis of the main X-ray reflection (311) peak
width and position by usm;: the Debye-Scherrer equa-
tion led to a mean grain size of 100 A for sample | and
170 A for sample 2 (without TEOS). Then, the presence
of methanol in the synthesis environment seems to induce
the formation of larger magnetic particles.

At the same time, the TEM micrograph (Fig. 2a)
reveals that sample 1 is constituted by particles with well-
defined spherical shape contours with a mean dimension
of 60 A and a polydispersity of about 30%: therefore, the
X-ray reflection width is predominantly weighted by the
largest particles. However, lower-quality micrographs
were obtained from sample 2 synthesized in an alcoholic
medium. Firstly, most of the images did not contain
isolated particles, making it difficult to define their
morphology and size. Secondly, the images show

(JIHI l !
220
o (400) (421 HO
':? (1)
& 2)
)
‘U:} -‘J‘"-“MMMM o
5 10%
[ RN
— ‘L"‘"ﬁ.,w Pt treed  20%
M% 30%
M " ) rme 0%
Lo e 70%
1 1 1

20 30 40 50 60 70
20 (degree)

Fig. 1 X-ray powder diffraction from samples synthesized in an
acidic medium (7). and in a methanolic medium (25% methanol-
to-base ratio) with increasing Si-to-Fe volume ratio, as indicated in the
figure, ranging from 0% (2) to 70%., at room temperature

particles with a very broad size distribution. including
small particles of average sizes of 15 A (Fig. 2b) and
large particles with dimensions of about 200-300 A
(Fig. 2¢). Therefore, the presence of methanol in the
synthesis medium also seems to amplify the polydisper-
sity of the system.

It should be remarked that the magnetic nanoparticles
prepared by the usual coprecipitation method in aqueous
solution [25] have the same features, revealed by XRD
and TEM, as those obtained in acidic solution (sam-
ple 1).

For samples containing a Si-to-Fe volume ratio of
10% and 20% the main X-ray reflections (Fig. 1) still
indicate the spinel-like crystalline structure and the
nanoparticles keep their average grain size of
about 170 A. The extra peak at 20732.5° is identified as
the SiO; reflection, evidencing its formation during the
synthesis. Further, a large band is observed in the
angular range from 20° to 40° that increases with
addition of silica to the system. This behavior indicates
the formation of an amorphous silica phase, in such a
way that for large silica content (30, 50 and 70% of Si to
Fe) there is a predominance of the amorphous phase
attributed to amorphous SiO; in the X-ray spectra. It
should be emphasized, however, that dark-field electron
micrographs (data not shown) revealed the preservation
of some crystalline phase.

The FTIR spectra obtained from samples containing
10-70% of Si to Fe are shown in Fig. 3. The frequencies
of the most important bands are depicted in Fig. 3. FTIR
spectroscopy is a helpful technique to identify the
stretching vibrations of Si-O, Si-O-Fe and Fe-O-Fe
bonds [26-30]. The FTIR spectra of all the samples
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Fig. 2 Transmission electron microscopy micrographs recorded from
samples prepared in a an acidic environment (sample 1), and a
methanolic environment (25% methanol-to-base ratio) (sample 2)
representing b smaller nanoparticles and ¢ larger ones
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Fig. 3 Fourier transform IR spectra from nanoparticles synthesized
in a methanolic medium (25% methanol-to-base ratio) with increasing
Si-to-Fe volume ratio from 10% to 70%, at room temperature

(Fig. 3) show bands at 3,440 and 1,640 cm™'. assigned to
vou and dgy, respectively. The bands around 1,100, 1.400
and 470 cm™" are attributed to the Si-O bond. The §Si-O
increases as the amount of silica increases. The sharp band
around 800 cm ™' suggests the presence of Si-O—Fe bonds.
The bands at 600 cm™' must be evidence of a Fe-O-Fe
bond [31-33]. The increase in the silica content implies the
decrease of such a band., whereas the Si-O-Fe band
increases. The bands are not shifted significantly; there-
fore, the FTIR analysis suggests the binding of silica to the
iron oxide nanoparticles at the surface.

In order to certify that these samples were actually
silica-coated, we made use of the electron energy loss
spectra and ESI of the particle surface. The Si and Fe
elemental maps for 10% and 50% of Si-to-Fe samples
are shown in Fig. 4. As one can see. Fig. 4a evidences
(for the sample prepared with 10% of Si to Fe) the
elemental Si map (i.e., the bright region corresponds to
high elemental Si concentration), whereas Fig. 4b repre-
sents the elemental Fe distribution for the same sample.
Considering that the particles are coated by silica, one
can interpret the ESI results by comparing both images.
Note that in the same region of the elemental Si map
(clear region in Fig. 4a) there is an underlying Fe



Fig. 4 Electron spectroscopy
imaging micrographs of a Si
and b elemental Fe maps from a
sample with a Si-to-Fe ratio of
10% and ¢ Si and d elemental
Fe maps from a sample with a
Si-to-Fe ratio of 50% (see text
for details)

(c)

component (bright region in Fig. 4b). This suggests the
superposition of a silica layer over iron oxide particles.
Similar behavior is observed for 50% of Si to Fe (Fig. 4c,
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Fig. 5 Maossbauer spectra (eircles) of the magnetite sample 2 at room
temperature. The solid line 1s the best fit to the experimental data
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d). These findings corroborate those obtained from
FTIR results, where a sharp band at 804 cm™' suggests
the presence of a Si-O-Fe bond [12].

Magnetic properties

To assess the phase composition of the nanoparticles, we
performed Mossbauer measurements at room tempera-
ture. For sample 2 (0% Si), the spectrum (Fig. 5) displays
a mixture of magnetically blocked and superparamagnet-
ic contributions. The hyperfine parameters of the blocked
sextets are B;=47 T and B,=43 T, QS,=0.00 mm s
and QS,;=0.00 mms~' and I1S,=0.31 mms' and
IS,=0.33 mm s', which correspond to A and B sites of
the magnetite phase [34-36]. For samples with higher
silica contents, the spectra showed only a superparamag-
netic doublet, and thus no information about the phase
can be extracted. Low-temperature spectra (80 K) were
obtained, but the superparamagnetic state still persists at
this temperature; therefore, data at 4.2 K are being
currently obtained to identify the magnetic phase in the
blocked state.
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Fig. 6 Magnetization hystere- C
sis curves at room temperature

from samples prepared in: an 90 -
acid medium (/), and in a :
methanolic medium (25%
methanol-to-base ratio) with 60 -
increasing Si-to-Fe volume B
ratio, as indicated in the figure,
ranging from 0% (2) to 70%, at 30
room temperature. The inser
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Typical magnetization curves obtained by VSM
analysis are shown in Fig. 6. The samples are found to
be superparamagnetic from the complete reversibility of
the M—-H curve recorded at room temperature [34]. The
saturation magnetization (M) of sample | prepared in
an acid medium (also in water, data not shown) was
M;=92(2) emu g_'. which 1s coincident with the value
for bulk magnetite [37], reinforcing the Mdssbauer
results. On the other hand, the strong decrease of M
(about 38 emu g") observed on addition of methanol
(sample 2) may be due to the increase in the particle size
polydispersity, as evidenced by XRD (Fig. 1) and TEM
images (Fig. 2). The smaller particles usually yield
surface spin disorder and thus lower magnetization
values [35, 38]. With addition of TEOS to the system,
My decreases until about 1 emu g™' for a 70% Si-to-Fe
volume ratio (Fig. 5). This behavior is, indeed, expected
once a nonmagnetic material such as SiO was added to
this svstem , [33].

Conclusions

We have presented an alternative method to synthesize
silica-coated magnetic nanoparticles, by mixing FeCl,

‘ -2__//; B
E: L | " | L | L L | i 1 s | " ]
-1 -10 -5 0 5 10 15 20
H (kOe)

and FeCly; acid solutions in an alcoholic medium,
followed by a sol-gel process using TEOS as the Si
source, that produced a gel phase. immediately. ESI and
FTIR measurements give strong support to the conclu-
sion that the iron oxide particles are silica-coated.
Moreover, Mdssbauer data and XRD reflections are
consistent with the magnetite structure for nanoparticles
prepared in a solution containing Si-to-Fe volume ratios
of 10% and 20%. The particles have a mean crystalline
grain size of about 170 A, in agreement with that
obtained in the absence of TEOS. The magnetic prop-
erties of these particles are preserved, in such a way that
superparamagnetic behavior is still observed, although
their saturation magnetization values decrease slightly,
probably owing to an increase of the surface spin
disorder and nonmagnetic SiO> coating. Therefore, we
are now able to proceed towards the synthesis of a new
magnetic particle that contains photoactive molecules
attached to its surface, by functionalizing the silica layer
with photoactive molecules [18].
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