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Abstract

In this paper, magnetic nanoparticles (Fe;04 and NiFe,O4) were coated with a biocompatible silica shell via hydrolysis and
condensation of tetracthyl orthosilicate (TEOS) by the Stober process. Magnetic nanoparticles, prepared by chemical co-precipitation
from iron and nickel salts, were functionalized with citric acid, in order to provide their deagglomeration and to enable their coating
with silica. The parameters of the functionalization procedure were varied (concentration—pH and type of treatment), in order to
examine if and how this particular step of preparation affects the final morphology of the core-shell particles. Transmission electron
microscopy, zeta potential and particle size measurements revealed that the morphology and the size of obtained core shell particles
depend significantly on the core particle size, and thus on the parameters of the functionalization step.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Oxide magnetic nanomaterials, and especially ferrites, are
nowadays intensively studied because of their numerous
applications, such as those in high density storage media,
high frequency devices, magnetically assisted drug delivery,
immobilization of proteins and enzymes and waste-water
treatment [1-4]. However, it is often necessary to coat the
particles with another material or embed them in a non-
magnetic matrix, in order to prevent their agglomeration and
sedimentation, or to make them biocompatible and suitable
for specific applications [5]. In recent years, silica has been
widely used as a coating material. Its biocompatibility,
stability against degradation, and easy surface modification
due to the abundant silanol groups, is making silica micro-
spheres of particular interest for use in biomedicine and
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bioengineering. Furthermore, a silica shell could screen
magnetic dipole interactions between magnetic nanoparticles,
and in that way facilitate their dispersion in liquid media [6].
Therefore, various methods for obtaining a silica shell on the
surface of magnetic nanoparticles have been developed, and a
sol-gel method based on the well-known Stdber process [7]
has been widely used [5,8—11], mostly for its low-cost and
mild reaction conditions. Recently, systematic studies on the
coating of magnetite particles with silica through a sol-gel
process have been reported by Deng et al. [5] and Haw et al.
[12], emphasizing mostly the influence of precursor ratios,
precursors and the surfactant type on the morphology and
final characteristics of the obtained structures. In both
studies, a treatment of magnetite particles with citric acid
was performed prior to their coating with silica. In general,
the modification of ferrite nanoparticles with biocompatible
citric acid, as a method for overcoming particle agglomera-
tion, has been widely performed and studied [13-15]. How-
ever, the influence of the modification protocol, morphology
and size of the citrate-modified nanoparticles, on the final
morphology of silica coated core-shell particles, did not
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receive much attention. In this work, a possible approach for
coating magnetic (nickel ferrite and magnetite) nanoparticles
with silica is reported, whereby special attention has been
paid to the relation of the citrate-modification procedure and
the final morphology of the core shell particles.

2. Experimental

Silica coated magnetic nanoparticles were prepared by a
three-step procedure. Firstly, magnetic nanoparticles of
magnetite (Fe;04) and nickel ferrite (NiFe,O4) were pre-
pared by the co-precipitation method. In the second step,
water washed magnetic nanoparticles were treated with
citric acid (CA) in order to prevent their agglomeration
and finally, silica coating was formed on their surface via
hydrolysis and condensation of tetraethyl orthosilicate
(TEOS), by the Stéber process.

2.1. Materials

Analytical-grade  tetraethyl orthosilicate (TEOS,
<98 wt%), ethyl alcohol (> 99.9 wt%), ammonia solu-
tion (NHj, 25 wt%), sodium hydroxide pellets (NaOH,
assay >97wt%), and ferrous sulfate FeSO4 x 7H,O
(assay > 99 wt%) were purchased from Merck, Germany.
Ferric nitrate Fe(NO3); x 9H,0 (assay > 99 wt%), nickel
nitrate Ni(NOj3), x 6H,0 (assay > 99 wt%) and anhydrous
citric acid, CA (99 wt%) were purchased from Sigma
Aldrich, Germany. Chemicals were used as received, with-
out further purification. Deionized water was used
throughout the experiments.

2.2. Preparation of magnetic nanoparticles

Magnetic (FesO4 and NiFe,O4) nanoparticles, MNP,
were prepared by low temperature chemical co-precipita-
tion, using aqueous solutions of iron and nickel salts. The
stoichiometric amounts of Fe(NOs); x 9H,O and FeS-
04 x TH,O or Ni(NO3), x 6H,O were dissolved in deio-
nized water with the concentration of 0.15 mol/L; sodium
hydroxide solution was added dropwise, until pH reached
~12. The reaction was kept under constant stirring at
80 °C for 1h. Precipitated ferrite nanopowders were
washed with deionized water and one aliquot was sepa-
rated for further examination. The obtained magnetite and
nickel ferrite powders were denoted as M, and NF,,
respectively.

2.3. Citrate modification of magnetic nanoparticles

Washed magnetic nanoparticles (MNP) were dispersed
in deionized water in the concentration of 1.5 g/L. The
dispersions were treated with 1 M CA in different amounts
and consequently at different pH values and further stirred
or ultrasonically agitated for 30 min, in order to obtain
stabilization of MNP. All experiments were performed at
room temperature. Parameters of modification were varied

Table 1

Sample denotation.

Sample code Material CA [mmol/g] pH Treatment
NFO NiF6204 - - -

M, Fe;04 - - _

NF, NiFe,04 7 3 Stirring
NF, NiFe,04 3.5 5 Stirring
NF; NiFe,O,4 3.5 5 Ultrasound
M, Fe;04 3.5 5 Stirring

in order to examine the impact of the modification
procedure on the morphology of the final product, silica
coated magnetic nanoparticles. Sample notation and pro-
cessing parameters are outlined in Table 1.

2.4. Coating of magnetic nanoclusters with silica

Dispersions of citrate modified nanoparticles were used
as core particles on which silica coating was obtained by
the Stober process [7]. Aqueous magnetic fluids (noted as
NF,, M, NF,, NF3), adjusted to the concentration of 1 g/LL
were added to an ethanol and ammonia aqueous mixture
and were dispersed ultrasonically. Finally, TEOS was
added dropwise to the dispersion under constant stirring.
The amount of 1 mmol of TEOS was added to the
dispersion containing 10 ml of magnetic fluid, 40 ml of
ethanol and 1.5 ml of ammonia. The reaction was carried
out under constant stirring at room temperature, for 6 h.
The light orange precipitated powder was centrifuged and
washed with distilled water until the effluent was free of
NH," groups, and was finally dried at 120 °C for 1 day.
The samples of magnetic nanoparticles coated with silica
were denoted as SNF;, SM;, SNF,, SNFj3, according to
the name of the specific magnetic fluid used for the core
particles.

2.5. Powder characterization

The particle size distribution (by intensity and number)
of citrate modified magnetic nanoparticles and silica
coated nanoparticles was measured by dynamic light
scattering, DLS (Zetasizer Nano ZS, Malvern Instruments,
Malvern, United Kingdom). Refractive indexes of 2.42 and
2.3 were used for Fe;O4 and NiFe,O4 particles, respec-
tively. All measurements were performed at pH~7. Zeta
potential was determined by the same instrument (Zetasi-
zer Nano ZS with MPT-2 Autotitrator Malvern Instru-
ments, Malvern, United Kingdom), using the M3-PALS
method, i.e. the combination of laser doppler velocimetry
and phase analysis light scattering. The morphology, the
shape and the crystallinity of the silica-coated nanoparti-
cles were analyzed using a transmission electron micro-
scope, TEM (Philips CM 20, Eindhoven, Netherlands)
operating at 200 kV, equipped with an energy-dispersive
X-ray spectroscopy system (EDS). TEM samples were
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prepared by drying one drop of ultrasonically dispersed
particles on a carbon film supported by a Cu-grid. X-ray
diffraction (XRD) of the powders was performed using a
PANalytical X-ray diffractometer (X’Pert PRO) with a Ni-
filter and CuKu radiation, operating at 40 mV and 40 mA.
The measurements were obtained with a step size of 0.033°
and speed of 0.005°/s. The crystallite size of ferrite
nanopowders was estimated using the Scherrer equation
(d=0.94/(p cos 0) [16], 4 is the wavelength of the X-rays, 6
is the scattering angle of the Bragg reflections, f§ is the full
width at half maximum). Fourier-transform infrared spec-
troscopy measurements were performed using a Nicolet-
Nexsus 670 FT-IR.

3. Results and discussion
3.1. Characterization of ferrite nanopowders

The one-step synthesis by co-precipitation at pH~12
and T=80 °C resulted in polycrystalline ferrite nanopow-
ders. Thus, the XRD pattern of the magnetite M, powder
has all the characteristic reflections of the cubic spinel
phase (Fig. 1). The average crystallite size, calculated from
XRD peak broadening using Scherrer’s formula is
17.5 nm. On the other hand, the diffractogram of the as-
synthesized NF, (NiFe,O4) powder (Fig. 1) confirms that
in this case either significantly smaller crystallites of a size
~3nm or less ordered structures were formed. The as-
synthesized black (M) and dark-red (NF,) nanopowders
exhibited magnetic behavior in the presence of 0.3 T
permanent magnet.

The ferrite nanoparticles, prepared by co-precipitation,
are hardly agglomerated due to their large surface to
volume ratio and high surface energies [17]. To overcome
the agglomeration and enable their coating with silica,
citric acid (CA) has been used for stabilization and surface
modification of the as-synthesized ferrite nanoparticles,
since it has the advantage of biocompatibility and non-
toxicity [18]. In order to examine the effect of citric acid
functionalization step on the size of the nickel ferrite core
and the morphology of the core shell particles, zeta
potential measurements of nickel ferrite particles, before
and after surface functionalization were conducted
(Fig. 2). The isoelectric point of the non-modified NiFe,Oy4
(NFy) is at pH~7, which is in good agreement with
previously reported values [19,20]. On the other hand, in
the case of the modified nanoparticles, a shift of the zeta
potential towards more negative values was observed,
together with a negative particle charge in the whole pH
range, indicating the adsorption of citric acid at the
particle surfaces. Fourier-transform infrared, FTIR, spec-
tra (Fig. 3) of the as-synthesized and functionalized
NiFe,O4 (NF, and NF;) show peaks at ~590 em~ ! and
~430 cm ! characteristic of the Ni-O stretching modes in
NiFe,O,4. In addition, spectra of the citrate-functionalized
sample NF, show two intense bands at ~1600 cm ™' and
~1400 cm ~ ', corresponding respectively to the symmetric

(311)

Intensity [a.u.]

Zeta Potential (mV)

Fig. 2. Zeta potential of nickel ferrite nanoparticles as a function of pH,
before (sample NF,) and after (sample NF;) the modification with
citric acid.
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Fig. 3. FTIR spectra of NF,, NF; and SNF; powders.
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and asymmetric stretching of CO in the COOH group,
confirming the binding of citric acid to the particle surface.

As proposed in a recent paper [21], citric acid may be
adsorbed on the surface of the magnetite nanoparticles by
co-ordinating via one or two of the carboxylate function-
alities depending on the steric necessity and the curvature
of the surface, leaving at least one carboxylic acid group
exposed to the solvent, and thus making the surface
charged. This can effectively prevent agglomeration of
magnetic oxide nanoparticles, due to steric and electro-
static forces arising from the ionized layer of the citrate
coating on the surface [15,21]. In our work, the visual
appearance of magnetic fluid, after the addition of CA,
had already indicated deagglomeration of the particles; the
suspension became more transparent and no more sedi-
ment at the bottom of the glass vessel could be observed.

3.2. Characterization of core-shell particles

After subsequent coating of functionalized MNP, the
light orange color of the precipitated powder indicated the
successful adsorption of a silica shell. The structure of the
NiFe,0O4 particles stabilized with citric acid, and then
coated with silica (sample SNF;), was investigated by
Fourier-transform infrared spectroscopy, FTIR (Fig. 3).
Similar to the two other spectra, spectra of this sample
show two broad bands at ~3430 cm ! and ~1620 cm ™!,
associated with the stretching vibration of free or adsorbed
water that still remained in the sample. Bands at ~1095
em ™', and ~800 cm ™! correspond to the stretching of Si—
O-Si bond of silica, while the band at ~955 cm ™! could be
assigned to the Si—-O-H stretching vibration and Fe—O-Si
vibration and the band at ~470 cm ™! to Si—-O-Si or O-Si—
O bending mode [12,13,21]. In the same sample, bands at
1624 cm ' and 1400 cm ' are probably pronounced due
to increased symmetric and asymmetric stretching of
COOQO". This spectrum, on the other hand, does not show
the peaks characteristic for metal-oxide bonds of ferrite
particles, even though a small knee at ~590cm™' is
visible. However, although the spectra of the core/shell
sample clearly indicates the adsorption of silica coating on
the surface of ferrite particles, in order to confirm the

a b

02pm

existence of the ferrite core and to investigate particle
morphology, samples were further examined by transmis-
sion electron microscopy.

The as-synthesized SNF| particles are mostly spherical
with a characteristic core-shell structure (Fig. 4a-c).
Neither core-free silica spheres, nor silica-free ferrite
nanoparticles can be noticed, indicating that the chosen
ratio of NiFe,O4 and TEOS as well as selected synthesis
conditions were suitable for shell formation. Although the
average particle size from TEM micrographs (Fig. 4a) is
found to be ~85 nm, with the shell thickness of ~20 nm,
bimodal size distribution (Fig. 4b) and the presence of
considerably larger particles of ~250 nm with shell of
~70 nm can be noticed (Fig. 4b and c). This can be related
to the bi-modal size distribution of the NiFe,O4 particles
used as a core, confirmed by DLS measurement (Fig. 5a).
The bi-modal size distribution of the ferrite NF; powder is
attributed to the relatively low surface charge of the core
particles at pH~3 (Fig. 2), that is insufficient for good
particle stabilization [22,23], and which is probably caused
by the suppressed dissociation of the carboxylic groups of
CA adsorbed below pH~5.

In order to improve particle morphology, citrate func-
tionalization of core particles was performed at higher pH
(~5) providing higher surface charge and thus a more
effective particle deagglomeration and consequently, a
smaller particle size. Particle size measurements of the
samples NF,, NF; and M; confirmed a considerably
smaller particle size (in comparison to the powder NF;)
caused by stabilization at pH~35, and at the same time
revealed the influence of the type of particle treatment
(ultrasound/stirring) (Fig. 5a). Using the Mie Theory,
particle size distribution by intensity can be converted into
the particle size distribution by number, in order to
determine smaller differences in the particle size of core
modified particles (Fig. 5b). The smallest average particle
size (~15nm) was measured for the sample treated
ultrasonically (NF3), what indicates the enhanced adsorp-
tion and higher uptake of citric acid by the particles
subjected to ultrasonification, as previously reported by
Zhang et al. [24]. However, since the concentration of citric
acid added is sufficiently high, we assume that the smaller

c

0.2pm

Fig. 4. TEM micrographs of the sample SNF.
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Fig. 5. Particle size distribution of citrate functionalized ferrite core particles by: (a) intensity and (b) number.

Fig. 6. TEM micrographs of samples: (a) SNF,, (b) SNF3, (c) SM,, and (d) SNF,.

particle size of the sample NF3;, compared to the sample
NF, (~20nm), was a result of deagglomeration which
occurred under ultrasonic agitation, thus providing larger
surface available for citrate adsorption, resulting in smaller
nanoclusters of primary particles. The citrate functiona-
lized magnetite (M), has shown larger average particle size
than the sample of nickel ferrite treated in the same way
(NF,). This could be expected due to considerably larger
crystallite size of precipitated powder My comparing to the
powder NF,,.

The increase of citric acid concentration was not
found to be linked to the final particle size, which is
explained by the fact that citric acid is adsorbed on the
ferrite particle surface via one or two carboxylate groups
even in its high excess, and therefore both the number of
unbound groups and the overcharging of particles are
limited [15].

TEM micrographs of silica coated samples SNF,, SNF;
and SM;, presented in Fig. 6a—c, revealed considerably
smaller particles than in the case of SNF; (Fig. 6d), with a
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relatively large size distribution. Taking into consideration
that the precursor ratio and the reaction parameters for the
shell creation were identical for all the core-shell samples,
it is obvious that the mentioned variations of morphology
derive from the differences of the ferrite particles (clusters)
used as cores. The SNF, and SNF; core-shell particles
have similar morphology, with the average particle size of
~25nm and ~20nm, respectively (results obtained by
image analysis) (Fig. 6a and b). Sample SM,; showed
similar morphology, but somewhat bigger size (~50 nm),
clearly caused by bigger crystallite and thus particle size of
magnetite core, as can be concluded from a dark field
micrograph (Fig. 6¢). Again depending on the effectiveness
of the modification procedure, more or less agglomerated
or even chain-like structures can be noticed throughout the
samples, emphasizing the importance of the particle
modification step in the procedure of the core-shell
formation.

All XRD patterns of silica coated samples have the
characteristic appearance of amorphous silica, with a
diffusive peak at ~20°. However, discreet bumps in the
place of potential strongest peaks (~36° and ~62°),
characteristic for spinel ferrite phases, are visible in all
samples (Fig. 7).

In order to confirm the composition of core-shell
particles, EDS analysis was performed (Fig. 8) in the
TEM with a Cu sample holder. EDS spectra clearly show
the presence of all consisting elements (Si, O, Fe and Ni)
which, in combination with XRD and FTIR results
indicates the presence of NiFe,O4 and Fe;O,4 particles
coated with silica.

Characterization of the magnetic properties of the core-
shell particles was not carried out during this work.
However, the magnetic behavior of the particles and thus
their suitability for certain in-vitro biomedical applications
has been confirmed with the presence of 0.3 T permanent
magnet, as can be seen in Fig. 9.
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Fig. 7. XRD patterns of core shell samples.
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Fig. 8. EDS spectra of core shell particles: (a) SM; and (b) SNF,.

Fig. 9. Appearance of the core-shell particle dispersion in the (a) absence
and (b) presence of permanent magnet (sample SNF).

4. Conclusion

By co-precipitation of magnetic particles (NiFe,O4 and
Fe;04) and by further hydrolysis and condensation of
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TEOS on their surface, silica coated magnetic nanoparticles
with a spherical morphology were synthesized. In the case of
nickel ferrite core, clusters of magnetic nanoparticles mod-
ified with citric acid were prepared under different conditions
and then coated with silica. It was found that a modification
procedure (including pH/concentration and type of treat-
ment) influences the final morphology of these core-shell
particles and especially their size, morphology, agglomeration
and shell thickness. Modification at lower pH (~ 3), resulted
in larger nickel ferrite clusters and so larger core-shell
particles were prepared, when compared to the ones prepared
from the particles modified at pH~5. In the same way,
modification by ultrasonification or by stirring, affected the
size of the nickel ferrite clusters, and consequently, the size of
core shell particles (after coating them with silica). The close
relationship between core morphology and core shell mor-
phology was clearly confirmed even within one sample; it was
shown that bimodal size distribution of core particles has
caused bimodal size distribution of final core shell particles.
Even though the effect of citrate treatment on the morphol-
ogy of core shell particles in the case of magnetite core was
not examined, similar conclusions might be expected. All the
core-shell particles exhibited magnetic behavior in the pre-
sence of a permanent magnet, confirming their suitability for
certain in-situ biomedical applications.
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