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Submicron-sized hybrid SiO,—Ni powders
produced with the sol-gel method
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Magnetic powders based on metallic nickel nanoparticles encapsulated in submicron-sized spherical
silica shells have been obtained and investigated. The nickel clusters were produced by the exploding
wire method. The silica shells were prepared via the modified sol-gel Stober method, and the metallic
particles were entrapped by their occlusion during silica powder formation. The obtained hybrid materials
were investigated by electron microscopy, X-ray diffraction, magnetic, and ¢ potential techniques. The
obtained materials can potentially be employed in such applications as magnetically controlled drug
vectors or electromagnetic field shielding.
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1. Introduction

Nanometer-sized metal and semiconductor particles have received much attention
due to their novel properties, significantly different from those of the corresponding
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bulk materials, such as quantum-size effects, nonlinear optical properties and unusual
magnetic properties [1-5]. Such particles are attractive dopants for a broad spectrum
of matrices. One of the most promising host materials is submicron-sized powder
obtained via the sol-gel technology. These have drawn considerable attention owing
to their relative ease of preparation and various potential applications [6—10].

The sol-gel technique is based on the hydrolysis of liquid precursors and forma-
tion of colloidal sols [11-13]. The precursors are usually organosilicates (e.g., tetra-
ethoxysilane, TEOS) which yield silicate sol-gel materials via the chemical reaction
of hydrolysis

=Si—-OR + H,0 —— =Si—OH + ROH M

and the subsequent formation of the silicate network:
=Si—OH + HO-Si=—— =Si-0O-Si= + HOH 2)
=Si—OR + HO-Si= —— =Si—0-Si=+ ROH 3)

As sol-gel materials are prepared from liquid solutions, the preparation process al-
lows them to be doped by dissolving or suspending dopants in hydrolizates. An alter-
native way is to introduce various substances into sol-gel matrices via impregnation in
solutions (suspensions) of the target molecules. A very attractive feature of the sol-gel
technology is its application in manufacturing free and doped uniform silica spheres
of submicron sizes [14-16].

The interesting and promising applications of sol-gel powders are based on SiO,
submicron particles with dopants inducing a magnetic response. These materials
could be used for vectorial drug administration and the control of their distribution, in
magnetothermia or in magnetic resonance imaging [17-24]. These doped powders
could also be applied as additives for textile coatings, various bulk plastics, or paints
in order to induce their magnetic response (e.g., for electromagnetic radiation shield-
ing). Since the size of the hybrid particles is less than 1 um, however, the metallic
magnetic particles need to be even smaller in order to achieve their encapsulation
within the sol-gel silica shells.

The literature on sol-gel silica powders with magnetic inclusions is not very exten-
sive and is usually limited to iron. Such materials have been usually made by the pro-
cedure developed for preparing conventional ferrofluids where mixtures of ferric and
ferrous salts were appropriately reduced [20, 22, 25-30]. Attempts to entrap metallic
particles are even less frequent. An example is the laser pyrolysis of ferrocene in situ
during TEOS polymerization in a nebulized vapour cloud [17]. The entrapment of
metallic nickel nanoparticles has been reported mainly for bulk silica materials ob-
tained by the sol-gel method [31, 32].

The present work reports the sol-gel preparation of magnetic spherical submicron
powders, in which the metallic nickel particles are entrapped within silica shells. The
Ni particles were obtained by the exploding wire method [33-35]. The synthesized
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materials were investigated by various methods: electron microscopy, X-ray diffrac-
tion, magnetic, and £ potential measurements. The obtained results indicate that the
hybrid powders possess magnetic properties. These materials could be employed as
additives introducing magnetic properties in various products, e.g. paints, plastics, and
magnetically controlled drug vectors.

2. Experimental

The nickel nanopowders were obtained by exploding a 99.99% Ni wire (length
9 cm, @ 0.5 mm) in a 6 dm’ vessel filled with 4 dm’ of deionised water. The explo-
sion was triggered by a current impulse of 50 kA for 23 us at a condenser discharge
voltage of 8.5 kV. During each synthesis, the procedure was repeated six times in
order to accumulate more product. The powders were removed from water with mag-
netic field. A typical size of the obtained Ni particles was 2040 nm,

The hybrid nickel-silica particles were prepared by the sol-gel method. 0.02 g of
Ni nanopowder was ultrasonically dispersed in a mixture of 42x10~ dm’® of alcohol
(methanol or ethanol), 7x10~ dm’ of distilled water, and 4x10~° dm’ of ammonia solu-
tion (25%, POCh). 3x10~ dm” of tetraethoxysilane (Alfa Aesar) was added drop-wise
to the dispersed mixture. Then, the suspension was agitated ultrasonically for 1 hour
and the solvent was evaporated, yielding a grey powder.

One batch of the hybrid particles was dissolved in hydrofluoric acid (HF) in order
to estimate their metal content. The metal clusters were held by a magnet and the su-
pernatant was removed. The Ni particles separated in this way were washed with di-
luted NaOH solution and deionised water and dried.

The size and morphology of the hybrid powders were determined by scanning
electron microscopy (XL 30 Philips CP) and transmission electron microscopy
(TESLA BS 500). To investigate the crystal structure of the magnetic powders,
a DRON-3 diffractometer (CoK, radiation; 4 = 0.178892 nm) was employed. The
diffraction intensities were recorded within the 26 range 20°-80° in steps of 0.05°.
Magnetic properties of the materials were analysed by an in-house made Vibrating
Sample Magnetometer (VSM). A Coulter Delsa 440 Doppler Electrophoretic Light
Scattering Analyser was used for the ¢ potential measurements in ultra-pure water.

3. Results and discussion

The sol-gel entrapment of nickel nanoparticles by SiO, shells was carried out in
two different solvents (methyl and ethyl alcohols). As it can be seen from SEM
(Fig. 1) and TEM (Fig. 2) micrographs, the methanol (MeOH) route yields smaller
hybrid particles (MeNi) than the ethanol (EtOH) route (EtNi particles). It is important
to note that in both cases the particles are almost perfectly spherical. Thus, the en-
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trapment of the nickel particles in silica shells does not prevent the typical Stober-like
sol-gel process from yielding regular hybrid structures. Furthermore, a proper choice
of the synthetic conditions (e.g. solvents) allows the product parameters (e.g., the
grains size) to be controlled to a certain extent.
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Fig. 2. TEM micrographs of EtNi hybrid particles (a) and MeNi particles (b)

Free metallic nickel particles and silica—metal hybrids were investigated by the
XRD. The results are presented in Fig. 3. In addition to the metallic nickel (Ni) phase,
a small amount of nickel oxide (NiO) is present. This presumably surface oxide can
be the result of the fact that the nickel powders are obtained by wire explosion in wa-
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ter. In addition, the conditions during the sol-gel synthesis of the silica shells might
also induce some surface oxidation of the metal particles.
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Fig. 3. The XRD patterns obtained for EtNi and MeNi hybrid
SiO,—nickel powders and for pure nickel nanoparticles
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Figure 4 presents the distribution of the hybrid particle sizes obtained from the
analysis of TEM results. The smaller particles (MeNi) have an average size of ap-
proximately 65 nm (¢ — (50-80) nm), while the larger EtNi particles have an average
diameter of ca. 350 nm (& < (310— 390) nm). It is noteworthy that in both cases the
fluctuations of grain size are relatively small, which is important from the point of
view of potential applications.
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Fig. 4. Distributions of hybrid particles sizes

The ¢ potential of pure (i.e. without any dopants) silica spherical particles pro-
duced via the ethanol route with the diameter of ca. 500 nm has been established to be
—46.8 mV in pure water. This value is similar to results reported for other pure silica
powders (—40.5 mV) [18] and for silica microspheres in water (—48 mV) [22]. The
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¢ potential measured for the nickel-doped hybrid powders are —41.5 mV for the MeNi
particles and —66.2 mV for EtNi. The EtNi hybrid particles may possess more termi-
nal hydroxyl groups (which can be ionised in water) than the MeNi particles. This
would mean larger negative surface charge and, consequently, higher absolute ¢ po-
tential.

The { potential observed for the pure silica particles, however, is lower than the
one observed for the EtNi particles and comparable to the potential measured for the
MeNi particles. This seems to indicate that the nickel-nickel oxide inclusions either
increase the silica acidity (enhance surface hydroxyl group dissociation) or (and) in-
crease the number of accessible surface —OH groups (e.g., due to the introduction of
surface defects during silica spherical shell formation). Similar behaviour has been
observed for iron nanoparticles entrapped in silica shells [36].

Figure 5 presents the magnetization curves obtained for silica-coated nickel parti-
cles at room temperature. From the shape of the curves, i.e. they approach magnetic
saturation and exhibit hysteresis (not discernible in the figure), it appears that both
powders are ferromagnetic. The hysteresis of the curves is relatively small: H, = 8.5
mT for MeNi and H,. = 6.1 mT for EtNi. The hysteresis is slightly larger for particles
with smaller size (MeNi). This increase in hysteresis could be related to the hysteretic
behaviour of small particles approaching the single domain regime.
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Fig. 5. Magnetization curves obtained
for silica-coated nickel particles at room temperature

The saturation magnetization is slightly larger in the case of the smaller hybrid
particles (MeNi; 0.51 emu/g) than for the larger particles (EtNi; 0.43 emu/g). This
observation suggests that the efficiency of metallic particle entrapment was somewhat
larger in the case of the smaller silica particles. Assuming that the dopant particles are
pure nickel (the saturation magnetization of 54 emu/g at 20 °C), it is possible to esti-
mate the weight percentage of nickel in the hybrid particles from the magnetic data.
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This approach gives a nickel content of approximately 1.0% for the larger EtNi parti-
cles and 1.9% for the MeNi particles. These results are virtually identical to those for
the magnetically separated nickel particles extracted from the silica shells with hydro-
fluoric acid. The magnetic measurement indicates that the amount of the residual
nickel oxide is rather small, which corresponds well to the XRD data (Figure 3).

4. Conclusions

Ni nanopowders were successfully entrapped in spherical silica shells via the sol
-gel method. The size of the hybrid particles depends on the alcohol solvent used dur-
ing synthesis. Methanol yields smaller (ca. 65 nm; MeNi) and ethanol larger (ca. 350 nm;
EtNi) Ni-SiO, particles. The X-ray diffraction data suggest that the free nickel parti-
cles contain very small amounts of the metal oxide (NiO), while clearly only the
peaks corresponding to metallic nickel occur in the hybrid powder diffractograms.
The pure silica spherical particles exhibit a {potential comparable to MeNi hybrid
particles, while for EtNi it is higher. This suggests that Ni-dopant particles influence
the surface chemistry of the hybrids. The Ni-SiO, particles display ferromagnetic
behaviour at room temperature. The hybrid powder materials obtained could be used
in magnetothermia, magnetic resonance imaging, as magnetically controlled drug
vectors, or as additives for electromagnetic radiation shielding coatings.
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