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A multistep technique has been developed for the generation of metallic/alloy
nanoparticles coated with amorphous silica. As a proof of concept, an inert-gas
blown-arc geometry was used to create nanoparticles from a bulk nickel source, and
silica coating formation was accomplished via tetraethyloxysilane (TEOS)
decomposition over the nanoparticles in an adjacent chemical vapor deposition
chamber. The composite particles exhibit resistance to hydrochloric acid attack over
extended times, thereby confirming the protective nature of the silica coating, and
magnetic measurements indicate a superparamagnetic transition temperature of 41 K.
TEOS flow rate was found to have a profound effect on particle morphology, and
individually coated dispersed particles were observed for the intermediate flow
rate studied. These results, combined with the well-established field of silica
functionalization, offer the possibility that a variety of industrially significant coated
magnetic nanostructures may be synthesized with this versatile approach.

I. INTRODUCTION

Nanoparticles have received considerable attention in
the past two decades due to the interesting properties
afforded by their size. Their magnetic properties are of
particular interest for the work at hand. Depending upon
factors such as composition, average size, size distribu-
tion, and temperature, nanoparticles can exhibit magnetic
behavior ranging from highly coercive to superparamag-
netic. As a result of this wide spectrum of available co-
ercivities, these materials may find use in such diverse
applications as biomedical agents,1–4 ferrofluids,5 and
magnetic data storage.6–8

Despite their appeal, metallic nanoparticles are ham-
pered by issues of chemical stability, dispersion, and sur-
face functionalization. Due to their large surface area to
volume ratio, such materials are susceptible to attack by
oxidative or corrosive environments that can alter their
chemistry and diminish their properties. One strategy that
has been developed to overcome this obstacle is to gen-
erate a protective coating (e.g., graphite or silica) around
the particles. Graphite coatings have been promoted

through the use of modified Kratschmer–Huffman arc
evaporation geometries9–18 and hydrocarbon decomposi-
tion.19 However, it has proven difficult to synthesize
separable, individually coated particles due to the encap-
sulating carbon’s tendency to form crystalline networks
around groups of particles. As revealed in this paper,
amorphous silica offers an attractive alternative to the
use of carbon coatings.

Chemical techniques have been used to form silica
coatings on nanoparticles of various materials including
nickel,20 iron,21–23 iron oxide,24–26 a nickel/iron compos-
ite,27 gold,28,29 silver,30,31 germanium,32 copper,33

barium titanate,34 and others. In addition to providing an
adherent protective coating around the core particles,
silica has the added advantage that it may be function-
alized (e.g., Refs. 35–42) and thereby tailored for differ-
ent applications. Selected examples of functionalization
include techniques to couple single-phase silica particles
with gold,43,44 DNA,45 and fullerenes.46 The functional-
ization of silica-coated magnetic nanoparticles offers an
opportunity to expand the realm of tailored materials
even further.

The direct chemical methods used to form the encap-
sulated nanoparticles listed above can result in impure
products that require additional refinement. The high
temperatures of such oxidative or reductive treatments
not only complicate the synthesis process but may also
result in particle growth.23,27 To circumvent these con-
cerns, we have developed a hybrid physical/chemical
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method to produce silica-encapsulated nanoparticle spe-
cies. The nanoparticle cores were prepared by evaporat-
ing the desired pure metal in an electric arc, followed by
silica coating formation via tetraethyloxysilane (TEOS)
decomposition in an adjacent chamber. By adjusting the
amount of TEOS introduced during the procedure, it was
possible to change the morphology of the coated mag-
netic powder, and individually coated particles were ob-
served for the intermediate TEOS flow rate studied.

II. EXPERIMENTAL

The apparatus used to produce silica-coated magnetic
nanoparticles was described elsewhere in detail19,47 and
is shown schematically in Fig. 1. The basic system de-
sign includes four main components: an arc evaporation
chamber; a chemical vapor deposition (CVD) furnace; a
collection mechanism; a powder reservoir. Nanoparticles
were formed in the first chamber by arc evaporation
(100 A, approximately 25 V) of a 0.25-in.-diameter
nickel rod (99.999% purity), followed by quenching
of the metal vapor with a 25 m/s helium jet passing
through the arc. The particle/inert gas aerosol was then
forced into the CVD furnace, where the silica precursor
vapor was introduced with an argon carrier gas that had
passed through three consecutive liquid TEOS-containing
quartz bubblers. On the basis of the equilibrium vapor pres-
sure of TEOS at 20 °C (1 torr), the argon flow rate was
adjusted to deliver 5, 2.5, 1.5, and 0.5 sccm of TEOS into
the chamber, which was maintained at a pressure of
200 torr. The total helium flow rate (from the quench jet

and an additional inlet) was approximately 26 slpm.
The reaction furnace’s three heating zones were each
set to 700 °C.

Following production, each of the four samples was
subjected to ultrasonication in hydrochloric acid for sev-
eral hours to remove any uncoated nickel in the products.
Methanol and multiple centrifugation cycles were used to
selectively remove the acid, and the remaining powder
was dried under flowing nitrogen. This purification treat-
ment ensured that the surviving powder consists of SiOx-
coated nickel particles that are well protected from
aggressive environments.

A Hitachi HF 2000 cold field emission transmission
electron microscope operated at 200 kV was used to
determine the morphology of each acid-treated sample,
and magnetic measurements were taken using a Quantum
Design brand superconducting quantum interference de-
vice (SQUID) magnetometer.

III. RESULTS

A. Hydrochloric acid treatment

Table I displays the percentage of each sample that
survived acid treatment, based on the as-collected and
acid-treated dry powder masses. Note that this technique
provides a useful qualitative comparison between the
samples but does not discriminate between the relative
amount of silica and coated nickel in the acid-treated
product. The results in Table I reveal a direct correlation
between the TEOS flow rate and the sample survival rate.

FIG. 1. Schematic of the nanoparticle synthesis apparatus.
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B. Powder morphology

Figure 2 exhibits representative transmission electron
microscopy (TEM) micrographs of the acid-treated
samples that were created with TEOS flow rates of 5.0
and 2.5, respectively. The sample formed with the high-
est silica precursor flow rate studied [sample A, Fig. 2(a)]
consists of nickel nanoparticles embedded in large
clumps of amorphous silica. The powder formed under
intermediate flow conditions [sample B, Fig. 2(b)] re-
veals evidence of similar nickel/silica structures, but

those clusters are accompanied by a large number of
individual particles that are well dispersed on the amor-
phous carbon film of the TEM grid. A histogram of the
nickel particle size distribution from this sample (indi-
vidually coated and embedded) is evident in Fig. 3. Note
that the average particle size was calculated to be 6.2 nm,
but a significant “tail” exists in the distribution at larger
diameters. As discussed in Sec. III. C, the presence of
these larger particles has an impact on the magnetic prop-
erties of the overall sample.

A higher magnification bright-field TEM image of the
individual sample B particles and an x-ray diffraction
pattern taken from the overall acid-treated sample are
revealed in Fig. 4. A core/shell morphology is clearly
depicted in the micrograph, and the spectrum verifies that
face-centered-cubic nickel is the only crystalline species
in the powder. Similar isolated particles were observed
throughout the entire sample.

Lower levels of TEOS attempted during initial process
experimentation (samples C and D of Table I) resulted in
incomplete coverage of the nickel particles. Subsequent
acid treatment and centrifugation of those powders
yielded agglomerated empty shells (not shown). Energy
dispersive x-ray and electron diffraction investigations of
a large population of those shells (Fig. 5) confirmed that
the coatings formed in this work are composed of amor-
phous silica.

On the basis of these results, a TEOS flow rate proc-
essing window has been identified for the production of
individually separable nickel nanoparticles coated in
silica. Below this flow rate, silica coverage is incomplete
and the nickel particles are susceptible to dissolution in
acid. Higher TEOS flow rates simply result in an excess
of silica in the product, which serves to bind the indi-
vidual nanoparticles together.

TABLE I. Mass percentage of each nickel/silica powder that survived
treatment in hydrochloric acid.

Sample
name

TEOS flow
rate (sccm)

Mass survival
rate (%)

Average
(%)

A 5 80.2 80.2
B 2.5 81.2 80.9
B (replicate) 80.7
C 1.5 31.3 30.2
C (replicate) 29.0
D 0.5 26.0 26.6
D (replicate) 27.1

FIG. 2. TEM micrographs of nickel/silica powders following acid
treatment: (a) sample A, consisting of protected nickel in large silica
clumps; (b) sample B, containing similar clumps accompanied by
individually coated particles.

FIG. 3. Combined histogram of individually coated and bundled
nickel particles from sample B.
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C. Magnetic measurements

Figure 6 displays the results of magnetic measure-
ments taken from the acid-treated sample B. A peak in
the zero-field-cooled plot, which is indicative of a super-
paramagnetic blocking temperature (TB), can be seen at
41 K. However, this peak is not exceptionally well de-
fined, and a gradual slope exists in the magnetization plot
with increasing temperature. These features, as well as
the presence of a small hysteresis (<100 Oe) at room
temperature, reflect the shape variations and relatively
broad particle size distribution evident in Figs. 2 and 3,
respectively. Such characteristics are often associated
with nanoparticles formed via an inert-gas blown-arc
method and are likely the result of individual spherical
particles agglomerating or sintering to different degrees
prior to encapsulation by the silica.

Process modifications, such as increased helium
quench jet velocity, have been shown to reduce the size
and size distribution of magnetic particles in rela-
ted work and may be pursued as a means to limit the
occurrence of larger particles that yield a small hysteresis
in the overall sample even at temperatures above the
measured TB. It is, nevertheless, quite encouraging to
have synthesized SiOx-coated magnetic nanoparticles ex-
hibiting a superparamagnetic transition below room tem-
perature, thereby allowing a colloidal suspension without
significant magnetically induced agglomeration.

IV. SUMMARY

A hybrid processing method that combines magnetic
nanoparticle synthesis via arc evaporation with subse-
quent coating formation by TEOS decomposition has
been developed for the production of silica-coated mag-
netic nanoparticles. This synthesis approach offers an
alternative to chemically prepared particles that may be
subject to impurities. The amorphous silica coating af-
fords protection to the metallic nanoparticles, shielding

FIG. 4. (a) TEM micrographs of individual nickel/silica core/shell
particles. (b) X-ray diffraction spectrum from acid-treated bulk sample
B powder.

FIG. 5. (a) Electron diffraction pattern and (b) energy dispersive x-ray
spectrum from empty shells formed during initial synthesis trials, con-
firming the chemistry and amorphous nature of the particle coatings.
(The copper signal is from the TEM grid used to support the particles.)
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them from oxidation or dissolution in strong acids, and
offers a surface for subsequent functionalization. De-
pending on the flow rate of the silica precursor, the mor-
phology of well-protected samples may consist of

particles embedded in large silica clumps or individual
(nickel core)/(silica shell) particles. Magnetic measure-
ments conducted on a sample containing both types of
coated particles revealed a superparamagnetic transition
temperature of 41 K and a small hysteresis at room tem-
perature. The latter is due to the presence of a small
percentage of larger and irregularly shaped particles in-
herent in powders generated by inert gas blown-arc tech-
niques. The processing method described in this paper
offers the possibility that other magnetic materials may
be coated in a similar manner.
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