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Abstract

This paper describes the possibilities of synthesising
ceramic nanoparticles in a microwave plasma. The
properties of these particles can be modified by
coating them with a layer of a second material.
A two-step process to produce this type of particle
is described. The structure of these nanocoated par-
ticles depends strongly on the crystallisation behav-
iour of the phases forming the kernel and the
coating. The main applications of these new nano-
coated particles may either be seen in the formation
of diffusion barriers to avoid grain growth or in the
modification of physical properties of the core
and the chemical properties of the surface. © 1996
Elsevier Science Limited.

1 Introduction

Nanocrystalline ceramic materials or nanoglasses
with particle sizes below 10 nm exhibit interesting
physical properties.! The standard method for
synthesis of nanosized oxide powder, the inert gas
condensation method developed by Gleiter et al.>"
and Siegel ef al.,* is a two-step process. In the first
step the metal is evaporated and collected as a fine
condensate on a cold finger. In a second step the
metal condensate is oxidised and then scraped off
the cold finger. Nanomaterials can also be synthe-
sised by electron beam evaporation methods’ or
laser ablation.® Superfine oxide powders have suc-
cessfully been produced by flame hydrolysis and
hydrothermal synthesis.” At the same time and
independently Mehta et al.® and Vollath er al*"!
developed microwave plasma methods for the syn-
thesis of nanocrystalline ceramic powders. Mehta
et al.® synthesised small amounts of nanocrystal-
line TiN and TiO, at a pressure of 0-7 mbar.
Simuitaneously a more versatile process using a
915 MHz microwave plasma discharge for the
continuous synthesis of oxide or nitride ceramic
powders was developed by Vollath er al*"

This process uses higher gas pressures in the range
from 50 to 100 mbar and a lower frequency, lead-
ing to significantly higher production rates.

To show the advantages of the process pre-
sented in this paper, it is necessary to explain the
physics of a microwave plasma. In an oscillating
electric field the energy E transferred to a charged
particle is proportional to mlTﬁ’ with m = mass and
f = frequency. A microwave plasma consists of
neutral gas species, dissociated gas and precursor
molecules, ions and free electrons. Therefore colli-
sions between charged and uncharged particles
influence the energy transfer to the particles. In
this case the collision frequency z has to be con-
sidered: E o 1 X . As the mass of the elec-
trons is small compared to the mass of the ions, a
substantial amount of energy is transferred to
the electrons at high frequencies, whereas the
amount of energy transferred to the ions is small.
Thus, the ‘temperature’ of the free electrons is
much higher than the ‘temperature’ of the ions."
Additionally, the temperature of the neutral gas
molecules is even lower. This leads to the fact that
the ‘overall temperature’ of a gas passing a
microwave plasma is not as high as in a DC or
RF plasma, where temperatures in the range from
5000 to 15000°C are obtained. In a microwave
plasma the temperature can be adjusted in a range
from 300 to 900°C by properly selecting field
strength, gas pressure and gas species. Gas pres-
sure and temperature needed for the synthesis of
significant amounts of ceramic powders can be
adjusted in a range that is optimal for the desired
chemical reactions. Additionally, the plasma
enhances the kinetics of the chemical reactions by
ionisation and the dissociation of the reactive
molecules. Therefore, kinetic obstacles can be
overcome without increasing the temperature
to undcceptably high values. Thus the formation
of hard agglomerates in the nanopowders can be
avoided. This is one of the main advantages of
using a microwave plasma as a means to perform
chemical reactions.
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In many instances, nanocomposites exhibit mech-
anical or physical properties of special interest.
The main problem in the production of nano-
composites is to obtain a uniform distribution
of two or more phases. In general, there are
two approaches to produce a uniform nanocom-
posite:

—Synthesis of a metastable homogeneous mix-
ture and formation of the second phase by
precipitation.’

—Separate synthesis of the two phases and
blending during the step of particle forma-
tion.

An excellent uniformity of such a product can be
obtained by coating the particles of the first reac-
tion step with the second phase. Sethi and Thélén'
produced a type of nanocomposite material, con-
sisting of a metal kernel and the corresponding
metal oxide as a covering layer by surface oxida-
tion of nanosized metallic powders.

Processes based on mechanical blending do not
lead to homogeneous powders on the nanometer
scale. Therefore, to obtain the starting material for
a uniform nanocomposite of different oxide phases,
an approach based on ‘nanocoated particles’ was
selected.!®

2 The Microwave Plasma Process

Applying the microwave plasma process to the
synthesis of oxide or nitride powders, mean par-
ticle sizes in the range from 4 to 5 nm are
obtained.'"'¢!7 Precursor materials to form these
nanoscaled ceramic powders are water-free chlor-
ides, carbonyls or metal-organic compounds.

In the case of a chloride precursor, the follow-
ing reaction may be assumed in the plasma:

(1) Without addition of water:

MeCl, + m/2 O, - MeO,, + n/2 Cl,

(2) With addition of water:
In this case, we have to consider that, besides the
dissociation of the water, OH™ radicals are formed
in the plasma. Therefore, we have the possibility
of two reaction routes:

MeCl, + m/2 Q, + n/2 H, - MeQO,, + n HCI
and probably
MeCl, + (m + x)OH™ + (m + x)H* —»
MeO,, + x HCIO + (n — x)HCI1 + (m + 2x — n)H,

where x << n is assumed.

The addition of water has two effects. Through
the formation of HCI, and possibly HC1O, it
increases the reaction enthalpy and acts as a cata-

lyst in increasing dissociation. The temperature of
the gas, monitored after passing the reaction
(plasma) zone, is generally higher in the case of
water addition.

To synthesise nitrides, nitrogen is used as
carrier gas. As the chlorides are more stable than
the nitrides, it is necessary to add hydrogen to the
system. The hydrogen addition enhances the reac-
tion enthalpy and shifts the thermodynamic equi-
librium towards the nitrides and HCl. In most
cases it is beneficial to use ammonia as hydrogen
carrier.

The mechanism of the formation of the
nanoparticles is assumed to occur according to the
following steps:'"!®

—Ilonisation and dissociation of the reactive
components of the plasma.

—Reaction of the dissociated species forming
oxide (nitride) molecules.

—Nucleation of the particles by random colli-
sion of two or more oxide, respectively nitride
molecules.

—Growth of the nuclei by further collision with
molecules.

—Further growth by coagulation of the particles.

This process can be extended to produce coated
particles.!” In this context one may think of the
synthesis of particles consisting of a core made of
an oxide AQ, covered with a second oxide BO,,
This goal can be reached by using two identical
plasma stages consecutively where each one has its
own supply of reactive gases. In the second
plasma stage, the processes are identical up to the
formation of the molecules of the second oxide
BO,,. After the formation of the molecules, the
process will be different. As the gas kinetic colli-
sion cross-section of the particles formed in the
first step is about two orders of magnitude larger
than the cross-section of a molecule, the proba-
bility of the condensation of B oxide molecules on
the A oxide particles is also increased by at least
two orders of magnitude. Therefore, one may
assume that the particles formed in the first step
act as nuclei for the particle formation in the sec-
ond stage. For detailed quantitative consider-
ations one has to take into account that
nucleation energy is necessary for the formation
of a new particle. This is not the case if B oxide
molecules condense on the surface of the A oxide
particles. Therefore, one may expect a high yield
in coated particles. Based on these considerations,
it is obvious that a small amount of pure particles
of B oxide is unavoidable, but it is impossible for
any of the A oxide particles to remain uncoated
as long as B oxide molecules are present in the
second plasma.



3 Experimental Set-Up

In the experimental set-up for the synthesis of
ceramic nanopowders, the reaction is performed
in a 50 mm diameter reaction vessel made of
quartz, passing a TE; mode cavity in sequence
connected to a 0:915 GHz microwave generator.'”
The microwave cavity, made of aluminium, is
designed as a part of a single-mode microwave
system using an IEC 153 R9 (equivalent to
RETMA WR 975) waveguide. A maximum of the
microwave E-field vector at the centreline of the
reaction tube was adjusted using a sliding short
and a tri-stub tuner. To obtain nanocoated parti-
cles, this experimental set-up was modified by
arranging two plasma zones consecutively on one
reaction tube. Figure 1 exhibits a schematic view
of the arrangement for the synthesis of nanocoated
particles. Microwaves, generated in a magnetron,
pass an isolator. Then, using an E-plane power
splitter, the waveguide is split up into two equal
branches. In each of the two branches of the
waveguide, the cavities are situated between a tri-
stub tuner and a movable short. The E-plane split-
ter is tuned to obtain a given ratio of the power in
both branches. Each of these two branches is
equipped with a directional coupler to measure
the energy of the forward and backward wave.

To operate two plasma sources, powered by a
branched waveguide system, one has to ensure
that both plasma sources ignite simultaneously,
otherwise it is nearly impossible to ignite the
second one. On the other hand, the wave guide
settings that are optimal for ignition are usually
not the best for plasma operation, which makes
the operation of such a branched system difficult.
When each branch is optimally adjusted for the
maximum field strength at the position of the
reaction tube with the tri-stub tuners, a signifi-
cantly higher strength of the E-field is obtained in
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the unloaded cavity. This adjustment is best for
igniting the plasma. As the burning plasma
changes the impedance of the system significantly,
the system efficiency obtained with this tuning is
not optimal for powder synthesis. For operation,
untuned cavities are more advantageous but lead
to plasma quenching if operating conditions are
changed. This operation mode does not have the
best efficiency in the use of the microwaves but it
reduces the risk of quenching the plasma. Further-
more, adjusting the power ratio between the
two branches, significantly influences the optimal
position of the tuners. To avoid this disturbing
effect, the two branches of the waveguide are
decoupled, using an additional isolator in each
branch.

In the experimental realisation of this process,
the vapours of the precursors in question are pro-
duced outside the reaction chamber and are intro-
duced in front of the plasma reaction zones,
respectively. This makes it possible to produce a
two-phase composite or nanocoated particles. The
temperature of the gas is monitored after passing
the reaction (plasma) zones. When water is added,
it is important that the water is completely evapo-
rated before it enters the zone where the vaporised
precursor is introduced. Otherwise, the droplets
act as condensation nuclei for the precursor, lead-
ing to very large particle sizes. Also the gas, con-
taining the precursor or the water vapour, has to
be hot enough to avoid precipitation. Any precipi-
tation leads to large particle sizes. As a next step,
the gas mixture consisting of the carrier gas, the
vaporised precursor and, eventually, water vapour,
passes the plasma zone where the oxide or nitride
nanoparticles are formed.

In a typical run to produce nanocoated oxide
particles, a gas volume of about 75 litre min™ STP
passes the plasma zone. A mixture of argon with
20 vol% oxygen is used as plasma gas. This gas
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Fig. 1. Experimental set-up for the synthesis of nanocoated particles using a microwave plasma.



carries the evaporated precursor. The pressure in
the reaction tube is selected to be within the range
from 30 to 50 mbar. The temperature is always
kept below 600°C. If possible, an increase of the
temperature above 500°C is avoided in order to
prevent the formation of hard agglomerates.
Keeping the temperature at a low level is difficult,
in so far as both plasma sources introduce energy
into the system.

The powder is collected on cooled surfaces. The
powders are characterised by transmission electron
microscopy methods (TEM). Samples from the
powders are taken by dipping carbon coated Cu
grids into the collected powder.

4 Description of the Products

The production rate and the particle size were
found to be correlated. It is possible to produce
particles with mean sizes around 8 nm obtaining
approximately 1 mol h' in our experimental
equipment. Reducing the mean particle size into
the range below 5 nm reduces the production rate
significantly. On the other hand the particles with
size above 10 nm may be produced at substan-
tially higher rates.

4.1 Single-phase ceramic nanopowders

Single-phase ceramic nanoparticles may be crys-
talline or glassy. The structure is controlled by the
surface energy and the crystallisation energy.
Therefore, for each ceramic material a critical par-
ticle size controlling the transition glassy—crys-
talline exists. For alumina, this critical diameter is
in the range from 7 to 8 nm.'” The dark field
images reveal a high amount of glassy alumina
and show some speckles, indicating crystalline
alumina. The electron diffraction patterns exhibit
a high amount of diffuse scattering because of the
amorphous alumina in the specimen. A minor
part of the diffuse scattering may also result from
the amorphous carbon film. Finally, in the diffrac-
tion patterns there is a faint indication of crys-
talline alumina particles. The cubic y-alumina
with spinel structure (a = 0-79 nm) fits best to the
measured ring spacings and the intensities of the
diffraction patterns. High Resolution Electron
Microscopy (HREM) reveals that particles with
sizes below 7 or 8 nm are amorphous and spher-
ical, whereas larger particles are crystalline and
faceted.!” One- or two-dimensional lattice defects
were not found.

In the case of zirconia, the transition from
glassy to crystalline should be found with particle
sizes below 1 nm. Electron microscopy reveals
nearly spherical particles with sizes in the range

between 4 and 8 nm. Figure 2 shows a typical
bright field electron micrograph of nanocrystalline
ZrO,. As can be seen, the particle size distribution
is narrow. Dark field imaging and high resolution
electron microscopy show that the individual par-
ticles are single crystals. Glassy particles cannot be
seen. As expected, dislocations or twins are not
found in these small crystals. By electron diffrac-
tion the cubic high temperature fluorite structure
is identified. This is according to Ostwald’s rule
that the high-temperature modification is gener-
ally formed first. It is assumed that the cubic
structure is stabilised by kinetic suppression of
the transformation cubic-tetragonal-monoclinic
and not by the surface tension introduced by the
extremely small particle size.!” This phenomenon
was already observed in the case of zirconia-based
ceramic powders synthesised by microwave
plasma pyrolysis.” In contrast to this the synthesis
of ZrO, with addition of water leads to a dramatic
increase of the particle size: particles with sizes of
about 20 to 50 nm are found. The particles are
still monocrystals with fluorite structure.

Similar behaviour can be observed in the case
of nanocrystalline TiO,.!” Independent of the
material synthesised, the addition of water leads
to significantly larger particle sizes in the range of
about 20 nm, compared to about 5 nm obtained
without water addition. In both cases the powder
particles are single crystals. This is certainly not
an effect of the slightly higher reaction tempera-
ture. Without water addition, particles of that size
were not observed at comparable reaction tem-
peratures. Obviously, water addition can be used
as a means of adjusting particle sizes.

The synthesis of Fe,O; results in nearly spheri-
cal particles with sizes in the range from 4 to 8 nm
for low production rates and in the range from 8
to 12 nm at higher production rates, as shown in
Figures 3(a) and (b), respectively. As in the case of
zirconia, the particles are single crystals. The cubic

Fig. 2. High resolution electron micrograph of a nanocrystal-

line ZrO, powder. The sizes of the monocrystalline particles

are in the range from 4 to 8 nm. Lattice fringes of the cubic
ZrO, can clearly be seen.
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Fig. 3. High resolution electron micrograph of nanocrystal-

line maghemite ex FeCly: (a) small particles, 4-8 nm, pro-

duced at low rates; (b) larger particles, 8-12 nm, produced at
higher rates.

y-Fe,O; with spinel structure (maghemite) was
identified by selected area diffraction. Reflections
from the a-Fe,O, (hematite) with corundum struc-
ture or the tetragonal maghemite, a superlattice
structure of the cubic maghemite, are not found in
the electron diffraction pattern. From the dark
field imaging the presence of small amounts of a
glassy Fe,O; phase cannot be excluded.

As was already mentioned, it is also possible to
synthesise nitrides. In the simplest case, e.g. ZrN,
the product is crystallised in the expected fcc-
phase.'® The mean particle size is in the range
from 4 to 8 nm. Figure 4 shows a micrograph of a
zirconium nitride powder. Again, the distribution
of particle sizes 1s narrow.

4.2 Nanocoated ceramic particles

Nanocoated ceramic particles can be obtained only
if the phase diagram exhibits neither a mutual
solubility nor a compound consisting of the two
phases. This is a fundamental condition for the
synthesis of coated nanoparticles. Depending on
the crystallisation behaviour of the two phases

Fig. 4. Bright field image of nanocrystalline ZrN powder.

forming core and coating, two different types of
nanocoated particles are observed. The typical
structures observed in these cases are explained on
the basis of the system Al,O;-ZrO,. This system was
chosen as a model nanocomposite material because
alumina and zircoma exhibit a very low mutual
solubility and do net form any compound.?

The first type 1s characterised by the existence
of at least one glassy phase. Independent of the
particle size, zircoma is always found to crystallise
in the cubic structure. Alumina particles smaller
than about 8 nm are amorphous. Therefore, com-
binations of these two oxides are perfect examples
of this type of nanocomposite. One of the struc-
tures to be explained in this case is depicted in
Fig. 5. The particles shown in this micrograph
consist of a core of zirconia surrounded by a coat-
ing of alumina. The core is crystalline, whereas
the coating is amorphous. Two of the cores were
in an orientation for lattice imaging, whereas the
third particle did not have a proper orientation
to obtain lattice fringes. The sizes of the cores
range from 4 to 6 nm. The thickness of the amor-
phous coating is in the range from | to 2 nm.

Fig. 5. Zirconia particles coated with alumina. The striations

within the core (lattice fringes) represent an image of the

zirconia {111} lattice planes with spacings of 0-29 nm. The
alumina coating is glassy.



In the inverse case shown in Fig. 6, where the core
consists of glassy alumina and the coating of crys-
tallised zirconia, electron microscopy shows pri-
marily the lattice fringes of the zirconia coating.
The centre of these particles is brighter than their
outer regions. This is because of the weaker
absorption of the electrons in the amorphous alu-
mina kernel as compared with the zirconia coat-
ing. Furthermore, the lattice image of the zirconia
changes only in contrast but not in the image
itself, indicating a change in thickness but not in
crystal structure.

The second case is characterised by the fact that
both phases are crystallised. In this case spherical
particles with diameters from 6 to 10 nm are
found. They have a crystalline core of zirconia
with a diameter of about 2 — 3 nm, as well as a
crystalline y-alumina coating with a thickness of
about 2-3 nm. Figure 7 demonstrates the appear-
ance of such a particle consisting of a small
zirconia kernel coated with crystallised alumina.

Fig. 6. Glassy alumina particles coated with crystallised zir-
conia. The alumina cores cause the brighter centre of the
particles in the micrograph.

Fig. 7. Crystallised zirconia particle coated with crystallised
alumina. The lattice fringes in this micrograph, representing
the structure of the coating, may be interpreted as {211}
fringes of the y-alumina coating. As is indicated by arrows,
the coating contains dislocation-like structures. Three addi-
tional half planes with opposite directions are inserted.

The lattice fringes with spacings of 0:32 nm in this
micrograph represent the structure of the coating.
They may be interpreted as {211} fringes of the
y-alumina coating grown epitactically on the {111}
or {110} plane of the zirconia core. The topotactic
misfit?! in this case is about 10%. A misfit of that
amount needs dislocations for the adjustment of
the two structures. Detailed analysis of the lattice
fringes in the micrographs reveals that the coating
of this type of particle contains dislocation-
like structures as lattice defects. There are three
additional {211} half planes inserted, having
opposite directions. An arrangement of disloca-
tions like this should annihilate. As these dislo-
cations are not annihilated, one may assume that
these dislocations are sessile and necessary to
compensate the lattice misfit. This is in good
agreement with the general opinion that it is
impossible to maintain mobile dislocations in
nanoparticles.

Additionally, point analyses of coated ZrO,/
AL O, particles were performed by energy disper-
sive X-ray microanalysis in a dedicated STEM.?
It was shown that the cation ratios Zr/Al of the
cores are significantly higher than the cation ratios
Zr/Al of the coatings. Since the particles are com-
pletely coated, X-ray signals from the coating
cannot be avoided while acquiring the spectra
from the cores. Additionally, these results are
influenced by the specimen drift and contamina-
tion as well as by beam damage during spectrum
acquisition.

5 Application of Nanocoated Particles

Coated nanoparticles are an entirely new class of
materials, with a high potential for new applica-
tions. The combination of two materials on a
nanometer scale, one acting as core and the other
as coating, will result in interesting physical and
chemical properties and thus will result in new
applications. With an increasing number of differ-
ent types of nanocoated particle and an increas-
ing understanding of the resulting physical and
chemical properties due to the small particles
embedded in a second phase, new, interesting
applications should become available. Three
potential, rather ‘conventional’ application fields
are described in this section. New applications
based on quantum confinement phenomena are,
for the moment, excluded.

5.1 Diffusion barrier to avoid grain growth in
nanomaterials

As it is a necessary prerequisite for the synthesis
of nanocoated particles that the mutual solubility



Fig. 8. Sintered zirconia—alumina nanocomposite. The zirco-
nia particles remain separated by the surrounding alumina.

is close to nil, it is obvious that the coating acts
as a diffusion barrier. Such a diffusion barrier
thwarts grain growth until that moment where
the coating material forms grains. Usually it is
possible to get sufficient sintering before the
kernels come into direct contact. Figure 8 depicts
this situation for a sintered specimen. This speci-
men was made of a powder consisting of zirconia
coated with alumina. In this figure, one can clearly
see that the material is already compacted, but
the zirconia particles are still separated. This
behaviour is essential when physical properties
depend strongly on the size of the particles.

5.2 Modification of the physical properties

An example of an important, strongly grain-size-
dependent property is magnetism. Ferrimagnetic
particles of maghemite (y-Fe,O;) with sizes in the
range up to about 8 nm are superparamagnetic.”
During sintering of such a powder two detrimen-
tal processes may occur:

—The material loses its superparamagnetism
because of the grain growth.

—The magnetic particles start forming larger
magnetic clusters, which are no longer super-
paramagnetic.

The impact of these processes on superparamag-
netism can be reduced by coating the magnetic
particles with a layer of a second oxide. To prove
this, nanocoated particles in the system
maghemite-zirconia were produced. The particles
consist of a maghemite core that is coated with
zirconia. Figure 9 shows a typical example for a
maghemite particle with a diameter of about 8 nm
coated with zirconia. In total this particle has
a diameter of about 15 nm. The micrograph of the
particle is characterised by the lattice fringes of
the cubic zirconia. The contrast between core and

Fig. 9. Crystallised maghemite (y-Fe,O;) particle coated with

crystallised zirconia. The particle is characterised by the lat-

tice fringes of the cubic zirconia {111} planes and a brighter
centre without lattice fringes.

coating is less pronounced than in the case of
the system discussed in the previous chapter
because the difference in atomic number between
iron and zirconium is significantly smaller than in
the case of aluminium and zirconium. To demon-
strate the influence on the magnetic properties, the
magnetisation curves for uncoated and coated
maghemite?* are shown in Fig. 10. Although the
coated particles contain less iron oxide than the
uncoated ones, the magnetisation increases with
the coating. This change in the properties can also
be seen in the MoBbauer spectrum.?

5.3 Modification of the chemical surface properties
Nanoparticles are used as carriers for active
organic ligands for many applications in medicine
and pharmacology.?? It is sometimes difficult to
attach such ligands on the surface of a nanoparti-
cle. In this case it is of great importance to modify
the particle surface by coating with a material
better suited for the attachment of a specific
organic compound.
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Fig. 10. Magnetisation curve of uncoated and zirconia coated
maghemite (y-Fe,O5) particles.



6 Conclusions

Microwave plasma synthesis is well suited to
obtain nanoparticulate ceramic powders. Because
of the specific conditions during synthesis, the
reaction product does not form hard agglom-
erates. Additionally, it has been demonstrated that
it is possible to prepare ceramic particles with
sizes below 10 nm consisting of two different
oxides in the core and the coating by using a two-
step microwave plasma process. The structure of
these particles depends strongly on the crystallis-
ation behaviour of the phases for the kernel and
the coating. The main advantages of these new
nanocoated particles may be seen in the formation
of diffusion barriers and in the modification of the
physical and chemical properties of the surface.
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