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bstract

his study describes the synthesis of core–shell particles, consisting of a ZrO2 or Al2O3 submicron nucleus coated by a nanolayer of Al2O3 or
rO2, respectively. The oxide layers around the cores are deposited via a heterocoagulation route, based on the attraction of oppositely charged
ore and shell particles.

TEM micrographs clearly show a homogeneous Al O shell (originating from boehmite or �-Al O particles) around the ZrO cores and in the
2 3 2 3 2

ther case, a ZrO2 layer (originating from hydrothermally prepared ZrO2) around the submicron Al2O3 cores. From PCS measurements, it can
lso be deduced that the cores are enwrapped by a shell and it is calculated that the thickness of the Al2O3 shell is about 30–35 nm and the ZrO2

ayer is approximately 80 nm. The coated powders are additionally characterized by XRD.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Composite particles consisting of a core coated with another
ompound have received considerable interest because of the
romising technological applications of such systems. Coatings
re applied for changing the surface characteristics of a powder
nd consequently to improve for instance the dispersability, the
hermal stability or the magnetic properties.1–6

Most literature reports deal with the coating of metals,7,8

arbides1,9 or polymers,5,10–12 but recently some oxide materi-
ls are coated as well.13,14 In this study, oxide–oxide composites,
n particular ZrO2–Al2O3 and Al2O3–ZrO2 core–shell parti-
les, are synthesized. These core–shell particles will be used in
eramic composites, i.e. sintered pellets of ceramics consisting

f a matrix phase in which a second phase is incorporated. Sin-
ered ceramic composites with an Al2O3 matrix and ZrO2 as a
econd phase, have already been synthesized in our laboratory.15

∗ Corresponding author. Tel.: +32 11 26 83 08; fax: +32 11 26 83 01.
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or comparison, ZrO2–Al2O3 core–shell particles (i.e. a shell
onsisting of the matrix phase) will be incorporated as a sec-
nd phase in the alumina matrix to study the effect on its grain
rowth and its mechanical properties.

Several methods can be used to deposit surface coatings on
articles. The mechanofusion process10,16 is based on intensive
ixing and compression of the raw particles, resulting in strong
echanical forces generating thermal energy. Owing to this

nergy and to the difference in melting temperatures, the shell
articles will fuse with the surface of the core particles. With
his technique, it is possible to obtain a very homogeneous shell
round the core. However, for ceramic materials a lot of energy
s needed because of their very high melting temperatures.

The most commonly used technique for powder coating is
eterogeneous nucleation.1,3,9,17,18 When preparing oxides, the
ores are dispersed in solutions of the predestinate coating mate-
ial, which will precipitate as a metal hydroxide on the surface

f the cores upon changing the pH of the solution. After calcin-
ng, the shell is transformed into an oxide layer. Nevertheless,
t is difficult to avoid homogeneous nucleation when using this
echnique.
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For determining the isoelectric point, a �-potential–pH curve
was measured for all the suspensions, consisting of the separate
starting powders. In Table 1 the isoelectric points of the start-
ing materials are summarized. The positions of the isoelectric

Table 1
The measured isoelectric points of the starting powders

Material Isoelectric point

Core
3Y-ZrO2 (YSZ/TOSOH) ±5.4
134 E. Geuzens et al. / Journal of the Europ

In this study, the different powders are coated via a hete-
ocoagulation approach.19,20 This technique can be used for
owders which have a sufficiently different isoelectric point.
he pH can then be chosen in such a way that the powders
ave an opposite charge and the particles undergo electrostat-
cally driven coagulation. In general, the core is a rather large
article and the shell consists of smaller particles. Ideally, a
ontinuous monolayer of the small particles will attach to the sur-
ace of the core, resulting in a homogeneous layer after thermal
reatment.

. Experimental details

.1. “Core” materials

Yttrium stabilised ZrO2 (YSZ) (TZ-3Y, TOSOH, approx-
mately 300 nm) and �-Al2O3 (AKP-30, Sumitomo, approxi-

ately 500 nm) were used as core materials.
Aqueous suspensions of 0.2 vol.% YSZ or �-Al2O3 powder

ere prepared which were ultrasonically treated prior to coat-
ng. Henceforth, these cores will be named YSZ or alumina
ores.

.2. “Shell” materials around YSZ cores

.2.1. γ-Al2O3 particles as shell material
On one hand, an aqueous solution (2 vol.%) of commercial �-

l2O3 (Baikalox CR125, Baikowski, about 20 nm) was prepared
nd ultrasonically treated in order to coat the YSZ cores.

.2.2. Boehmite particles as shell material
On the other hand, the YSZ cores were coated with boehmite,

hich was synthesized via the Yoldas method.21 After the syn-
hesis, a sol of boehmite particles was obtained, which was used
s such in the coating procedure.

.3. “Shell” material around alumina cores

The shell around the alumina cores is composed of 3Y-
rO2 nanoparticles, which were hydrothermally prepared. The
ydrothermal procedure is based on the method of Denkewicz
t al.,22 but several adjustments are made.

First, an aqueous solution (0.25 M) of ZrO(NO3)2·xH2O (zir-
onyl nitrate hydrate, 99.9%, Aldrich) was prepared. A stoechio-
etric amount of Y(NO3)3·6H2O (yttrium(III) nitrate hexahy-

rate, +99%, Merck) was added, according to the ratio 3 mol%
:97 mol% Zr. After stirring for 30 min, a diluted solution of
H3 (Aldrich; 4.98 N) was slowly added until the pH reached a
alue of 7.3. Under the present conditions, both metal ions are
resent as hydroxides, forming a gelly precipitate. This precip-
tate was filtered and repeatedly washed with water to remove

emaining nitrates. Thus, the obtained washed precipitate was
ut into a Teflon-lined Parr® pressure-vessel together with water
70 ml), and hydrothermally treated in an oven at 200 ◦C for 2 h.
fter the hydrothermal treatment a suspension of 3Y-ZrO2 par-

icles was obtained.

S
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.4. Coating via heterocoagulation

�-potential measurements (DelsaTM 440SX Zeta Potential
nalyzer, Beckman Coulter) were carried out (in KCl; 0.01 M)
n the suspensions of the starting powders as a function of the
H to determine the isoelectric points of the separate materials.

The suspensions of the core powder and the shell powder are
ixed together. The pH of the resulting suspension was then

djusted with aqueous ammonia (Aldrich, 4.98 N) to a value
etween the isoelectric points of the starting products. Subse-
uently, this suspension was stirred at 60 ◦C for one night, then
ltered (membrane filter 0.1 �m, Pall) and dried at 60 ◦C.

The dry powders were calcined in a tube oven in order to form
homogeneous shell of the desired oxide phase. The coated

owders with an alumina core were calcined at 700 ◦C for 1 h,
hereas the coated YSZ cores were calcined at 800 ◦C during
h in order to form the desired crystallographic phase.

.5. Characterization techniques

Suspensions of the core materials, the shell materials and
he coated powders were measured by photon correlation spec-
roscopy (PCS, ZetaPALS with BI-MAS particle sizing option,
rookhaven Instruments Corporation) in order to determine the
article size distribution. Although it is known that the calcula-
ion of the mean particle diameter by means of PCS is based on
model in which the particles need to have a spherical shape

which is not always completely correct for the powders in this
tudy), this technique was still used to have a notion about the
izes.

Furthermore, the coated powders were characterized by pow-
er X-ray diffraction (XRD) using a Siemens D-5000 diffrac-
ometer (Cu K�1 radiation). Transmission electron microscopy
TEM) pictures were made on a Philips CM12. The elemental
omposition was simultaneously determined by means of energy
ispersive X-ray spectrometry (EDX).

. Results and discussion

.1. Isoelectric point determination of the starting powders
�-Al2O3 (alumina/AKP-30) ±8.7

hell
�-Al2O3 (Baikowski) ±8.0
Boehmite (Yoldas) ±9.8
3Y-ZrO2 (hydrothermal) ±6.3
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oints of alumina and zirconia correspond well with literature
alues.

The powders containing aluminium have a rather high iso-
lectric point, in contrast with ZrO2. At a pH lower than the
soelectric point, the �-potential is positive. Upwards of the iso-
lectric point, it is the opposite; meaning that the shear plane
s negatively charged. For materials with sufficiently different
soelectric points, which is the case for alumina and zirconia, it
s possible to coat these materials on one another via heteroco-
gulation at a pH between the isoelectric points.

.2. Coating of YSZ cores with γ-Al2O3

The pH region for the heterocoagulation process to take place
an be roughly determined between 5.5 and 8 on the basis of the
-potential curves of YSZ and �-Al2O3 (Fig. 1a). In this domain,
he ZrO2 core is negatively charged, whereas the Al2O3 shell
articles are positively charged. The coating process was carried
ut at an intermediate pH of 6.6.

According to PCS, the mean particle diameter of the uncoated
SZ core at pH 6.6, at which the coating will take place, is about
10 nm. The primary particle size (before the coating process)
f the �-Al2O3 shell material, is about 20 nm – as seen by TEM
, but at pH 6.6 these particles are quite strongly agglomerated.
ere, the mean particle diameter as determined by PCS is around
35 nm.

In this case, the most suitable quantity of shell material was

bout two times (in molar ratio) the amount of core material.

hen less �-Al2O3 was used, the cores were not completely
overed, i.e. there was a lot of free place on the core which was
ot occupied by a shell. On the other hand, using more shell

ig. 1. (a) �-potential curves of YSZ and commercial �-Al2O3. (b) �-potential
urve after coating and calcining (2 h at 800 ◦C).

o
a
p
d

F
c

ig. 2. TEM-photo of a YSZ core coated with �-Al2O3, calcined at 800 ◦C for
h. This picture is representative for the full sample.

aterial, there was a lot of superfluous �-Al2O3, which was not
onded at the core.

A TEM-image (Fig. 2), with an additional EDX-analysis, of
he coated and calcined powder clearly shows that the YSZ core
s completely covered with a �-Al2O3 shell. Besides that, a �-
otential curve of the coated and calcined powder (Fig. 1b) also
roved that the YSZ core was covered with �-Al2O3, because
he isoelectric point of this powder is close to that of the original
hell material.

The coated and calcined powder was also measured by means

f PCS. The mean particle diameter after coating was consider-
bly increased in comparison with the diameter of the uncoated
owder, indicating that the core was covered by a shell. Out of the
ifference between the diameter of the coated and the uncoated

ig. 3. (a) �-potential curves of YSZ and boehmite. (b) �-potential curves after
oating; ( ) not calcined, (. . .) calcined at 800 ◦C for 2 h.
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ig. 4. XRD-spectrum of the YSZ core coated with boehmite particles, calcined
t 800 ◦C for 2 h.

owder, it could be deduced that the mean layer thickness of
-Al2O3 is around 35 nm.

Everything goes to show that it was possible to cover the YSZ
ore with �-Al2O3 particles at pH 6.6, in spite of the agglomer-
ted state of the �-Al2O3 particles before coating.

.3. Coating of YSZ cores with boehmite

In Fig. 3a, the �-potential curves of the YSZ core suspension
nd the Yoldas sol of boehmite particles are presented. The coat-
ng of the YSZ cores with boehmite particles can be performed
n a rather wide pH range between 5.5 and 10. An intermediate
H of 7.3 was chosen for the coating process because at this
oint the difference between the surface charges is the largest,
roviding an easier electrostatic attraction.
The particle diameters of the core and the shell material and
heir state of agglomeration before coating were simultaneously
haracterized via TEM and PCS. According to PCS-results,
he mean particle diameter of the uncoated YSZ core at pH

a

t
A

ig. 5. TEM-image (a) and electron diffraction pattern (b) of the YSZ core coated w
imilar to the one shown.
ig. 6. (a) �-potential curves of alumina and hydrothermally prepared 3Y-ZrO2.
b) �-potential curve after coating and calcining (1 h at 700 ◦C).

.3, at which the coating will take place, is about 290 nm. The
oehmite particles have a primary particle size of more or less
0 nm, as concluded from TEM-analysis. With PCS, a mean
iameter of about 50 nm at pH 7.3 was found, so it can be con-
luded that the boehmite particles are quite well dispersed at the
oating pH.

In this coating process, the optimal amount of shell material is
our times the amount of core material (in molar ratio) to obtain

homogeneous coating and no surplus of shell material.

After the coating process, the powder was calcined in order
o convert the boehmite particles into an oxide (in this case �-
l2O3). In the XRD pattern (Fig. 4), it can be clearly seen that

ith boehmite particles, calcined at 800 ◦C for 2 h. All the coated particles are
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here are no diffraction peaks of boehmite anymore. The diffrac-
ion peaks of �-Al2O3 are difficult to distinguish from the noise
ecause of its semicrystalline nature which is due to the high
umber of defects.

A TEM-image (Fig. 5a) of the coated and calcined powder
emonstrates that a nanolayer surrounds the core well. From

he dots in the electron diffraction pattern (Fig. 5b), it can be
oncluded that the core is composed of tetragonal ZrO2. The
ings are representative of the �-Al2O3 shell material.

ig. 7. TEM-image (a), electron diffraction pattern (b) and XRD-pattern (c) of
ydrothermally prepared tetragonal 3Y-ZrO2 nanoparticles.
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Moreover, �-potential measurements of the coated YSZ cores
ere performed (Fig. 3b). The core–shell particles before calci-
ation have an isoelectric point of approximately 10. This is the
ame as the original boehmite particles, so it can be concluded
hat the core is covered with a boehmite shell. After calcination,
he isoelectric point of the coated powder is shifted to a lower pH
more or less pH 8), indicating that upon this treatment boehmite
s converted into �-Al2O3.

From PCS results, it could also be deduced that the cores were
urrounded by a shell, because the mean particle diameter after
he coating process was larger than before. From these PCS data,
t was calculated that the mean layer thickness of the �-Al2O3
hell was approximately 30 nm.

.4. Coating of alumina cores with hydrothermal 3Y-ZrO2

From Fig. 6a, showing the �-potential curves of the alumina
ore and hydrothermal 3Y-ZrO2, it can be inferred that the most
uitable pH value for heterocoagulation is almost 8.

PCS measurements recorded that the uncoated alumina core
as a mean diameter of 180 nm at pH 8, i.e. the pH value at
hich the coating process will be carried out. The hydrother-
ally prepared 3Y-ZrO2 particles have a primary particle size

f 15–20 nm, as seen in TEM (Fig. 7a). These nanoparticles con-
ist completely of the tetragonal phase, as can be concluded from
he electron diffraction pattern (Fig. 7b) and from XRD results
Fig. 7c). At pH 8, the hydrothermally prepared 3Y-ZrO2 parti-
les are agglomerated, as a consequence of the low �-potential
n this area. Their particle size, measured with PCS, is rather big
almost 340 nm – as expected.
The optimal quantity of 3Y-ZrO2 in the shell was established

o be four times (in molar ratio) the amount of alumina. Fig. 8,
TEM photograph, shows that the 3Y-ZrO2 nanoparticles are

ttracted to the surface of the alumina core. Also from a �-
otential curve of the coated and calcined powder it could be
oncluded that the alumina core was enwrapped by 3Y-ZrO2.
he isoelectric point was shifted to pH 5.6, which is near the

soelectric point of 3Y-ZrO2.

After coating and calcining the alumina cores, the particle

ize was measured by means of PCS as well. Their was an obvi-
us enlargement of the mean particle diameter in comparison
ith the core diameter before coating, indicating that the coating

ig. 8. TEM-photo of an alumina core coated with hydrothermally prepared
Y-ZrO2, calcined at 700 ◦C for 1 h. The rest of the sample has a similar view.
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rocess has succeeded. From this, a layer thickness of approxi-
ately 80 nm was derived. So, during the coating itself, the shell

articles will also bond to the cores and not only to similar shell
aterial. That is why it is possible to deposit such a thin layer on

he core even though the shell particles are highly agglomerated
t the same pH.

. Conclusion

By means of a heterocoagulation method, ZrO2 and Al2O3
articles can be coated by a nanolayer of Al2O3 or ZrO2, respec-
ively. The shell material is quite well distributed around the
ores, as confirmed by TEM-images.

It can be concluded that the heterocoagulation process is
convenient method for coating an oxide nucleus with a

anolayer of another oxide material. After all, the production of
xide–oxide core–shell particles, in particular alumina–zirconia
nd zirconia–alumina, is a rather new topic in literature and that
s why it is promising that this coating is possible with hetero-
oagulation, which is a reasonably simple technique.

It is noticed that, when the coating process is carried out
ith boehmite particles, a more homogeneous and uniform layer

round the YSZ cores is obtained, compared to coating with �-
l2O3. This is probably owing to the fact that the boehmite
articles are better dispersed and have a rather high �-potential
t the circumstances, at which the coating is done. After all,
he pH region in which the heterocoagulation can take place for
oehmite is much larger than for �-Al2O3.

Above all things, the stability of the coated and calcined pow-
ers is quite satisfactory; only very strong mechanical forces,
ike the one produced by a ball mill, can destroy the coatings.

From the obtained results, it can be deduced that it is possible
o deposit a nanolayer of Al2O3 or ZrO2 on ZrO2 or Al2O3 cores,
espectively, in spite of the bad quality of the dispersion at the
ircumstances just before coating. Getting rather bad dispersions
s inherent to the heterocoagulation method, because the coating
as to be done in the neighbourhood of the isoelectric points of
he starting powders.
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