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Abstract

Novel automotive catalyst designs based on the use of washcoat systems such as yttria-stabilized zirconia (YSZ) and titania, in
combination with the traditionally used g-alumina have been recently proposed. For the development of an integrated, robust

multi-layered system, good adhesion of the inner layer on the support as well as among the various layers has to be ensured. In the
present work, the adhesion of zirconia and titania washcoats on cordierite honeycombs was investigated. Irrespective of the nature
of the powder used, reduction of the agglomerates' size down to the order of few (2±5) microns is necessary in order to ensure ®rm

adhesion of the washcoat to the support, comparable to that of commercial catalysts. In the deposition of multi-layered structures,
particle size compatibility of the powders of the various washcoat layers can enhance the adhesion among them and induce better
coherence of the overall washcoat. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The complete three-way automobile catalytic con-
verter assembly, consists of three basic parts: a honey-
comb ceramic support with high thermal shock
resistance, a material of high surface area called the
washcoat, and the catalyst species which are usually
noble metals such as Pt and Rh. The cost and supply of
these metals are a major drawback of these systems. A
way to reduce the quantities of noble metals needed, is to
enhance their catalytic activity through the exploitation of
appropriate metal-support interactions. Indeed, some
materials can interact with the catalyst metals, enhancing
dramatically their catalytic activity. For example, strong
metal-support interactions (SMSI) of titania with Rh
have been observed which lead to enhanced Rh activ-
ity,1,2 especially when the titania (rutile) lattice is doped
with ions of higher valence such as W+6.2±4 On the
other hand, it has been demonstrated that Pd, if prop-
erly supported on solid electrolytes with high oxygen
ion conductivity such as yttria-stabilized zirconia

(YSZ)5,6 exhibits exceptional catalytic activity and can
substitute a signi®cant percentage of the more expensive
Pt and Rh. Thus, multi-layered washcoat structures
have been proposed, where each washcoat acts as a host
for a di�erent precious metal.7

It has been already mentioned that washcoat systems
involve usually more than one component. For example
addition of yttria is required in the case of zirconia for
the formation of the oxygen-conductive cubic phase,
whereas in the case of Rh supported on titania, the
activity of Rh can be increased up to 20 times if the
rutile lattice is doped with tungsten atoms. Wet chem-
istry methods such as sol±gel or coprecipitation are
widely employed for the preparation of such multi-
component systems (carrier phase/additive/catalyst),
since they have some inherent advantages compared to
solid-state reactions. In general, wet chemistry methods
lead to materials with high surface area (a desirable
characteristic for automotive catalytic applications),
and high activity also, the incorporation of dopants (and
of the catalyst metals) can be greatly facilitated. Since
the deposition of crack-free, thick coatings, upon com-
plicated porous structures such as honeycombs, directly
from the liquid phase has some inherent problems, a
solution could be the preparation of powders via sol±gel
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methods, the dispersion of these powders in aqueous
media (preparation of slurries) and ®nally, their deposi-
tion upon the honeycombs.
In the case of the preparation of zirconia powders

appropriate for catalytic applications, studies have been
focused on the synthesis and characterization of ther-
mally stable washcoat powders with controlled
microstructure Ð mainly via chemical methods. Surface
area loss at high temperatures seems to be the common
problem of commercial monoclinic zirconia catalytic
supports8 as well as of systems prepared from gel pre-
cipitation.9 Doping with calcia, yttria, lanthania and
magnesia10 has been employed for improvement of
thermal stability but with limited success.
Titania-based systems for catalytic applications have

been also synthesized by sol±gel methods with the aim
to exploit the characteristics of the nanoparticles that
occur from such a way of synthesis.11±18 In general it
has been found that sol±gel derived powders when dried
are initially amorphous, and upon calcination they ®rst
form the metastable anatase phase. Calcination at
higher temperatures has as an e�ect the transformation
of anatase to the stable rutile phase. A much lower
temperature is required for this transformation to occur
for sol±gel made powders compared to conventionally-
synthesized ones.12 Doping with tungsten,13,14 lantha-
num15 or aluminum16 retards the anatase-to-rutile phase
transformation by as much as several hundred degrees
depending on the kind and the quantity of the dopant
used. It has also been observed that tungsten oxide
becomes segregated from the titania phase at tempera-
tures around 900�C, before the anatase-to-rutile transfor-
mation starts.13 Chang et al.17 have prepared crack-free
alumina, zirconia and titania membranes of thickness
between 1 and 5 microns, on ¯at disk substrates from
alkoxide solutions and characterized them with respect
to pore size distribution, surface area and phase trans-
formations upon calcination. However, all these systems
exhibit the same characteristic as the zirconia ones: low
surface area values especially at the temperature range
of operation of an automobile catalytic converter. This
surface area and porosity reduction observed in sol±gel
derived nanostructured titania is attributed to the
enhanced sintering during the anatase-to-rutile phase
transformation.18 Kumar et al.18 have avoided this
transformation by precipitating directly the rutile phase
from a titanium isopropoxide sol by heterogeneous
nucleation with the aid of Sn+4 ions; however the pro-
duct contained about 19 mol% SnO2. Despite the low
surface area, there still exists signi®cant interest on tita-
nia-based nanostructured catalyst systems because of the
very strong metal±support interactions that noble metals
such as Pt or Rh exhibit when supported on titania.
However, with the concept of multi-layered struc-

tures, the emphasis on the titania and zirconia layers,
lies not so much on their high surface area but on qua-

lities such as the SMSI of Rh with titania and the
enhanced oxygen ion conductivity of the ytrria-stabi-
lized zirconia. A high surface area of the whole structure
is, of course, bene®cial, but a major part of the surface
area required can be provided by the contribution of the
g-alumina layer. Provided that all the qualities above
are achieved, the preparation of an integrated multi-
layered system with the appropriate amount of each

Fig. 1. SEM photographs of the as-received zirconia powders: (a)

powder A, magni®cation 20 000 times; (b) powder B, magni®cation 10

000 times; (c) powder B, magni®cation 70 000 times.
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washcoat has to be realized and its performance to be
tested under actual automobile operation conditions,
not only in terms of catalytic performance but also in
terms of mechanical properties such as endurance and
®rm adhesion on the support.
Preliminary results on the dependence of adhesion

characteristics on the powder particle size were reported
in a previous work.19 In this part of the study, the
adhesion of these two kinds of washcoats, namely zir-
conia and titania, deposited from aqueous dispersions
of powders (slurries) is investigated with the aim to
correlate the coating quality to the powder character-
istics. The washcoats were prepared both from com-
mercially available powders, as well as from powders
synthesized by sol±gel methods, so that comparisons on
the e�ect of the powder microstructure on adhesion
characteristics could be made. Having optimized the
adhesion characteristics of each particular washcoat,
multi-layer structures were prepared and evaluated with
respect to adhesion quality and compatibility between
the various layers.

2. Experimental procedure

Two types of commercially available yttria-stabilized
zirconia powders Ð both stabilized with 8 mol%
Yttria Ð were employed for the preparation of zirconia
washcoats, obtained from Zirconia Sales, Mandoval
Ltd Surrey, UK (denoted hereafter as powder A) and
Magnesium Electron Ltd Chemicals, Manchester, UK
(denoted hereafter as powder B).
For the preparation of the titania washcoats, a com-

mercial anatase powder (Merck GmbH, Darmstad,
Germany) was used, which was mixed with the appro-
priate amount of tungsten oxide and calcined in the
temperature range 900±1200�C,7 in order to be con-
verted to the W+6-doped rutile form, which has been
shown to exhibit strong metal-support interactions with
Rh metal. For comparison, a powder synthesized
through the sol±gel method via the hydrolysis of tita-
nium isopropoxide with the procedure described by
Lopez et al.11 was also employed.
In a previous work,20 the conditions for slurry stabi-

lity and optimization of the deposition process for zir-
conia washcoats were identi®ed. Based on these results,
aqueous slurries with solids content 35 wt% were pre-
pared and stabilized with the aid of either HCl or the
ammonium salt of the poly-methacrylic acid (NH4-PMA-
commercial name Darvan C, R.T. Vanderbilt Co., Nor-
walk, CT). The analytical techniques (SEM, particle size
analysis, X-ray di�raction) and instruments described in
Part I of this work were employed for the characterization
of the powders and the loaded honeycombs. The cordier-
ite samples used for the impregnation were the same to
those described in Part I, and so were the loading and

calcination processes. The adhesion tests took place in the
reactor described in Part I (reactor temperature=800�C,
free volume velocity=100 000 hÿ1).

3. Results and discussion

3.1. Zirconia washcoats

3.1.1. Powder characterization
SEM observations of the as-received powders have

revealed signi®cant morphology di�erences between the
two types of powders used. The SEM photographs of
powder A [Fig. 1(a)] indicate that the as-received powder
consists essentially of discrete particles of a very ®ne parti-
cle size, of the order of 100±200 nm. On the contrary, par-
ticle size distribution measurements of the as-received
powder B indicated a mean particle diameter of 3.1
microns, with 90% of the powders being less than 6.3
microns, in accordance to the respective SEM photo-
graphs, shown in Fig. 1(b). The as-received powder B is in
the form of agglomerates, which exhibit a wide size dis-
tributionwith dimensions varying from less than one to few
(5±10) microns. Higher magni®cations [Fig. 1(c)] revealed
that these agglomerates consist alsoof primaryunits of very
small dimensions, around 100 nm.However, the signi®cant
di�erence from powder A is that these units are strongly
bound together in larger agglomerates that cannot be

Fig. 3. Weight loss curves of various zirconia washcoats.
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broken with the techniques applied during the particle
size measurement (ultrasonic and mechanical stirring).

3.1.2. Adhesion studies

The ®rst series of experiments took place with slurries
that have been ball-milled for only 1 h, thus the size of
the deposited particles was practically the same with
that of the as-received ones. A top view of monolith
channels covered with the zirconia powder A washcoat
is shown in Fig. 2(a), where the uniformity of the coat-
ing can be clearly seen. The layer deposited upon the
honeycomb channels (top view) is shown in Fig. 2(b)
(magni®cation 10 000 times), where it can be seen that
the particles that have covered the channel surface are
indeed of very small size (100±200 nm just like the as-
received ones) and exhibit a rather tight packing. The
respective washcoat/substrate interface is shown in Fig.
2(c)where again the formation of a tightly-packed zirconia
layermade up of very ®ne particles can be distinguished on
the external surface of the channel. The tightness of pack-
ing due to the very ®ne size and uniformity of the powder
deposited, can be compared to the respective photographs
of the alumina washcoats in Part I of the work.

On the contrary, the as-received powder B exhibited
poorer adhesion on the monolith. In Fig. 2(d), a top view
of such a coated monolith is shown where the detach-
ment of large areas of washcoat is obvious. Based on the
observations on the alumina washcoats, this di�erence
in adhesion was attributed to the much higher particle

Fig. 4. Development of phase composition with calcination tempera-

ture of anatase±tungsten oxide powder mixtures: (a) commercial

anatase; (b) sol±gel made anatase.

Fig. 5. Titania powders: (a) commercial anatase powder calcined at

1200�C; (b) sol±gel made powder calcined at 600�C; (c) magni®cation

at 100 000 times of the sol±gel made powder from (b).
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size of powder B. The respective SEM photographs of
powder B deposited on the honeycomb [Fig. 2(e)] and of
the washcoat/substrate interface [Fig. 2(f )] indicate that
the initial agglomerates remain unbroken and are depos-
ited as such upon the monolith. The size di�erence
between the two deposited powders [Fig. 2(b) and (e)] is
obvious; so is the packing density di�erence between the
two washcoats [Fig. 2(c) and (f )]. Compared to Fig. 2(c)
(under the same magni®cation of 3000 times), the larger
particle size of powder B results in large voids between
the particles, and consequently fewer possibilities for
good mechanical anchorage or interfacial interactions
among them. In order to improve the adhesion of
powder B, slurries were ball-milled for di�erent periods
of time up to 72 h, resulting in a drastic reduction of the
characteristic diameter d90 from 6.5 to 1.8 microns. A
monolith covered with such a slurry is shown in Fig. 2(g)
where an impressive improvement of the coating quality
can be observed, compared to the washcoat with the as-
received powder B [Fig. 2(d)]. It should be once again
mentioned here that all other deposition conditions
(slurry solids content, pH, dispersant) were the same for
both powders. The reduction in particle size can be
clearly observed in Fig. 2(h) where particles deposited
upon honeycombs for the case of 72-h ball-milling are
shown and their size can be compared to that of the
non-milled powder in Fig. 2(b) under the same magni®-
cation of 10 000 times. The respective substrate/wash-
coat interface of the washcoat from the milled powder B
is shown in Fig. 2(i) [under the same magni®cation as Fig.
2(c) and (f )]. Reduction of particle size has resulted in a
more densely packed washcoat layer with better coating
quality. The particles are now much closer to one another

and besides mechanical anchorage, the interfacial forces
between the colloidal particles that comprise the agglom-
erates, enhance adhesion between them.
The dependence of the adhesion quality on the powder

particle size is further re¯ected on the respective weight loss
curves shown in Fig. 3. Powder A exhibited excellent
adhesion onto the support, loosing only 0.4% of its weight
after 8 h of exposure. The trend for powder B is similar to
the one exhibited by the g-alumina powder (Part I): pro-
gressive reduction of the agglomerates' size of powder B
improves adhesion quality and eventually results in a per-
formance much better than that of a commercial catalyst.
However, the best performance in terms of adhesion is
exhibited by powder A, a fact that can be attributed to the
very ®ne particle size of the deposited powder. All the
washcoats exhibit the same trend as the ones from alumina
materials that are comprised of nanoparticles: levelling o�
of the weight loss curves after a very short period.

3.2. Titania washcoats

In the Introduction, it was mentioned that one way to
enhance metal-support interactions is to dope the titania
lattice with W+6 ions.2,3 This doping can be achieved by
mixing the anatase powder with the appropriate amount
of tungsten oxide and subsequent calcination. The cal-
cination temperature has to be high enough so that two
phenomena can take place: transformation of the ana-
tase to rutile and di�usion of the W+6 ions into the
rutile lattice for the formation of a solid solution. The
development of phase composition with calcination
temperature of a commercial anatase±tungsten oxide
powder mixture is shown in Fig. 4(a). First of all it can

Fig. 6. Weight loss curves of washcoats from various ®ne powders compared to that of a commercial catalyst.
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be observed that a calcination temperature of 1000�C is
required for the anatase-to-rutile transformation to take
place. However, even at this high temperature still the
tungsten oxide remains as a separate phase. The calci-
nation temperature required for the completion of the
di�usion of the tungsten ions into the rutile lattice and

the disappearance of the X-ray di�raction peaks corre-
sponding to tungsten oxide is as high as 1200�C. The
phase development of the mixture of a dried, sol±gel
produced anatase powder with the same amount of
tungsten oxide is shown in Fig. 4(b). The X-ray diagram
of the mixture of the powder produced after drying of
the gel at 110�C with tungsten oxide, shows the peaks of
poorly crystallized anatase together with the tungsten
oxide peaks. At a calcination temperature of 500�C
anatase has already been partially crystallized to rutile
and the tungsten oxide peaks have disappeared. As the
calcination temperature is increased the anatase-to-
rutile transformation proceeds to completion. At 900�C,
only the rutile peaks are present, a fact that indicates the
formation of the tungsten-doped rutile phase.
The high calcination temperatures required in the case

of commercial anatase, have as a result an increase of
the particle size of the product. Particle size measure-
ments of the calcined titania powder (after a short mil-
ling time of 24 h) indicated a characteristic particle
diameter of 1.8 microns, in accordance with the relevant
SEM observations [Fig. 5(a)]. From Fig. 5(a) it is also
evident that the tungsten-doped rutile powder consists

Fig. 7. Two-layered zirconia/titania washcoats: (a) commercial titania

powder, top view; (b) commercial titania powder, substrate/washcoat

interface; (c) sol±gel made titania powder, substrate/washcoat interface.

Fig. 8. Three-layered washcoats with: intermediate layer of commer-

cial titania; (a) magni®cation 1500 times; (b) magni®cation 5000 times.
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of dense, quasi-spherical grains with relatively uniform
particle size distribution. On the contrary, in the case of
sol±gel powders the low calcination temperature does
not favor the sintering of the titania crystallites and the
formation of dense particles. Even though the sol±gel
made powder after calcination has the form of agglom-
erates of irregular shape and of a wide size distribution
[Fig. 5(b)], large magni®cations [100 000 times; Fig. 5(c)],
reveal the very ®ne size of the titania crystallites which
are less than 100 nm in contrast to the dense particles of
commercial calcined titania.
The weight losses of the two titania washcoats are plot-

ted in Fig. 6. together with the respective weight losses of
other representative washcoats of alumina and zirconia.
In Fig. 6(a) the weight loss curves of washcoats deposited
from commercial powders with dimensions of a few
microns are shown, whereas in Fig. 6(b) the respective
curves from powders that consist of nanoparticles are
presented. As far as the titania washcoats are concerned
the better adhesion of the sol±gel made powder is evident.
Some general conclusions can also be drawn. The two

categories of powders exhibit a di�erent trend: for the
case of nanoparticles the weight losses are practically
completed within a short initial time period and the
relevant curves reach a plateau value. The respective
curves of the commercial powders show an increasing
trend: it is evident that further weight losses should be
expected at longer exposure times. Irrespective of the
nature of the powder used, there exists a general trend:
when the deposited powder is in the form of agglomer-
ates, progressive reduction of the agglomerates' size
(e.g. by extensive milling) improves the adhesion of the
washcoat on the support and eventual reduction below
a certain threshold value (around 5 microns) is required
in order to ensure adhesion better than that of com-
mercial washcoats. This trend has been observed for
both, commercial alumina and zirconia powders. If, in
addition, these agglomerates consist of nanoparticles,
denser washcoat layers with better adhesion are formed.
This is because, when the size of these nanoparticle
agglomerates is reduced below a certain value, better
contact among the agglomerates is obtained and strong
interfacial forces between the nanoparticles are acting in
combination with mechanical anchorage mechanisms.
The most favorable case is when the powders to be used
are of nanophase dimensions and show no tendency to
form large, hard agglomerates, such as in the case of the
commercial zirconia powder A. These kinds of powders
form very tightly packed washoat layers, with excellent
adhesion, su�ering only from minor weight losses, which
in addition are completed within a very short period.

3.3. Multi-layered washcoats

The above results were used for the deposition of mul-
tilayered washcoats. The proposed con®guration is an

inner layer of zirconia, an intermediate layer of titania
and an outer layer of g-alumina.6 Zirconia of powder A
was used as the innermost layer because it exhibited the
best adhesion on the cordierite support among the var-
ious zirconia powders. Upon this layer the two kinds of
tungsten-doped titania powder (commercial and sol±gel
made) were deposited. In Fig. 7(a) a washcoat layer from
the commercial titania deposited on a zirconia layer of
powder A is shown (top view). The size mismatch
between the two powders is obvious Ð and leads to a
very poor adhesion between the two layers with clearly
visible gaps [Fig. 7(b)]. The titania particles are practically
just spread on the zirconia ones; due to the very large size
mismatch, neither mechanical interlocking between the
two kinds of powders can take place, nor the development
of strong interfacial forces adequate to adhere the coarser
titania powders onto the much ®ner zirconia ones, is pos-
sible. The thickness of the titaniawashcoat is also limited to
very few (one to two) layers of titania particles. In contrast,
the sol-gel made powder deposited on the same zirconia

Fig. 9. Comparison between three-layered catalysts: (a) intermediate

layer of commercial titania; (b) intermediate layer of sol±gel titania.
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layer exhibits a di�erent picture [Fig. 7(c)]. Provided that
the agglomerates' size has been reduced around 2 microns,
a thick, tightly packed layer of titania has been deposited
uniformly upon the zirconia layer.
The e�ect on adhesion can be clearly seen on the

photographs of three-layered washcoats where the
intermediate layer is from commercial titania, shown in
Fig. 8a and b. In this case due to the large size mismatch
between titania and zirconia, a multi-layer structure of
very poor quality is obtained, where large gaps between
the zirconia and the alumina layer can be clearly
observed. The titania particles are so weakly adhered
onto the zirconia layer underneath, that a great percen-
tage of them gets removed during the next impregnation
with the alumina slurry; the titania layer can be barely
seen between the zirconia and the alumina layers. In
larger magni®cations [Fig. 8(b)], the few titania particles
badly adhered to either the zirconia or the alumina layer
can be clearly observed, as well as the gap between the
innermost and the outmost layer. The alumina layer is
practically not attached at all on the zirconia one.
In Fig. 9(a) and (b), two three-layered structures, one

with an intermediate layer from commercial titania
[Fig. 9(a)] and one with an intermediate layer of sol±gel
made one, are compared. A much thicker, clearly
visible titania layer, is deposited from the sol±gel made
powder which in addition is much better adhered to
both the zirconia layer underneath and the alumina
layer on top.

4. Conclusions

For the preparation of integrated multi-layered
washcoat systems appropriate for automotive catalytic
applications, ®rm adhesion among the layers as well as
with the support has to be ensured. Adhesion quality
depends on the particle size of the deposited powders.
This dependence on particle size seems to be general,
irrespective of the kind of powder employed. If the
powder to be deposited is agglomerated, reduction of
the agglomerates' size below a certain threshold value Ð
around 5 microns Ð is required in order to ensure ®rm
adhesion of the innermost zirconia layer on the cor-
dierite support. On the contrary, powders that are of
colloidal size and are not agglomerated, exhibit excel-
lent adhesion with the support and form densely packed
homogeneous layers. In the case of multi-layered wash-
coats, size compatibility among the various kinds of
deposited powders is necessary for the achievement of
strong adhesion between the various layers and deposi-
tion of an adequate amount of each washcoat layer.
Powders synthesized from wet chemistry methods seem
to exhibit advantages such as lower calcination tem-
peratures required for the formation of the desired
doped phases and thus smaller grain size which induces

better adhesion. Further comparisons with respect to
thermal stability and catalytic activity are under way in
order to identify the best synthesis routes for the design
of multi-layered three-way automobile catalysts.

References

1. Akubuiro, E. C. and Verykios, X. E., Dopant-induced metal-

support interactions, 1: In¯uence on chemisorptive behavior. J.

Catal., 1987, 103, 320±333.

2. Ioannides, T. and Verykios, X. E., In¯uence of the carrier on the

interaction of H2 and CO with supported Rh. J. Catal., 1993,

140, 353±369.

3. Solimosi, F., Tombacz, I. and Koszta, J., E�ects on variation of

electric properties of TiO2 support on hydrogenation of CO and

CO2 over Rh catalyst. J. Catal., 1985, 95, 578±586.

4. Ioannides, T. and Verykios, X. E., E�ects of altervalent cation

doping of TiO2 on H2 and CO adsorption on supported Rh. J.

Catal., 1994, 145, 479±490.

5. Pliangos, C., Yentekakis, I. V., Verykios, X. E. and Vayenas, C.

G., Non-faradaic electrochemical modi®cation of catalytic activ-

ity. J. Catal, 1995, 154, 124±136.

6. Yentekakis, I. V., Pliangos, C. A., Papadakis, V. G., Verykios,

X. E. and Vayenas, C. G., Support and NEMCA induced pro-

motional e�ects on the activity of automotive exhaust catalysts.

In Catalysis and Automotive Pollution Control III, Vol. 96, Stu-

dies in Surface Science and Catalysis, ed. A. Frennet and J. M.

Bastin. Elsevier Science Publishers B. V, Amsterdam, 1995, pp.

375±385.

7. Papadakis, V. G., Pliangos, C. A., Yentekakis, I. V., Verykios, X.

E. and Vayenas, C. G., Development of High-performance, Pd-

based, three way catalysts. Cat. Today, 1996, 29, 71±75.

8. Boot, L. A., Van Dillen, A. J., Geus, J. W. and Van Buren, F. R.,

Characterization of pre-shaped zirconia bodies for catalytic

applications. J. Mat. Sci., 1996, 31, 3115±3121.

9. Mercera, P. D. L., Van Ommen, J. G., Doesburg, E. B. M., Bur-

graaf, A. J. and Ross, J. R. H., Zirconia as a support of catalysts.

Evolution of the texture and structure on calcination in air. Appl.

Catal., 1990, 57, 127±148.

10. Mercera, P. D. L., Van Ommen, J. G., Doesburg, E. B. M., Bur-

graaf, A. J. and Ross, J. R. H., Zirconia as a support of catalysts.

In¯uence of additives on the thermal stability of the porous tex-

ture of monoclinic zirconia. Appl. Catal., 1991, 71, 363±391.

11. Lopez, T., Mendez-Vivar, J. and Juarez, R., Study of rhodium-

supported catalysts prepared via the sol±gel method. J. Non-

Cryst. Solids, 1992, 147-148, 778±782.

12. Basca, R. R. and Gratzel, M., Rutile formation in hydro-

thermally crystallized nanosized titania. J. Am. Ceram. Soc.,

1996, 79(8), 2185±2188.

13. Cristiani, C., Bellotto, M, Forzatti, P. and Bregani, F., On the

morphological properties of tungsta-titania de-NOxing catalysts.

J. Mat. Res., 1993, 8(8), 2019±2025.

14. Kenevey, K., Morris, M. A., Cunningham, J. and Ferrand, G.,

Stabilization of anatase by tungsten introduced to the titania lat-

tice by sol±gel and impregnation techniques. Key Eng. Mat.,

1996, 118-119, 303±310.

15. Gopalan, R. and Lin, Y. S., Evolution of pore and phase struc-

ture of sol±gel derived lanthana doped titania at high tempera-

tures. Ind. Eng. Chem. Res., 1995, 34, 1189±1195.

16. Ding, X., Liu, L., Ma, X., Qi, Z. and He, Y., The in¯uence of

alumina dopant on the structural transformation of gel-derived

nanometre titania powders. J. Mat. Sci. Lett., 1994, 13, 462±464.

17. Chang, C. H., Gopalan, R. and Lin, Y. S., A comparative study

on thermal and hydrothermal stability of alumina, titania and

zirconia membranes. J. Membr. Sci., 1994, 91, 27±45.

C. Agra®otis, A. Tsetsekou / Journal of the European Ceramic Society 20 (2000) 825±834 833



18. Kumar, K-N.P., Keizer, K. and Burggraaf, A. J., Stabilization of

the porous texture of nanostructured titania by avoiding a phase

transformation. J. Mat. Sci. Lett., 1994, 13, 59±61.

19. Agra®otis, C., Tsetsekou, A. and Ekonomakou, A., The e�ect

of particle size on the adhesion properties of oxide washcoats

on cordierite honeycombs. J. Mat. Sci. Lett., 1999, 18, 1421±

1424.

20. Agra®otis, C., Tsetsekou, A. and Leon, I., The e�ect of slurry

rheological properties on the coating of ceramic honeycombs with

yttria-stabilized zirconia washcoats, J. Am. Ceram. Soc., in press.

834 C. Agra®otis, A. Tsetsekou / Journal of the European Ceramic Society 20 (2000) 825±834


