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Thermal stability of transition phases in zirconia-
doped alumina

B. DJURIC[ I C̈* , S. PICKERING, P. GLAUDE, D. MCGARRY, P. TAMBUYSER
Institute for Advanced Materials, Joint Research Centre, 1755 ZG Petten, Netherlands

Alumina was prepared from an aqueous salt solution by homogeneous precipitation

followed by calcination in air. Dependence of the thermal stability of transition phases on the

presence of a zirconia dopant and on autoclave treatment prior to calcination was

investigated using X-ray diffraction (XRD), differential thermal analysis coupled with

thermogravimetric analysis (DTA—TGA) and transmission electron microscope (TEM)

analysis. Homogeneous precipitation produced an amorphous trihydrate precipitate; the

autoclave treatment converted this to crystalline boehmite (monohydrate). The zirconia was

soluble in the transition alumina but was insoluble in a-Al2O3 so that phase transformation to

a-Al2O3 was accompanied by a phase separation to form an alumina-zirconia

nanocomposite. The thermal stability of the transition phases was increased both by the

dopant and by the autoclave treatment. A combination of both parameters yielded the most

stable transition alumina, which withstood 1 h at 1200 °C without transformation to a-Al O .
2 3
1. Introduction
Gamma alumina and its related transition forms have
well established applications in separation technolo-
gies that require nanoscale porosity, and in catalysis
where high specific surface area and catalytically ac-
tive surface sites are needed. In these applications, the
ability of transition aluminas to maintain their prop-
erties at elevated temperatures is of decisive import-
ance. However, transition aluminas are metastable
phases, and at about 1000 °C there is a transformation
to a-Al

2
O

3
with a catastrophic loss of specific surface

area and a change in surface chemistry, which destroys
their usefulness in both applications. There is, there-
fore, considerable interest in improving the thermal
stability of transition phase aluminas so that processes
can be operated at higher temperatures with a corres-
ponding gain in efficiency. Stabilization of the meta-
stable phases depends on inhibiting nucleation of
a-Al

2
O

3
. Nucleation cannot occur as long as the pri-

mary particle size of the transition aluminas is smaller
than the critical nucleus size for the a-Al

2
O

3
. How-

ever, even if the primary particle size does grow to
exceed the critical nucleus size, then the nucleation of
a-Al

2
O

3
will still depend on the availability of suitable

nucleation sites. Thermal stability therefore depends
both on particle morphology and on features in the
crystal structure, particularly at surfaces, that can act
as nucleation sites. If we wish to optimize thermal
stability, we need both to inhibit processes that lead to
particle growth, such as sintering, and to deactivate
potential nucleation sites. Structural stability can only
*Current affiliation: Koninklijke Hoogovens, Research & Developme

be improved through structural modification. In prac-
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tice, the structural morphology of transition aluminas,
and hence their thermal stability, can be modified
either through the choice of appropriate synthesis
conditions, or by the use of cationic dopants.

Transition aluminas are prepared by the dehydra-
tion of certain alumina hydrates, i.e. boehmite
(AlOOH), gibbsite [Al(OH)

3
], and bayerite

[Al(OH)
3
]. However, one other hydrate, diaspore

(AlOOH), transforms directly to a-Al
2
O

3
at about

500 °C, apparently because the oxygen ions in dias-
pore are hexagonally close packed (h.c.p.) as in a-
Al

2
O

3
. In contrast, the distribution of the oxygen ions

in boehmite, gibbsite and bayerite is closer to cubic
close packing (c.c.p.), and their thermal transforma-
tion follows a typical sequence, for example

boehmitePcPdPhPa-Al
2
O

3

The specific transformation sequence and the trans-
formation temperatures depend on the structure of the
hydrate precursor. The crystal structures of the
transition aluminas are c (cubic spinel), d (orthorhom-
bic), h (monoclinic) but they all share the same c.c.p.
oxygen sublattice and differ in the distribution of the
aluminium cations between the octahedral and te-
trahedral sites. Consequently, a characteristic feature
of these transformations is that the basic pattern of
atomic arrangement appears to change very little dur-
ing the transformation sequence until the final
transition to a-Al

2
O

3
, which involves a major struc-

tural rearrangement. The structure of the transition
aluminas therefore can be rather complex [1—8] re-
nt, Postbus 10 000, 1970 CA IJmuiden, Netherlands.

flecting characteristics inherited from the hydrated
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alumina, which in turn depend on the precipitation
conditions. The properties that are relevant to cataly-
sis and membrane applications, such as pore size and
pore size distribution, therefore depend both on the
chemical nature of the precursor and on the details of
the synthesis conditions. Conditions such as the hy-
drothermal treatment of an alkoxide-derived gel [9],
spray pyrolysis of a boehmite sol [10], and treatment
under supercritical conditions [11] have all been in-
vestigated as methods for modifying the structure of
transition aluminas to increase their thermal stability.

The most effective dopants for increasing the ther-
mal stability of transition aluminas will be those that
reduce particle growth through sintering, and that
also neutralize potential a-Al

2
O

3
nucleation sites. The

rate limiting step in the sintering of transition
aluminas is believed to be the dissociative adsorption
of water molecules onto an anionic vacancy, thereby
allowing migration of the adjacent ‘‘AlO’’ molecular
unit [12, 13]. Nucleation of a-Al

2
O

3
is believed to

occur by an annihilation reaction between cationic
and anionic vacancies leading to a restructuring of the
oxygen sublattice from c.c.p. to h.c.p. [12, 13]. The
anion vacancies are created by the dehydroxylation
process and cation vacancies exist due to the intrinsi-
cally cation defective nature of the spinel lattice.

Si and La are examples of effective dopants. Si
dopant forms Si—O—Si and Si—O—Al bridges on the
surface of the transition alumina, which give surface
properties similar to those of silica [14]. These bridges
act to remove anionic vacancies from the alumina
surface [15], thereby impeding the mechanisms for
sintering and a-Al

2
O

3
nucleation. Lanthanum is be-

lieved to form a low-surface-energy surface layer of
lanthanum aluminate (LaAlO

3
) in which the oxygen

sublattice is coherent with that of the underlying
transition alumina. Because this layer is effective at
less than monolayer concentrations, it is suggested
that it forms preferentially at anionic vacancies (Lewis
acid sites) that are believed to act as nucleation sites
for a-Al

2
O

3
as well as being catalytically active sites.

Lanthanum aluminate therefore impedes both sinter-
ing and the nucleation of a-Al

2
O

3
at cation concentra-

tions of about 1%. Other lanthanides behave
similarly. At higher additive concentrations and high-
er temperatures, the lanthanides form b-Al

2
O

3
phases

in which layers of spinel-like c-Al
2
O

3
are intercalated

by La planes. This structure is stable against trans-
formation to a-Al

2
O

3
and resists sintering because

cation diffusion is difficult perpendicular to the inter-
calation planes. This phase can therefore maintain
a relatively high specific surface area to high temper-
atures. Many cations, i.e. alkali metals such as barium,
also form aluminates and b-Al

2
O

3
in an analogous

fashion and these may therefore be considered as
candidate dopant elements. In particular, Ba has been
studied [16, 17] for use as a dopant for alumina to
create a high temperature catalyst.

In this work we report on the effects of Zr dopant
and processing parameters on the thermal stability of
transition aluminas. Zr is of interest as a dopant
because it forms extensive solid solutions with

transition alumina but is insoluble in a-Al

2
O

3
. The

590
partition of ZrO
2

from transition Al
2
O

3
therefore

constitutes a barrier to the transformation to a-Al
2
O

3
.

Autoclave treatment is of interest as it induces a pref-
erential dehydroxylation to form boehmite. Spherical
particles of a pure alumina reference powder were
synthesized by calcining precipitates made by the for-
ced hydrolysis of aluminium sulfate in the presence
of urea. Zr-doped material was made in the same
manner, coprecipitating Al and Zr salts to ensure
a highly uniform initial distribution. The thermal stab-
ility of the transition phases in these two materials was
characterized using DTA—TGA, XRD and TEM tech-
niques. The influences of autoclave treatment and of
the Zr dopant on the thermal stability of transition
alumina were determined both singly and in combina-
tion.

2. Experimental procedure
The following starting materials were used in their as-
received state: aluminium sulfate octadecahydrate
[(Al

2
(SO)

4
)
3
· 18H

2
O, chemically pure)] zirconium

sulfate tetrahydrate [(Zr(SO)
4
· 4H

2
O), 99.99% pure],

urea (high purity CON
2
H

4
) Polyvinylpyrrolidone

K-30 (PVP, special grade), nitric acid (reagent grade
HNO

3
).

An aqueous stock solution was prepared containing
5]10~3 mol l~1 aluminium sulfate, 1 mol l~1 urea
and 0.2 wt% PVP. Nitric acid was added to the stock
solution until pH 2 was obtained. Spherical particles
were precipitated from 31 samples of this solution by
heating to 85 °C for 2 h [18, 19]. Various levels of
zirconium doping were achieved by adding zirconium
sulfate to the solution before precipitation in quantit-
ies equivalent to 0.1, 1.0 or 3.0 mol% zirconia. The
precipitates were washed with 600 ml water
(pH"9.5) and separated by centrifugation (645 g).
This washing procedure was repeated four times.
Glass containers were used for all these procedures.
The precipitates were then either redispersed in isop-
ropyl alcohol and dried at 95—100 °C in air for 24 h, or
were subjected to a hydrothermal treatment. The hy-
drothermal treatment consisted of heating in an auto-
clave to about 210 °C for 6 h using a heating rate of
about 1 °Cmin~1 to obtain a gel-like product that was
then dried in air at 95—100 °C for 24 h. Precipitates
were designated either ‘‘A’’ for pure alumina or ‘‘AZ’’
for zirconia-doped alumina. Autoclave treated mater-
ial received the additional designation ‘‘(a)’’. Conse-
quently, four basic samples designations were used.

A pure alumina, air-dried (reference material)
A(a) pure alumina, autoclave

treated
(hydrothermal
treatment)

AZ zirconia-doped alumina,
air-dried

(dopant)

AZ(a) zirconia-doped alumina,
autoclave treated

(dopant plus
hydrothermal
treatment)

Each batch of precipitate was divided into four sam-
ples for calcination at 600, 800, 1000 or 1200 °C. The
samples were calcined in alumina crucibles for 1 h in

a static air atmosphere using a heating rate of



5°C min~1. In one case a sample was calcined for
100 h at 1200 °C.

The samples were characterized before calcination
using scanning electron microscopy (SEM) (Zeiss
DSM 940), DTA and TGA (Netsch STA 409). The
DTA—TGA was carried out in air at a heating rate of
5 °C min~1 to 1400 °C. After calcination, the powders
were characterized by XRD (Philips PW 173), TEM
(Philips EM400) and specific surface area analysis
(Brunauer—Emmett—Teller, BET) (Coulter-Omnisorp
360) using nitrogen.

SEM sample preparation for the air-dried precipi-
tates consisted of dispersing the particles in isopropyl
alcohol by ultrasonification and then allowing a drop
of the suspension to evaporate on the SEM sample
holder. For the gel-like product of the autoclave treat-
ment, a small amount of wet gel was placed on the
sample holder and dried at 50 °C for 1 h. The samples
were coated with carbon before examination. The
TEM samples were prepared in a similar way on
carbon-coated copper grids.

XRD was used to determine the phases present in
the calcined powders and to estimate the apparent
crystallite size, D

!11
, from peak broadening using the

Scherrer equation, i.e. D
!11

"Kk/(B cos h), where
K"0.9, k was the wavelength and B was the peak
width obtained using a Voigt peak fitting routine.
CuKa radiation with a graphite filter was used
(k"0.154 060 nm) and instrumental broadening was
determined using a LaB

6
standard.

3. Results
The composition of the particles directly after precipi-
tation is reported to be hydrated basic aluminium
sulfate with a molar ratio of [Al3`]/[SO2~

4
] in the

range 2.5—3.5 depending on the precursor salt concen-
tration [18, 19]. However, by washing the precipitate
with ammonium hydroxide solution (pH"9.5) this
ratio can be increased to '100 : 1 by an ion-exchange
process.

The morphology of the washed particles is shown in
Fig. 1 for pure material and for material doped with
an amount of Zr equivalent to 1 mol% ZrO

2
. The

particles of the pure material, Fig. 1a, were monodis-
persed spheres about 500 nm in diameter, whereas the
particles of the Zr-doped material, Fig. 1b, were some-
what smaller and less monodispersed. The latter par-
ticles were also linked together into agglomerates by
a gel-like substance that may be a precipitate that
formed on cooling the solution. Autoclave treatment
transformed particles of both the pure and Zr-doped
materials into porous gel-like solids as shown in
Fig. 2a and b, respectively.

3.1. XRD analysis
XRD analysis showed that the change from amorph-
ous spherical particles to a gel-like morphology in the
autoclaved samples was associated with the crystalli-
zation of boehmite. Fig. 3 compares the XRD spectra
made after calcination for all materials. The non-

autoclaved materials, i.e. samples A and AZ, have very
Figure 1 SEM micrographs showing the morphology of precipitate
powders dried at 80 °C: (a) undoped material and (b) Zr-doped
material.

similar XRD spectra and the influence of the Zr
dopant was almost undetectable in these spectra. The
A and AZ samples remained essentially amorphous up
to 800 °C, crystallized to c-Al

2
O

3
at 1000 °C, and to

a-Al
2
O

3
at 1200 °C. There was just a trace of h-Al

2
O

3
present in the AZ sample at 1200 °C.

In contrast, the presence of Zr dopant in the auto-
claved material did produce significant stabilization of
the transition alumina. Both the A(a) and AZ(a) sam-
ples initially consisted of well crystallized boehmite
that transformed to c-Al

2
O

3
at 600 °C. At 1000 °C

both samples consisted of a mixture of c-Al
2
O

3
and

d-Al
2
O

3
as indicated by a doubling of the 4 0 0 and

4 4 0 peaks. But at 1200 °C the A(a) sample trans-
formed to a-Al

2
O

3
and the AZ(a) sample transformed

to h-Al
2
O

3
. However, it was only the AZ(a) sample

doped with 1 mol% ZrO
2

that showed this behav-
iour, and further ageing at 1200 °C for 100 h trans-
formed the h-Al O to a-Al O . The AZ(a) samples
2 3 2 3
containing 0.1 and 3.0 mol% ZrO

2
transformed to
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Figure 2 SEM micrographs showing the gel-like morphology of the precipitate autoclaved at 210 °C: (a) undoped material, and (b) Zr-doped
material.
a-Al
2
O

3
after 1 h at 1200 °C. All subsequent work

with Zr-doped material was performed with 1 mol%
ZrO

2
. Table I summarizes the lattice parameters of

the phases present and the average crystallite size and
lattice strain. The values are in good agreement with
published data [3, 6, 7, 20].

3.2. DTA—TGA analysis
Additional information on the nature of the thermal
transformation was provided by DTA—TGA measure-
ments as shown in Fig. 4. The specimens have all
already received some thermal treatment, i.e. dried at
95—100 °C or autoclaved at 210 °C, so that events at
temperatures lower than these must be attributed to
reversible events, i.e. the well defined endothermic
peaks at approximately 90—100 °C in autoclaved ma-
terials corresponding to the dehydration of less than
1 mole H

2
O per mole Al

2
O

3
.

In the non-autoclaved specimens, i.e. samples A and
AZ, there was a progressive loss of weight due to
dehydration and dehydroxylation up to about 500 °C
without well defined thermal events in a manner char-
acteristic of an amorphous structure. A further weight
loss of about 5% occurred between 800—900 °C that
seemed to be associated with a small exothermic peak
at about 900 °C; this peak may indicate crystallization
to c-Al

2
O

3
, although Sacks et al. [19] attributed

a similar exothermic peak at approximately 925 °C to
desulfurization. The total weight loss of about 45%
was consistent with the loss of 3 moles H

2
O per mole

Al
2
O

3
. The formation of a-Al

2
O

3
was indicated by an

exothermic peak at approximately 1210 °C in sample
A and at 1245 °C in sample AZ. This indicates that the
Zr-dopant slightly retarded the formation of a-Al

2
O

3
and shifted the exothermic crystallization peak by
about 35 °C.

In contrast, the autoclaved materials, i.e. samples

A(a) and AZ(a), exhibited strong and relatively well
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defined endothermic DTA peaks at 473—483 °C, and
the corresponding non-reversible weight loss of about
15% was attributed to dehydroxylation of boehmite.
(The XRD spectra showed that samples A(a) and
AZ(a) initially consisted of boehmite.) A further weight
loss (8—9%) between 500 and 1000 °C suggested fur-
ther dehydroxylation and/or removal of anion impu-
rities. This stage of the weight-loss process was more
progressive than in the equivalent stage for non-auto-
claved materials and no exothermic peak was seen to
indicate the formation of c-Al

2
O

3
. However, XRD

analysis indicated that c-Al
2
O

3
was present and that

it formed at a lower temperature than in the non-
autoclaved samples. The total weight loss of about
33—35% for the autoclaved materials was significantly
less than in the case of samples A and AZ and was
consistent with the monohydrate composition of
boehmite. The formation of a-Al

2
O

3
was clearly vis-

ible as an exothermic peak at approximately 1235 °C
in sample A(a) and at 1320 °C in the AZ(a) sample. The
Zr dopant therefore appears to retard the formation of
a-Al

2
O

3
rather more than in the non-autoclaved

samples. The DTA results therefore suggest that the
Zr-dopant and the autoclave treatment both contri-
bute individually to increasing the thermal stability
of transition aluminas and that the greatest in-
crease is obtained from these two parameters in
combination.

3.3. Specific surface area measurements
The specific surface area (SSA) depended on sample
composition and treatment as shown in Fig. 5. The
highest SSA (280 m2 g~1) was found in the AZ(a)
sample after calcination at 600 °C. The difference be-
tween the samples became less marked at higher calci-
nation temperatures, but for the samples calcined at
1200 °C sample AZ(a) still had the highest SSA

(36 m2 g~1) due to the retention of h-Al

2
O

3
.



Figure 3 X-ray spectra of various alumina samples after calcination for 1 h at the temperatures, indicated: (a) sample A, (b) sample A(a), (c)

sample AZ, (d) sample AZ(a) at (i) 80 °C, (ii) 600 °C, (iii) 800 °C, (iv) 1000 °C, (v) 1200 °C.
3.4. TEM results
In the uncalcined condition, only the boehmite that
precipitated in the autoclave treated samples was suit-
able for TEM examination. The boehmite was present
as fibres or needles that were up to 200 nm long in
sample A(a), as shown in Fig. 6a, and that were up to
50 nm long in sample AZ(a), as shown in Fig. 6b. The

material with the short needles was much easier to
peptize than that containing the 200 nm fibrillar crys-
tals. After calcination at 800 °C, all samples, whether
autoclaved or not, looked rather similar and consisted
of equiaxed crystals approximately 3—5 nm in dia-
meter, as shown in Fig. 7. The TEM estimate of crys-
tallite size was in good agreement with average c-
Al O crystallite size calculated from XRD peak
2 3
broadening.
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TABLE I Phase composition and crystallite size of various alumina samples as determined by XRD

Sample Phase composition and lattice parameters (nm) Crystallite size (nm)!," Lattice strain (%)
designation

600 °C 800 °C 1000 °C 1200 °C 600 °C 800 °C 1000 °C 1200 °C 600 °C 800 °C 1000 °C

A Amorphous c c a — ND 10 100 0.842
a"ND a"0.7901 a"0.4762 (8) (10) (15) — —

c"1.3001

AZ Amorphous c c a#h — ND 9 50 0.904
a"ND a"0.7903 a"0.4763 (6) (10) (15) — —

c"1.3002

A(a) c c c a 5 6 9 80 1.411 1.283 0.930
a"0.7917 a"0.7916 a"0.7912 a"0.4762 (6) (7) (14)

c"1.3001

AZ(a) c c c h 4 5 9 60 1.781 1.47 0.908
a"0.7919 a"0.7911 a"0.7911 a"1.1807 (5) (8) (16)

b"0.2917
c"0.5627
b"104.12°

!Calculated from the Scherrer equation.
"Values in brackets calculated from D"6/qS, where D is the average particle size, q is the density (Al

2
O

3
"3.98 g cm~3) and S is the specific

surface area.

#ND not determined.
Figure 4 Thermogravimetric and differential thermal analysis of various alumina samples: (a) sample A—Al O , (b) sample A(a)—Al O

2 3 2 3

autoclave treated, (c) sample AZ—Zr-doped Al
2
O

3
(d) sample AZ(a)—Zr-doped Al

2
O

3
autoclave treated.
After calcination at 1000 °C, the samples A and AZ
consisted of well crystallized c-Al

2
O

3
. The samples

A(a) and AZ(a) were generally similar, but some d-
Al

2
O

3
was also present. The spherical aggregate shape

in samples A and AZ remained largely unchanged as
shown in Fig. 8, although sample AZ also contained
a small amount of sheet-like aggregate that was prob-
ably produced during the drying of the precipitate.

The morphology in the mixed c- and d-Al

2
O

3
phases

594
in samples A(a) and AZ(a) was not uniform; there were
areas similar to the c-Al

2
O

3
structure of samples

A and AZ as shown in Fig. 8, but there were also areas
exhibiting some kind of ordering in dendritic clusters
as shown in Fig. 9.

The morphology of the samples after calcination at
1200 °C was significantly different. In sample A each
spherical aggregate appeared to be a single crystal of

a-Al

2
O

3
as shown in Fig. 10a; although in dark field



Figure 5 The dependence on temperature of specific surface area
for various alumina samples. (m) A, (j) A(a), (d) AZ, (e) AZ(a).

TEM, e.g. Fig. 10b, these single crystals exhibit vari-
ations in contrast. This type of structure has been
observed previously [21], and was attributed to
single-crystals with sufficient variation in Bragg dif-
fraction angle to effect contrast changes as indicated in
Fig. 10c. Strains associated with the removal of poros-
ity and process of crystal growth within the spherical
agglomerate structure may be the cause of this ano-
maly. After longer calcination times, a-Al

2
O

3
crystals

grow in a characteristic finger-like morphology as
shown in Fig. 10d. A mechanism for the growth of
finger-like crystals in alumina has been proposed [5].
The morphology of the autoclave treated alumina
sample A(a) after calcination at 1200 °C for 1 h is very
similar to that shown in Fig. 10d. The AZ sample,
however, contained two characteristic morphologies:
first, there were finger-like a-Al

2
O

3
crystals, which are

smaller in size than in the pure alumina samples, i.e.
samples A and A(a), and second, there were agglomer-
ates that still contained a small amount of h-Al

2
O

3
together with small a-Al

2
O

3
crystals. In contrast, the

AZ(a) sample contained only h-Al
2
O

3
agglomerates,

as shown in Fig. 11, with a crystallite size of about
60 nm.

After calcination at 1200 °C for 100 h, the pure
alumina samples, A and A(a), consisted of large crys-
tals of a-Al

2
O

3
with some closed porosity. The Zr-

doped alumina samples, AZ and AZ(a), consisted of
porous nanocomposite agglomerates comprising zir-

conia particles of up to 50 nm diameter distributed
Figure 6 TEM micrographs showing the morphology of boehmite
crystals in pure and Zr-doped autoclave treated materials: (a)
sample A(a), and (b) sample AZ(a).

within a-Al
2
O

3
crystals and decorating the edges of

pores as shown in Fig. 12.

4. Discussion
The effects of the ZrO

2
dopant and of the autoclave

treatment on the chemical composition, microtexture
and phase composition of the calcined product are
summarized in Table I. These results showed that the
structural characteristics of the transition aluminas,
whether pure alumina or zirconia-doped alumina, de-
pended strongly on their thermal history during dehy-
dration and calcination. Autoclave treatment yielded
well crystallized dehydration products: either fibrillar
boehmite in the case of pure alumina, or acicular
boehmite in the case of Zr-doped alumina and formed
at less than 600 °C. In contrast, calcination in air
yielded much less well ordered structures with both
the pure and the Zr-doped alumina remaining essen-
tially amorphous up to about 800 °C.

Both the autoclave treatment and the use of Zr
dopant appeared to increase the temperature of the
transformation to a-Al

2
O

3
compared with that of the

air-calcined pure alumina. However, because the

transition phases are metastable phases, the increases
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Figure 7 TEM micrographs showing particle morphology after cal-
cination at 800 °C for 1 h: (a) bright field image of sample A, (b) dark
field image of same sample, and (c) dark field image of sample AZ.

in transformation temperatures indicated by DTA are
more correctly interpreted as being indicative of slower
kinetics of transformation to a-Al

2
O

3
. For example,

whereas after 1 h at 1200 °C only the AZ(a) material
had not transformed to a-Al

2
O

3
, the transformation

to a-Al
2
O

3
did occur at 1200 °C in this material after

100 h. However, at 1100 °C the transformation kinet-

ics in the same material would be so slow that for all

596
Figure 8 TEM micrographs showing particle morphology after cal-
cination at 1000 °C for 1 h: (a) bright field image of sample A, (b)
dark field image of same sample, (c) bright field image of sample AZ,

practical purposes it is convenient to regard the ma-
terial as stable at that temperature. We therefore refer
to the delayed transformation as an increased thermal
stability of the transition phases. There would seem to
be two ways in which the thermal stability is in-
creased. The autoclave treatment increases stability
through improving crystal perfection, whereas Zr en-
ters the lattice and modifies the lattice energy. We can
and (d) dark field image of sample AZ.



Figure 8 (Continued)

logy in Zr-doped alumina, sample AZ(a), calcined at 1000 °C for 1 h.

sample AZ after 1 h at 1200 °C.
deduce that the Zr dopant dissolved in the alumina,
thereby entering the lattice, from the failure to detect
any separate zirconia phase (cubic, tetragonal or mon-
oclinic) for calcination temperatures below 1200 °C.
Dissolution of Zr in the alumina lattice implies the

presence of Al—O—Zr bonding and it is to these bonds
Figure 9 TEM micrograph showing the heterogeneous morpho-
Figure 10 TEM micrographs (a, b, d) and diffraction pattern (c) showing single crystals of a-Al
2
O

3
calcined at 1200 °C for 30 min: (a) bright

field image of sample A, (b) dark field image of sample A, (c) diffraction pattern from sample A, (d) bright field image of finger-like morphology
that we attribute the contribution of Zr to the stabiliz-
ation of the transition structures in Zr-doped material.
The autoclave treatment promotes well crystallized
structures that are energetically more stable than
poorly crystallized material of the same composition.

In the Zr-doped alumina the transformation of the
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Figure 11 Bright field TEM micrograph showing agglomerates of
h-Al

2
O

3
in sample AZ(a) calcined for 1 h at 1200 °C.

Figure 12 Bright field TEM micrograph of Zr-doped alumina,
sample AZ(a), calcined for 100 h at 1200 °C showing a nanocom-
posite structure with t-ZrO

2
particles distributed predominantly at

pore surfaces.

h-phase into a-Al
2
O

3
is associated with a partitioning

of phases (t-ZrO
2

and a-Al
2
O

3
), which is an energeti-

cally more difficult process to nucleate than simple
recrystallization due to creation of a large specific
interface area associated between the very fine par-
ticles of t-ZrO

2
(less than 50 nm) and the surrounding

a-Al
2
O

3
grains as shown by TEM and XRD results.

This partitioning of phases leads to the formation of
an Al

2
O

3
—ZrO

2
nanocomposite as shown in Fig. 12.

We believe that Al—O—Zr bridges are formed during
the dehydration and dehydroxylation of Zr-doped
alumina while the structure is relatively amorphous.
On crystallization of the structure, however, the de-
gree of solid solubility of Zr in transition alumina and
in a-Al

2
O

3
will depend on the availability of suitable

cation sites in these phases. In the a-Al
2
O

3
structure,

each Al3` is co-ordinated by six oxygen ions, whereas
in the metastable aluminas, which have a spinel struc-
ture, Al3` is distributed among sites co-ordinated by
either four or six oxygen ions. For example, the spinel
structure of c-Al O has a unit cell with 24 cation sites
2 3
and 32 anion sites. The oxygen ions in the anion sites

598
form a c.c.p. lattice and, to maintain stoichiometry, the
aluminium ions occupying only 211

3
sites of the 24

available sites. Therefore, although the ionic radius of
Zr4` is too large to permit direct substitution for Al3`
in either the octahedral or tetrahedral sites, the mix-
ture of two types of cation sites, and the presence of
vacant sites, facilitates an adjustment in the distribu-
tion of the Al3` cations to allow the accommodation
of Zr4` in the transition alumina lattices. However,
this freedom of structural arrangement in the spinel
lattices of the transitional aluminas does not exist in
the a-Al

2
O

3
lattice. In consequence, because the a-

Al
2
O

3
lattice cannot provide sites to accommodate

Zr4`, the transformation from the transition phase to
a-Al

2
O

3
must be accompanied by a phase partition.

The proposed existence of an essentially amorphous
polymer-like structure with Al—O—Zr bridges, and the
observations made concerning the subsequent crystal-
lization and phase evolution, are consistent with
a number of other reported results, i.e. those of Balmer
et al. [22] on metastable solid solutions of composi-
tion Zr

1~x
Al

x
O

(2~x@2)
, the results of Yamaguchi et al.

[23] on cubic ZrO
2
solid solutions in the Al

2
O

3
—ZrO

2
system, and with results of Pugar and Morgan [24] on
copolymerized alkoxide network with an Al—O—Zr
structure. It is possible that the incorporation of Zr4`
into the lattice of transition alumina is also made
easier by the fact that some of the Al3` cations may
initially be located in non-optimum sites within the
lattice. For example, the dehydration of boehmite
leaves Al3` ions in non-optimum sites in c-Al

2
O

3
,

leading to lattice distortion, which is relieved by re-
arrangement at higher temperatures. The exact nature
of this lattice distortion is not yet fully clarified, how-
ever, and a number of possible structures have been
proposed, for example, a spinel structure with tetrag-
onal distortion [20], a tetragonal unit cell with
a slightly shortened c-axis [3], a tetragonal structure
with a"0.796 nm and c"0.781 nm, and a cubic
structure with a"0.790 nm [6]. If we assume that the
structure of the alumina is cubic, our lattice para-
meters (Table I) are in good agreement with reported
values.

Whereas it is plausible to argue that Zr solubility in
transition alumina derives from the ability of Al3` to
occupy a variety of cation sites, it cannot be argued
that Zr4` dopant plays any role in determining the
distribution of Al3` ions among those sites. Lattice
parameter measurements clearly indicate that only the
synthesis conditions, i.e. autoclave treatment or air-
calcination, and not the presence of the Zr dopant,
determine the lattice structure. A difference in the
dehydroxylation mechanism operating in material
subjected to autoclave treatment compared with that
in material calcined in air would be consistent with
this observation. For autoclaved materials, the de-
crease of about 0.1% in the a-parameter and a reduc-
tion of about 0.4% in lattice strain values suggested
that there was a slight increase in lattice ordering after
calcination at 1000 °C compared with calcination at
800 °C. Unfortunately, the air-calcined material was
not sufficiently well crystallized after calcination at

800 °C to enable a similar comparison for the non-



autoclaved material to be made. However, after calci-
nation at 1000 °C for 1 h, all samples were well crystal-
lized, and the a-parameter in the autoclaved materials,
i.e. samples A(a) and AZ(a), was found to be signifi-
cantly larger than that for air-calcined samples, i.e.
samples A and AZ. We attribute this difference in
lattice parameter to a difference in Al3` ordering,
which in turn originates from differences in the dehyd-
roxylation mechanism in the precursor phase.

The XRD results for the A(a) and AZ(a) samples
calcined at 1000 °C for 1 h indicated a doubling of the
4 0 0 and 4 4 0 peaks, which is consistent with the
reported d-values of alumina [4-877JCPDS-ICDD],
and which we therefore ascribed to the presence of
d-Al

2
O

3
in these samples. The presence of d-Al

2
O

3
has

also been reported in alumina produced by the Aero-
sil-method (aluminium oxide) [25] and in alumina
produced from boehmite [20]. In contrast, we found
no evidence for d-Al

2
O

3
in the A and AZ samples

calcined at the same temperature. Thus, although the
transition aluminas that we found in our samples
included c-Al

2
O

3
, d-Al

2
O

3
and h-Al

2
O

3
, the d-phase

was only observed as a minor constituent in the auto-
claved samples A(a) and AZ(a) at one calcination
temperature only. Whereas the c-Al

2
O

3
phase still

contains hydroxyl species, the d-Al
2
O

3
and h-Al

2
O

3
phases are nearly dehydroxylated and the degree of
ordering in the structure increases in the series:
cPdPh. However, the transformation from the c- to
the h-phase is associated not only with dehydroxyla-
tion but also with improved ordering of Al3` ions in
the lattice.

In contrast to the transformations between different
forms of transition alumina, the transformation of h-
to a-Al

2
O

3
involves a much greater structural re-

arrangement. Nevertheless, the mechanism is still not
completely clear and two different types of mechanism
have been suggested. The mechanism that seems most
consistent with our results is a conventional nuclea-
tion and growth process [5, 21, 26—28] that initiates at
a site of low activation energy, such as a site on the
particle surface, or at a neck between particles. The
effect of dopant on such a mechanism would be to
block the most reactive sites for nucleation of the
a-phase as suggested by Oudet et al. [29] to explain
the stabilization of transition aluminas by La-dopant.

The size and morphology of a-Al
2
O

3
crystals, parti-

cularly in the early step of crystal growth at 1200 °C,
seemed to depend on the characteristics of the un-
calcined precursor: the crystals of Zr-doped samples
were smaller and with a more pronounced finger-like
morphology than those of undoped samples. This
finding contrasts with that for samples calcined at
1000 °C for 1 h for which crystallite size in all samples
was very similar at about 9—10 nm so that, for this
calcination temperature, there was no evidence to
suggest that the ZrO

2
dopant or the autoclave treat-

ment had any effect on crystallite size or shape. The
characteristic appearance of a-Al

2
O

3
crystals that de-

veloped within spherical aggregates at 1200 °C is
shown in Fig. 10a and b. The dark-field contrast
shows variations in brightness within spheres that

might normally be taken to indicate that the spheres
were polycrystalline; however, the electron diffraction
pattern indicates that each sphere is a single crystal.
This apparent anomaly is believed to result from re-
gions of lattice distortion within each crystal that
cause local deviations in the Bragg diffraction angle
sufficient to appear as brightness variations in TEM
dark-field images as reported earlier by Tucker [21].
It seems unlikely that this phenomenon was a direct
result of the growth of the a-Al

2
O

3
crystals, which

would occur by the diffusion of atoms and vacancies
at the moving crystal interface and which would result
only in the elimination of porosity and in the shrink-
age of spheres. This is a process that would tend to
relieve stress rather than to generate it. The fact that
each sphere develops into a single crystal is consistent
with the earlier suggestion that the a-Al

2
O

3
phase

nucleation occurs preferentially at the neck between
two spheres [21] and is followed by growth. However,
the development of facets on the spheres points to the
presence of additional mechanisms, such as the filling
of oxygen vacancies preferentially at the surface of
spheres that might plausibly explain how both facets
developed on the crystals and also how local strains
were induced, to the extent that the spheres distorted
to produce slight deviations in the Bragg angle across
the crystal.

An alternative mechanism that has been proposed
for the h- to a-Al

2
O

3
transformation should also be

mentioned. This is diffusion controlled growth of the
h-Al

2
O

3
crystallites to a critical size followed by

synchro-shear martensitic type transformation of h- to
a-Al

2
O

3
[26]. In the AZ(a) sample calcined at 1200 °C

for 1 h, the well defined h-phase has a crystallite size of
60 nm (calculated from XRD peak broadening), which
is similar to the critical size reported by Wynnyckyj
and Morris [26] on the basis of XRD measurements
corresponding to 20—40 nm as measured by TEM.
The postulated diffusionless, co-operative transforma-
tion (the diffusionless rearrangement of both oxygen
and aluminium sublattices) might be expected to be
inhibited by the presence of a dopant and such
a mechanism would therefore be consistent with the
observed delayed transformation from h- to a-Al

2
O

3
in the AZ(a) sample. The difference in behaviour be-
tween AZ and AZ(a) seems less likely to be due to any
differences in the distribution of Al—O—Zr bonding in
the gel-like solids formed by autoclave treatment than
to the different distribution of Al3` ions in the lattice
in autoclaved materials as reflected in the larger lattice
parameter as discussed earlier. However, although
a mechanism based on a martensitic type transforma-
tion is consistent with a number of our observations, it
seems quite unable to account for the existence of the
large single crystal particles of a-Al

2
O

3
that we ob-

served, and hence we do not consider the martensitic
transformation to be the h- to a-Al

2
O

3
transformation

mechanism operating in our materials.
The various possible mechanisms discussed above

indicate that several factors may influence the trans-
formation of transition phases to a-Al

2
O

3
and that the

process is complex. We believe that nature of the
dopant (valency and ionic radius) affected the nuclea-

tion and growth of the a-phase through the creation of
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additional point defects and through the interaction of
point defects in alumina with those in zirconia. The
filling of oxygen vacancies in zirconia and alumina is
a competitive process. The c-phase has a tetragonal
distorted lattice that was described by Burtin et al.
[13] as

Al
2
hO

3~v@2
(OH)

v
S T

1~v@2

where: h"a cation vacancy and S T"an oxygen
vacancy. For v"0, the formula is Al

2
hO

3
, which

corresponds to a-Al
2
O

3
in which one-third of the

octahedral cation sites are unoccupied. For v"2, the
formula is Al

2
hO

2
(OH)

2
, which corresponds to boeh-

mite [2AlO(OH)]. The effect of Zr4` on cation va-
cancies (number and distribution), and particularly on
oxygen vacancies is believed to be significant, parti-
cularly if the Zr dopant is incorporated into the lattice
structure through Al—O—Zr bridging as in sample
AZ(a). The tetrahedral sites in the lattice of the c-
phase are larger than the octahedral sites, but the ionic
radius of Zr4` (0.079 nm) is larger than that of Al3`
(0.051 nm) and is too large to fill interstitial positions.
Boehmite has only octahedral co-ordination, so that
octahedral interstices could be occupied in the result-
ing c-Al

2
O

3
at lower temperatures (about 600 °C). The

lattice parameter a"0.7919 nm after calcination at
600 °C compared with a"0.7911 nm after calcination
at 1000 °C in the AZ(a) samples indicated an increase
in ordering in the c-phase with an increase in calcina-
tion temperature. The tendency to non-stoichiometry
or oxygen vacancies in zirconia [30] could create
competitive cation—oxygen ordering leading eventual-
ly to phase partitioning and the nucleation of the
a-Al

2
O

3
. Both TEM and XRD examinations in our

Zr-doped samples confirmed that the transformation
to the a-phase was accompanied by a partitioning of
phases. This is consistent with other results reported
for phase partitioning in the Al

2
O

3
—ZrO

2
system

[22—24], and a phase partition mechanism based on
the annihilation of anionic and cationic vacancies has
been proposed by Burtin et al. [13].

After calcination at 1200 °C for 1 h, the autoclave
treated Zr-doped sample consisted entirely of h-phase
and had a specific surface area of 36 m2 g~1. The
presence of the zirconia dissolved in transition phases
therefore certainly stabilized the transition phase and
it is also expected to alter the surface chemistry prop-
erties with respect to pure alumina. For example, it is
reported [31] that the incorporation of zirconia into
the washcoat of car catalysts improves thermal stabil-
ity and reduces the dissolution of the rhodium into the
washcoat. Furthermore, the presence of sulfate anions,
retained from the zirconium sulfate precursor, can
increase the acidity, i.e. increase the concentration of
acidic sites, for catalytic applications [31]. The level of
sulfate anion impurities in precipitates can be control-
led through the amount of washing to which the
precipitate is subjected. The fine distribution of the
zirconia dopant and its ability to accommodate a defi-
ciency in oxygen [30, 32] could be important for de-
sign of the catalytic properties of this material,
especially for the reduction of gases such as NO at

surfaces and their interaction with CO.
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5. Conclusions
Spherical particles of pure and Zr-doped hydrated
basic aluminium sulfate were precipitated from acidi-
fied solution by the thermal decomposition of urea.
Autoclave treatment of this amorphous precipitate at
210 °C yielded acicular or fibrillar nanocrystals of the
monohydrate, boehmite. Weight losses from the non-
autoclave treated precipitates during calcination in air
were consistent with a composition corresponding to
a trihydrate. The non-autoclaved material remained
amorphous up to about 800 °C before transforming to
c-Al

2
O

3
. The autoclave treated precipitate, however,

transformed to c-Al
2
O

3
at the significantly lower tem-

perature of about 600 °C, and also yielded a higher
specific surface area. The lattice parameters of c-
Al

2
O

3
from boehmite were significantly larger (0.1%)

than for c-Al
2
O

3
from the amorphous trihydrate, even

after lattice strain had been relieved to the same levels
in both materials. The c-Al

2
O

3
from boehmite was

also more stable with respect to transformation to
a-Al

2
O

3
. It is assumed that these differences between

the two materials are attributable to differences in the
distribution of aluminium cations resulting from de-
hydroxylation processes. The greatest degree of stabil-
ity in transition alumina was obtained using the
combination of Zr dopant and autoclave treatment
and resulted in the retention of h-Al

2
O

3
after 1 h at

1200 °C and a specific surface area of 36 m2 g~1. In
Zr-doped material, transformation to a-Al

2
O

3
occur-

red by phase partitioning with the formation of an
Al

2
O

3
—ZrO

2
nanocomposite. We conclude that the

morphology of transition phase aluminas is modified
both by the autoclave treatment to crystallize boeh-
mite and also by the addition of Zr dopant, and that
these structural modifications significantly increase
the thermal stability of the transition phases.
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