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The textural changes of two zirconium dioxide powders, one containing only tetragonal crystal-
lites and the other a mixture of monoclinic and tetragonal crystallites, were investigated. The
crystallite size increase was followed by means of X-ray diffraction line broadening for powders
annealed in a controlled gaseous atmosphere at 600 and 770°C, in order to establish the variations
of its experimental rate versus partial pressures of water and oxygen. An accelerating influence of
water vapour was observed for both powders. A model, based on a catalytic effect of water vapour,
and involving six elementary steps, was proposed in order to calculate theoretical rates within the
approximation of the rate-limiting step. The comparison between the experimental and theoretical
rate laws attests to the validity of the model and defines the most probable rate-limiting step:
tetragonal crystallite growth proceeds at a rate controlled either by adsorption (or desorption) of
water molecules or diffusion of hydroxyl groups: monoclinic crystallite growth is controlled by the

diffusion of zirconium ions.

INTRODUCTION

Knowledge of the processes involved in
thermal changes of catalyst supports is of
great interest for the development of cata-
lytic materials, as illustrated by various re-
cent articles on the stability of transition
alumina for postcombustion catalysis (/-3).
During the last few years, the use of zirconia
as a catalyst or catalyst support has been
found very attractive for several reactions
(4), including the production of hydrocar-
bons and (or) alcohols from CO and H, (5).

In our previous work on the thermal sta-
bility of y-Al,O, and anatase TiO,, we have
found evidence for a “‘catalytic’” effect of
water vapour on the surface area loss with-
out phase transformation (6, 7). A model
was proposed to explain the kinetics of sur-
face area reduction in a gaseous atmosphere
containing oxygen and water vapour. The
diffusion of hydroxyl ions was found to be
the rate-limiting step of the process for both
oxides.

A particular feature of zirconia supports
is that they very often contain two thermo-
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dynamically stable crystallographic phases.
Itis known that tetragonal zirconia is * *stabi-
lized"” with a small crystallite size due to its
lower surface tension than in the monoclinic
form and due to strain energy effects (8).
At room temperature the tetragonal form
is usually referred to as ‘‘metastable,”” but
from a thermodynamic point of view, it is
really a stable phase. At high temperature,
transformation into the monoclinic form
may occur depending of the extent of
growth.

In a recent study, Mercera ez al. (9) have
identified two processes for the loss in sur-
face area of zirconia up to 850°C, namely,
crystallite growth and neck growth between
crystallites. These processes are accompa-
nied by phase transformation of tetragonal
into monoclinic crystallites. Due to this ap-
parent complexity, the surface area will
probably not properly reflect the overall
modification. In this article, we report a de-
tailed study of the influence of the gaseous
atmosphere on the growth of tetragonal and
monoclinic crystallites.

Several infrared spectroscopy studies
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have reported that hydroxyl and carbonate
species are present at the surface of zirconia
powders (/0-12). Moreover, it is known
that zirconia is an oxygen-deficient oxide.
Thus we have chosen to investigate only the
influence of water vapour and oxygen, and
in order to keep unchanged the content of
surface carbonates on zirconia particles, the
calcinations were carried out with a fixed
partial pressure of carbon dioxide in the fur-
nace atmosphere.

EXPERIMENTAL
Samples

A sample A of tetragonal zirconia with 87
m’ g~ ' of initial surface area was prepared
by Degussa. A sample B consisting of a mix-
ture of tetragonal (309%) and monoclinic
(70%) zirconia was obtained from hydroly-
sis of a solution of zirconium isopropylate
in propanol. The gel was then dried in air
for 3 h at 120°C and annealed for 4 h at
450°C. The resulting powder had an initial
surface area of 90 m? g~ '. The initial content
in chloride was 0.3% (by weight).

Surface Area Determination

The specific surface area (Sp) of the ini-
tial and calcined powders was measured by
the BET method using nitrogen adsorption
at 77 K (Micromeritics 2100 E).

X-ray Diffraction

XRD spectra were recorded on a Siemens
D501 diffractometer (Cu Kea) which could
be equipped with a high-temperature cell.
The proportion of monoclinic and tetragonal
phases was obtained by means of the inten-
sity of the lines (111) for the tetragonal
phase, (117) and (111) for the monoclinic
phase, using Adam and Cox’s determina-
tion (/3).

The mean crystallite size (¢) of the sam-
ples was calculated using X-ray line broad-
ening analysis (/4) according to Warren and
Averbach’s equation. The standard powder
required by this method was prepared by
annealing sample B for 12 h at 1300°C fol-
lowed by slow cooling to room temperature.
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Its mean crystallite diameter evaluated from
the Debye—Scherrer method was 150 nm for
both lines (111) and (111) of the monoclinic
form.

From this procedure the mean crystallite
diameter obtained for sample A was 13.7
nm, and for sample B, 9.6 and 9.7 nm for
the tetragonal and monoclinic phases, re-
spectively. These are in agreement with the
particle size which can be deduced from
BET surface area determinations.

Calcination

The samples were calcined in a Pyrox B80
furnace equipped with an alumina tube and
a West 2050 regulator. A thermocouple
placed inside the alumina tube allowed the
measurement of the temperature in the vi-
cinity of the sample. The flowing gas was a
mixture of argon, oxygen, and carbon diox-
ide at atmospheric pressure, the composi-
tion being adjusted by means of Brooks
Shorate 150 flowmeters. The content in
water vapour was fixed by flowing the previ-
ous mixture over a water bath whose tem-
perature was regulated at the required value
in the range — 18°/ + 15°C. The partial pres-
sure in oxygen and water vapour could be
varied in the range 0.6-15.3 kPa and
0.13-2.1 kPa, respectively. That in carbon
dioxide was arbitrarily maintained equal to
2.7 kPa. Prior to a calcination the furnace
chamber was evacuated until 0.13 kPa, then
the appropriate mixture was introduced.
The time required to introduce the sample
and establish the appropriate calcination
conditions did not exceed 7 min. For the
studies of the effects of H,O and O, , the tem-
perature of calcination was fixed at 770°C
for sample A, and at 600°C for sample B.

RESULTS
Textural Changes

The surface area of sample A after 2 h
of calcination has been reported in Fig. la
versus temperature. The dotted line corre-
sponds to a calculated value (S¢,) of surface
area which was obtained from the mean
tetragonal crystallite diameter. The changes
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FiG. 1. Surface area of zirconia samples calcined for 2 h versus temperature: (a) sample A;

(b) sample B.

in surface area obtained from the BET
method (Sg1) are identical to those of S,
indicating that the surface loss is due to te-
tragonal crystallite growth. In consequence,
the surface area as well as the crystallite
diameter can be used to measure the extent
of textural change in the case of tetragonal
zirconia.

This is not the case for sample B, as can
be seen in Fig. 1b. This reveals that the
geometric surface (S¢,) corresponding to
the crystallites takes, from 500 to 900°C,
higher values than the surface area (Sypy)
which is accessible to gaseous molecules.
This indicates that interfaces between crys-
tallites have been formed which are not ac-
cessible to the gases, like grain boundaries,
for example.

Furthermore, in the study of the effect of
time at 770°C, it was observed that the major
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part of tetragonal crystallites of sample A
were not transformed into monoclinic ones,
whereas their size increased until about 20.0
nm (/5). In the case of sample B, the growth
of the tetragonal and monoclinic crystallites
was observed, but the amount of tetragonal
phase decreased due to the tetragonal —
monoclinic transformation.

Finally, it was noted that the tetragonal —
monoclinic transformation could also occur
during cooling the samples from the calcina-
tion temperature to room temperature, in
agreement with Garvie’s interpretations (8),
due to the decreasing behavior of the critical
diameter for this transformation versus tem-
perature.

Influence of Water Vapour and Oxyvgen

Figure 2a shows the variations with time
at 770°C of the mean crystallite diameter
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FiG. 2. Mean diameter of tetragonal crystallites versus time, influence of water vapour pressure: (a)

sample A at 770°C; (b) sample B at 600°C.
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F1G. 3. Mean diameter of tetragonal crystallites of sample A versus time, influence of oxygen pressure:

(a) sample A at 770°C: (b) sample B at 600°C.

of tetragonal crystallites of sample A for
various partial pressures of water vapour.
Water vapour was found to enhance tetrago-
nal crystallite growth.

A similar change was obtained for sample
B. This can be observed in Fig. 2b, which
represents the variations of the mean crys-
tallite diameter of monoclinic crystallites
with time at 600°C, for several water vapour
pressures. In the same way the influence of
oxygen partial pressure could be obtained,
and this is reported in Fig. 3a for sampel A
with a water vapour pressure equal to 0.5
kPa. No influence of oxygen can be ob-
served. For sample B, the influence of oxy-
gen is shown in Fig. 3b, where water vapour
pressure was fixed at 2.1 kPa. It can be seen
that in that case, oxygen slightly enhances
the increase in mean monoclinic crystallite
diameter. However, for lower water vapour
pressures the influence of oxygen becomes
hardly noticeable.

DISCUSSION
Textural Change

From the study of the two zirconia pow-
ders, it can be deduced that the growth of
monoclinic crystallites in sample B may pro-
ceed via three parallel processes due to in-
teractions between crystallites, as depicted
in Scheme 1, in which contacts between mo-
noclinic (m) and tetragonal (1) crystallites
are represented.

Each of these three interactions proceeds
at a specific rate, denoted R, R,, and R,,
which depends only on the chemical param-
eters (temperature, atmosphere). We have
shown in a separate study (/5) that the con-
tribution of the second interaction to the
growth of monoclinic crystallites is negligi-
ble. The overall rate of the process of mono-
clinic crystallite growth (do,/dr) is thus
given by

%”;::U%,Jr War,, (1)
in which U and W are algebraic expressions
that depend on physical constants and on
the geometric arrangement of the powder
(15).

For sample A which contains only tetrag-

onal crystallites the rate of crystallite
growth is given by

de,

@O > @
: OO - @
MooBYoRric

cooling

SCHEME |
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The experimental curves reported in Figs.
24, 2b, 3a, and 3b can be fitted using a mathe-
matical function of time as

b = ¢yl + An”, (3)

where ¢ is the mean crystallite diameter at
time ¢, ¢, the initial mean crystallite diame-
ter, and A and « are fitted parameters. In
this way, the experimental kinetic rate of
size increase (d¢/dt) can easily be deduced
as a function of ¢, according to the following
expression:

ﬂé 3 (Q—)(MII’M
I Aud, Y . (4)

In the case of a single interaction (Eq.
(2)), for agiven value of ¢, the rate is propor-
tional to A, which represents the specific
rate and depends only on the chemical vari-
ables (temperature, partial pressures, na-
ture and amount of impurities, etc.). Thus
the variations of the experimental rate
d¢/dt, for a fixed value of ¢, will lead to the
expression of the specific rate versus partial
pressures of water and oxygen, which can
be easily compared to theoretical rate laws
as deduced from models (6, 7). In the case
of parallel interactions (Eq. (1)), in the math-
ematical function of Eq. (3), A has no physi-
cal meaning (/5).

The values of ¢, (sample A) and ¢, (sam-
ple B), for which the rates have been deter-
mined, are 16.5 and 11.0 nm, respectively.
Figures 4a and 4b represent the variations
of (dé/d), - 65 as a function of Py, and
P, for sample A. The corresponding varia-
tions of (d¢,/dr), _,; are given in Figs. 5a
and Sb for sample B. It can be seen that
for both samples the enhancing influence of
water vapour is rather strong. The influence
of oxygen is nearly negligible; a slight in-
creasing effect can be noticed for sample B
when the water vapour pressure takes val-
ues higher than 1.3 kPa.

A Model for Crystallite Growth

As in the case of anatase and alumina (6,
7), the textural changes of zirconia are found
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to be strongly enhanced by water vapour.
This is in good agreement with the results
of Murase and Kats (/6) and Villa Garcia
et al. (17). Moreover, the zirconia surface
exhibits hydroxyl groups until 700°C, as re-
vealed by infrared spectroscopy (10, 11),
which are the result of the dissociation of
water molecules at the surface. These spe-
cies will be considered as surface point de-
fects, denoted OH, according to Kroger no-
tation. As with anatase, zirconia is known
to be an oxygen-deficient oxide; one may
assume it contains oxygen vacancies, de-
noted V, . For these reasons, we have cho-
sen to describe the crystallite growth of zir-
conia by means of the model based on a
“catalytic™ effect of water vapour, as pre-
viously reported for titania and transition
alumina (6, 7). This model is based on the
description, on the atomic scale, of the
transport of the structural elements of the
oxide (Zr}, and 2 OF) from surfaces of posi-
tive curvature radii (denoted R > 0) towards
surfaces of negative curvature radii (de-
noted R < 0). These latter surfaces corre-
spond precisely to the neck between two
crystallites. Six elementary steps given in
Table 1 are proposed in order to take into
account the observed influence of water
vapour.

In this model it may be noted that water
vapour plays a crucial role through the diffu-
sion of hydroxyl ions.

Theoretical Rates Calculated from
the Model

The resolution of the kinetic model pro-
posed in Table 2 may be easily achieved
with the aid of the following assumptions:

— the kinetic rates are evaluated accord-
ing to the method of the rate-limiting step;

— the diffusion steps are evaluated ac-
cording to Fick’s first law within Wagner's
approximation (constant concentration gra-
dient);

— the concentration of some crystal im-
perfections involved in the reactions of Ta-
ble 1 can be calculated in a simple manner
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Fi1G. 5. Rate of monoclinic crystallite growth (for ¢, = 11.0 nm) in sample B at 600°C versus (a) water

vapour pressure and (b) oxygen pressure.

TABLE L

Elementary Steps for the Model of Crystallite Growth in ZrO,

Elementary step

Quasi-chemical reaction

R > 0 surfaces

[

L

R < 0 surfaces
4. Water desorption at
R < @ surfaces

5. Zirconium diffusion Vi o™

6. Vacancy annihilation at
R > 0 surfaces

Hydroxy! diffusion OH,

. Vacancy creation at 2 OHQ)IHI +2 OH{)R_

Zrgso

. Water adsorption at H,0, + O+
SR R0

R0

20H,, = H0, + O,  + Vo,

Vi =2 OH;
O R0

()Rr)

- OH(.)Rn()(and V‘:].Rx() g v(.).R?'(l)
= 40H;,  + Vi +2Vy

i R<@

VI (an X — X
Zrg ’”(d d Zl’ZrR -0 ZrZ’R u)

+2Vy =0

0

Note. Kroger notation is used.
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TABLE 2

Expression of the Rate Deduced from the Model of
ZrO, Crystallite Growth

Rate- [OHQ] = (V] Vol > [OHg)
limiting
step
1 k! :f’hgnl’u:' ! 4°F b"l"""’Hﬁ)”mg o
2 MoKk PRl ™ 4T KK P 0P,
RS KK PyoPo)? 4 KPR 0P
4. bk KK :PII—ISUP(I,I ! 47 S KK Py POl
5. kKKK K, :PHI,,P(‘,:: 4 kK KK KT ‘P},;
6. ke Ky K Ky ° kKK Kg) °
Note. k(1 <= { < 6) iy the rate constant relative to the ith step.
K1 < i< 6)is the equilibrium constant relative to the ith step, and K is

the equilibrium constant between zirconia and oxygen.

by using Brouwer’s approximation (/8) in
the equation of charge balance of the crys-
tal, which takes the following form (e is the
concentration of electrons):

[OHgl + 2[Vol = e + 4[VZ']. (5

As the term 4[V;’] may be neglected,
two limiting conditions have to be con-
sidered: [OHp] » [Vo] and [OHg] <
[Vol

— zirconia is supposed to be at equilib-
rium with gaseous oxygen according to

1
2
The calculation of the rate law leads to the

following general expression, as previously
reported (6, 7):

r = kP oP8,. (7)

05 =20,+ Vg5 + 2¢". (6)

The various determinations of &, «, and 8
are reported in Table 2 for each assumed
rate-limiting step and each limiting condi-
tion of the charge balance equation (5).

Comparison between Experimental and
Culculated Rates

Let us first discuss the results obtained
with sample A, for which crystallite growth
results from the single interaction between
tetragonal crystallites. Among the possible
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expressions of the rate law reported in Table
2, we have selected those which exhibit an
accelerating influence of water vapour. in
order to be in agreement with the experi-
mental results (cf. Figs. 2a and 4a). Then we
have confronted the experimental results of
the rate for ¢ equal to 11.5 nm to these
theoretical rate laws. The best agreements
were obtained with the two following ex-
pressions: Py oPgl® and PI%Pol "2 Tt is
difficult to choose between these two ex-
pressions to decide which of them corre-
sponds to the rate-limiting step: either the
steps of adsorption (or desorption) of water
molecules, or the step of hydroxyl diffusion
are equally possible (steps | or 4, or 2 of
Table 2, respectively). For each of them,
the predominant point defects in Eq. (5) are
oxygen vacancies and electrons.

In the case of sample B, we have pre-
viously seen that the growth of monoclinic
crystallites could result from two distinct
interactions. Consequently the rate of mo-
noclinic crystallite growth, which may be
expressed by the sum of two terms (cf. Eq.
(1)), takes the form

dég,
( dt )‘bm—Ct = alP(lfll:()Pglz

+ aPioPl. ()

inwhich«a,, «, 8,. a4, ay, and B; have to be
determined in order to fit the experimental
rates.

The best agreement that could be found,
for a value of ¢, equal to 11.0 nm, was
obtained for the two equations

do,, ‘ ‘
_ 12 12 po1in2
( d =Py oPg, + a;PyoPo,
t Sy 070, 1070,

(a) = 0.667. ay = 1.462) (9)

dd,, ‘ ‘ ‘

_ 12 12 p-1id

< J = PuoPo; + asPyoPo,
f Gy =ct - - b -

(a, = 0.761, a; = 1.190). (10)

However, it is not possible to decide which
of them gives the best agreement, so both
are equally possible for explaining the tex-
tural changes of sample B.
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Further interpretation can be obtained by
considering all the possible expressions ob-
tained for the two samples A and B (/5). It
appears that the expression P};%, P! is the
most probable rate law for the tetragonal
crystallite growth of sample A, which cor-
responds to the diffusion of hydroxyl groups
as the rate-limiting step. This leads to the
attribution of the expression Py P47 to the
interaction between monoclinic crystallites.
This corresponds, as can be seen in Table
2, to the diffusion of zirconium ions as the
rate-limiting step. This also shows that pre-
dominant point defects in monoclinic zirco-
nia should be hydroxyl ions and electrons
(cf. Table 2, second column and fifth row).

It may be emphasized that our kinetic
study leads to the same mechanism for both
monoclinic and tetragonal particles, but
with distinct rate-limiting steps and distinct
predominant point defects. In the mono-
clinic phase, zirconium diffusion is rate-lim-
iting, whereas in the tetragonal phase, either
adsorption (or desorption) of water mole-
cules or hydroxyl diffusion can be rate-limit-
ing. The fact that hydroxylions are predomi-
nant over oxygen vacancies at the surface of
monoclinic particles, and that the opposite
case occurs with tetragonal particles, is a
result of the quantitative modelling. Infrared
studies of monoclinic and tetragonal zirco-
nia have shown spectral differences that can
be attributed to the differences in surface
sites (17, 19). To our knowledge, no experi-
ments are actually available to verify our
conclusions, but it can be proposed that
such a difference may be a consequence of
a better stability of hydroxyl groups in the
case of monoclinic crystallites. Within such
a description, tetragonal surfaces would
preferentially exhibit oxygen vacancies,
that correspond to the so-called Lewis-acid
sites (unsaturated zirconium ions).

Finally, water vapour enhances surface
area decrease by crystallite growth in
both tetragonal and monoclinic zirconia,
whereas oxygen inhibits that of tetragonal
crystallites and enhances that of mono-
clinic ones.
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CONCLUSIONS

The textural changes of a tetragonal zirco-
nia powder can be followed either by the
surface area decrease or the crystallite
growth. Those of zirconia containing both
tetragonal and monoclinic crystallites pro-
ceed via two processes: crystallite growth
(either monoclinic or tetragonal) and inter-
face growth between crystallites. The sur-
face area 1s not suitable for determining the
rate of thermal evolution of two-phased zir-
conia powders. The rate of monoclinic crys-
tallite growth is much more appropriate.

The experimental variations of the kinetic
rate of crystallite growth versus partial pres-
sures in water and oxygen have been re-
ported for both monoclinic and tetragonal
zirconia. Water vapour has been found to
accelerate crystallite growth in both poly-
morphs,

An attempt has been made to interpret
these results quantitatively according to a
model based on a **catalytic’’ effect of water
vapour. This showed that:

— for tetragonal crystallite growth, the
rate-limiting step was found to be either the
adsorption (or desorption) of water, or the
diffusion of hydroxyl groups.

— for monoclinic crystallite growth, the
rate is given by a sum of two terms that
correspond to (i) the interaction between
monoclinic crystallites and (i) the interac-
tion between tetragonal crystallites, provid-
ing a tetragonal crystallite which transforms
to a monoclinic one by subsequent cooling
to room temperature. Both phenomena are
accelerated by water vapour. The rate-limit-
ing step for the interaction between mono-
clinic crystallites is zirconium diffusion.

This study shows also how quantitative
modelling associated with an appropriate ki-
netic study may lead to the validation of a
model, in which all the elementary steps of
a process are taken into account. However,
it has not been possible to decide without
any doubt between two rate-limiting steps
in the case of tetragonal zirconia. This par-
ticular result is useful to point out the limits
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of the method, as well as the necessity of
a detailed kinetic study before concluding
about mechanisms and rate-limiting steps.

Finally, the agreement between experi-
ments and model suggests that predominant
charged defects are not of the same kind for
monoclinic and tetragonal zirconia surfaces,
which could be useful for the comprehen-
sion of their catalytic properties.
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