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Abstract

Microporous gels of ZrO,, ZrO,2mol% Y,0; and
ZrQ,5mol% Y,03 were treated in air and under
vacuum at temperatures ranging from 450 to
1300°C. X-ray and electron diffraction results seem
to indicate that both, pure and doped zirconia gels
crystallize in the cubic form of ZrO;. On lengthening
of the thermal treatment at 450°C or after treatment
at  higher temperatures, the transformations
cubic—tetragonal—monoclinic occur, but those are
delayed as the yttria content in the sample increases.
In some treatment conditions, cubic and tetragonal
phases can also been retained to some extent in pure
zirconia. Moreover, a rhombohedral deformation of
the cubic cell along the (111) directions has been
observed in some crystals of pure zirconia samples.
Textural degradation takes place in both, pure and
doped zirconia, due to particle growth and also the
loss of porosity and therefore, the observed struc-
tural stabilization does not improve textural stabi-
lity. The differences in the texture of pure and doped
samples have been related to dehydration and crystal
growth processes, and to the properties of primary
particles in the gels. © 1998 Elsevier Science Lim-
ited. All rights reserved

1 Introduction

Fundamental researchs and studies about the
properties and processing of =zirconia based
materials are widely reported in the literature.!?
The utility of these solids as ceramic precursors,
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catalysts or solid electrolytes, and the possibility
that microstructure of materials can be designed
and optimized, justify the interest that zirconia and
doped zirconia arouse.>¢

In doped zirconia, the transformation from the
high temperature phases of ZrQ,, cubic (c¢) and
tetragonal (t), to the monoclinic (m) phase are
prevented and this fact allows to take advantage of
these materials. With the addition of dopant, the
chemical free energy of each polymorph changes in
such a way, that the cubic and/or tetragonal phases
can be stabilized at room temperature. Moreover, a
surface energy effect also contributes to the stabi-
lity of the phases in pure and doped zirconia,
because superficial energy corresponding to the
monoclinic phase is higher than that of tetragonal
phase. In yttria-doped zirconia, since the mass
transport by surface diffusion is lower than for
zirconia, crystal growth is hindered and phase
transitions are delayed.”!2

On the other hand, the texture of powdered zir-
conia degrades during thermal treatment and
therefore, the use of zirconia as catalyst or as pig-
ment requires the improvement of textural stabi-
lity. Since the loss of surface area occurs to some
extent by the growth of the particles, and this
process also affects to phase transformations,
textural degradation and structural changes have
been related.!! Researchs have been done related to
this, and it has been reported that mesoporous
yttria-doped zirconia with more stable texture was
prepared.'!-13

This work is concerned with fundamental studies
about textural and structural changes in pure and
doped zirconia. Samples obtained from microporous
gels and treated in several conditions, have been
characterized by X-ray and electron diffraction, elec-
tron microscopy and gas adsorption measurements.
In order to study the structural evolution during
thermal treatment, in situ high temperature X-ray
experiments have been carried out.
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Fig. 1. X-ray diffraction patterns of the samples obtained from Z, Z2Y and Z5Y gels by heating in air at (a) 450°C for 2h, and (b)
800°C for 30 days.

2 Materials and Methods

The samples were prepared from ZrO,, ZrO,-2mo-
1%Y,03 and ZrO,-5mol%Y,0; microporous gels,
by heating in air and under vacuum. The starting gels
were obtained from ZrOCl,-8H,0 and YCl;-6H,0
solutions in water, by hydrolysis with ammonia up to
a value of final pH of 10-5. The products were fil-
tered, washed with water and dried over CaCl,.!41!3
The gels are denoted Z, Z2Y and Z5Y, respectively.
Treatments in air were carried out at 110°C for 6h
and from 450 to 1300°C for variable times from 2h
to 30 days. The gels were also treated under vacuum
(=210~1 Pa) up to 450°C at a heating rate of 2° min—!.
These materials were characterized by X-ray and
electron diffraction, electron microscopy and nitro-
gen and argon adsorption at —196°C.

X-ray powder diffraction patterns were recorded
with a Siemens D5000 diffractometer using Cu K,
radiation. The diagrams were scanned in steps of
0-02° (26) and with a 3s per step counting time. A
Jeol 2000 FX electron microscope operating at
200kV and fitted with a XEDS detector, AN10000
LINK system, was used in the transmission clec-
tron microscopy study.

The adsorption—desorption isotherms of nitrogen
and argon were determined using the conventional

static procedure. Prior to the adsorption the samples
were degassed at 120°C down to about 107! Pa.
The adsorption data were analyzed by the BET
equation and the o, method, using as standard Ar/
silica isotherms.!'® Pore size distributions were
obtained from the adsorption branch of the iso-
therms using the Kelvin equation.!” Cross-sectional
areas of 0-138 and 0-162 nm? were used for adsorbed
molecules of nitrogen and argon, respectively.'®

The study of the structural evolution in vacuum
(residual pressure of 3—5Pa) was carried out using
an Anton Paar HTK10 high-temperature camera
coupled to the X-ray diffractometer. Heating—
cooling cycles with top temperature of 900, 1000
and 1300°C were made with different portions of
the gels placed on the Pt filament. In all cycles, the
heating-cooling rate was 1° min—!. Diffraction
patterns were collected each 50° in temperature
with a dwell time of 30min at each temperature.
Diagrams were recorded from 25 to 55° (26) in
steps of 0-02° and with 1s per step counting time.
The samples obtained at room temperature after
the heating—cooling cycles were also characterized
by electron diffraction and electron microscopy.

In some of the included figures, the samples have
been labelled as X(7/tA) and X(7/V), where:
X=2Z,72Y, Z5Y; T=treatment top temperature;
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Fig. 2. TEM micrographs and SAED diagrams corresponding to the samples obtained in air after treatment at (a, b) 450°C for 2h
and (¢, ;) 7 days; (d;, da, e, h) 800°C during 30 days, and (f, g) 1300°C for 2h. The micrograph and diagrams in (h) correspond to
the same crystal.

t=treatment dwell time (2h, 20h, 7 days, 30 days);
A =air and V =vacuum.

3 Results

XEDS spectra corresponding to Z gel only show
peaks from zirconium and oxygen and for doped
gels, peaks from yttrium are also observed. In the
three types of samples, the analyzed particles pre-
sent similar spectra in each case. As expected, the

observed intensity ratio of the Zr/Y peaks for Z5Y
samples is higher than for the Z2Y ones.

In Fig. 1 are collected the X-ray diffraction pat-
terns of the samples obtained from Z, Z2Y and
Z5Y gels by treatment in air at 450°C for 2h
[Fig. 1(a)] and at 800°C for 30days [Fig. 1(b)]. In
Fig. 1(a), the diagrams of doped samples corre-
spond to the cubic form of ZrO,, but for pure zir-
conia sample a mixture of cubic and tetragonal
phases must be present. In this last case, the (200),
(220), (311) and (400) cubic reflections show not
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Fig. 3. X-ray diffraction patterns corresponding to pure zirconia: (a) more representative diagrams recorded during the heating-
cooling cycle up to 1300°C with heating-cooling rate of 1°min~!; (b) diffraction patterns recorded at room temperature after
heating—cooling cycles with different top temperatures.

splitting, but broadening and asymmetry are
observed. In addition, a weak peak which appears
at 20 = 73° can correspond to the (004) tetragonal
reflection. The diagrams of the samples obtained
from Z5Y gel show not change after treatment at
450°C for 30days, but on lengthening the treat-
ment at 800°C asymmetric maxima corresponding
to the (200), (220) and (311) cubic reflections are
observed [Fig. 1(b)]. For Z2Y doped samples the
splitting of the cubic reflections is clearly observed
after treatment at 800°C for 30days [Fig. 1(b)]. In
the case of pure zirconia, the splitting of the cubic
reflections together with a weak maximum corre-
sponding to the (111) monoclinic line are observed
in the diagram of the sample treated at 450°C for
20h. The intensity of the monoclinic reflections
increases when increasing time and/or temperature
of treatment, and sample treated at 800°C for

30days mainly consists of the monoclinic phase.
The diagram of this sample [Fig. 1(b)] also shows a
weak maximum corresponding to the cubic and/or
tetragonal forms. After treatment at 1300°C for
2h, the diffraction pattern of the sample of pure
zirconia only shows reflections corresponding to
the monoclinic structure. Doped samples treated at
1300°C for 2h correspond to the phase with tetra-
gonal symmetry, and for Z2Y doped sample, two
weak peak corresponding to the (117) and (111)
monoclinic reflections are also observed.
Representative transmission electron microscopy
(TEM) micrographs and selected area electron dif-
fraction (SAED) diagrams of samples treated in air
are collected in Fig. 2. Electron diffraction patterns
of pure and doped samples treated at 450°C and
for doped samples treated at 800°C are character-
istic of polycrystalline materials, and they can
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Fig. 4. TEM micrographs and SAED diagrams for the sam-

ples obtained at room temperature after the heating-cooling

cycles with top temperature of (a;, a,) 900°C; (by, b,) 1000°C;
(c, d) 1300°C.

correspond to the cubic and/or tetragonal phases
[Fig. 2(a)«(c) and (e)]. For pure zirconia samples,
microdiffraction patterns have been obtained and
they have allowed us to identify in some cases the
tetragonal and monoclinic phases [Fig. 2(c,) and
(cp)]. At temperatures higher than 450°C, pure zir-
conia samples show diffraction patterns corre-
sponding most of them to a twinned crystal of the
monoclinic phase [Fig. 2(d;) and (f)]. Moreover,
some crystals of the sample treated at 800°C for
30days correspond to the cubic phase [Fig. 2(d;)].
In this last sample, some crystals show SAED

diagrams that could not be indexed on cubic,
tetragonal and monoclinic symmetries [Fig. 2(h))].
The indexing of these diagrams has been made
in a rhombohedral (r) cell with parameters a, =~
0-36 nm and «, = 54-5° £ 0-5°. The observed dif-
fraction patterns for Z5Y doped sample treated at
1300°C for 2h can be indexed on a tetragonal
symmetry cell. In the [110] tetragonal zone axis
[Fig. 2(g)] we can observe weak spots corre-
sponding to the (hkl): odd-odd-even reflections
which are forbidden for a cubic F cell
[Fig. 2(dy)]-

Figure 3(a) shows representative X-ray diffrac-
tion patterns corresponding to the pure zirconia
gel, recorded in the heating-cooling cycle with top
temperature of 1300°C. Diagrams recorded up to
1100°C show diffraction maxima at about 26 22 30,
35 and 50°, which could correspond to the cubic
form. For the temperatures higher than 1100°C,
the splitting of the 26 =~ 35 and 50° maxima occurs
and at the same time, a second line at 20 2 29°
appears. This second maximum could be assigned
to the (111) tetragonal reflection, then, both tetra-
gonal and cubic phases seem to coexist. During
cooling down to room temperature, the transfor-
mation to the monoclinic phase occurs. Both, the
temperature at which the monoclinic lines appear
and the proportion of this phase obtained at room
temperature are higher when the top temperature
increases [Fig. 3(b)]. In Fig. 4 are shown TEM
micrographs and SAED diagrams corresponding
to the samples obtained at room temperature after
the heating-cooling cycles with different top tem-
peratures. In the sample treated up to 900°C both,
cubic and tetragonal phases have been identified
[Fig. 4(a;) and (a,)]. Microdiffraction patterns cor-
responding to the sample obtained after heating up
to 1000°C show the existence of tetragonal phase
together with the monoclinic form [Fig. 4(b;) and
(by)]. At 1300°C this last polymorph usually
appears as twinned crystal [Fig. 4(c)].

In the sample obtained from the Z5Y gel, the X-
ray diffraction patterns show not significant chan-
ges during heating-cooling cycle up to 1300°C. In
Fig. 4(d) is shown the SAED diagram along the [1
0 0] cubic zone axis.

In some crystals of pure zirconia samples
obtained after the treatment with top temperatures
of 1000 and 1100°C, rhombohedral deformation
has also been observed.

Textural study has been carried out in pure and
doped zirconia samples treated in air at 450°C for
several periods and under vacuum up to 450°C.
The samples obtained at higher treatment tem-
peratures present low values of surface area. In
Fig. 5 are collected the adsorption—desorption iso-
therms of nitrogen for Z, Z2Y and Z5Y gels and
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Fig. 5. Adsorption~desorption isotherms of nitrogen for (a) Z, Z2Y and Z5Y gels; (b, ¢ and d) pure and doped zirconia samples

treated in air at 450°C for several periods;

the corresponding samples obtained by treatment
in air at 450°C for several times. The isotherm of
pure zirconia treated under vacuum up to 450°C is
also shown in this figure. The pore size distribu-
tions corresponding to the samples obtained by
heating in air are shown in Fig. 6. In the low pres-
sures region (P/P,~0-35, pore radii (r,)~1.7nm)
the validity of the Kelvin equation become doubt-
ful.' Therefore, pore size distributions in this
region are indicated by broken lines.

We can observe that thermal treatment of the
microporous gels provokes the decreasing of
adsorption capacity in both, pure and doped zir-
conia. However, for similar treatment conditions,
the adsorption capacity decreases with the increase
of the ytiria content in the sample (Fig. S). Pure
zirconia and 2mol%Y,0s-doped samples treated
for 30 days are essentially mesoporous with

* pure zirconia treated under vacuum up to 450°C.

heterogeneous pore size distributions (Fig. 6).
Sample obtained by treatment of Z5Y gel in similar
conditions shows very low adsorption capacity.

On the other hand, we can also observe in Fig. 5
that pure zirconia treated under vacuum presents
adsorption capacity lower than the sample
obtained in air and poorly developed mesoporous
texture. Doped samples treated in vacuum present
surface areas lower than S5m? g~!

In Fig. 7 are plotted representative a,-isotherms
obtained from argon adsorption at —196°C. In
each os-plot, the straight line corresponds to
monolayer—-multilayer adsorption. From the inter-
cept of the extrapolated line to the volume axis, the
volume corresponding to narrow micropores have
been obtained. These ‘micropores must be lower
than about | nm in width, according to the mole-
cular size of the adsorbed argon (molecular kinetic
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Fig. 7. Representative a-plots obtained from argon adsorp-
tion data.

diameter for argon: 0-34 nm). From the slope of the
straight line, we have calculated the value of sur-
face area (Sa,) which correspond to both, the
pores larger than about 1nm in width and the
external surface. For the samples treated in differ-
ent conditions, the variation of BET area (Sprr)
and cumulative surface area (S,) in pores with
r, ~ 1.7 nm, as a function of the yttria content, has
been plotted in Fig. 8(a) and (b). From the values
of Sger, S, and Sa; obtained from argon adsorp-
tion, we have estimated the contribution of the
pores with r, ~0-5nm, 0-5~7r,~1-7nm and
rp ~ 1-7nm to the total surface area. In Fig. 8(c)
are shown the results obtained for pure and doped
gels and for the samples treated in air.

4 Discussion

The X-ray and electron diffraction and electron
microscopy results can be summarized as follows:

e In both pure and doped zirconia, the cubic
phase is present next to crystallization of the
amorphous gels. On lengthening of the ther-
mal treatment, transformations to the mono-
clinic phase (cubic—tetragonal—-monoclinic)
occur but, they are delayed when increasing
the yttria content of the sample.

e In pure zirconia samples, the higher symmetry
phases (cubic and tetragonal) are retained to
some extent which depends on the treatment
conditions. Thus it is higher when heating is
carried out under vacuum and when the top
temperature and/or treatment time decrease.
In doped samples, the tetragonal phase
obtained at room temperature must be also a
metastable phase according to the phase dia-
gram of ZrO,~Y,0; system.?°

e Thermal treatment in air and under vacuum
provokes crystal growth but, this effect is more
important for undoped zirconia than for doped
samples treated under similar conditions.

On the other hand, the textural study results show
that:

e During thermal treatment, textural degra-
dation occurs in both pure and doped
samples and the loss of adsorption capacity
is higher when the treatment is carried out
under vacuum.

e For any of the investigated treatment con-
ditions, pure zirconia presents higher
values of surface area and pore volume
together with more developed mesoporous
texture than doped samples.
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and r,2 1.7 nm to the total area of Z, Z2Y and Z5Y gels treated in air at 110 and 450°C for several periods.

e The loss of adsorption capacity seems to be
due to the elimination of microporosity
and to the enlargement of larger pores. The
first effect is the most important fact during
treatment in vacuum.

Our results concerning the evolution of the tex-
tural properties of porous pure zirconia during
thermal treatment are in agreement with previous
works.?1-24 The loss of surface area is produced by

both, the reduction of micropore volume and the
widening of larger pores. These facts can be related
with dehydration and crystallization processes in
the gel®® together with the growth of the particles.
Condensation and elimination of water from inter/
intraparticles surface OH~ groups do not need
large diffusion path of the atoms and produce the
reduction of microporosity at relatively low tem-
perature. Moreover, the reduction of surface area due
to the growth of the particles is the main effect taking
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place at higher temperatures. Therefore, in doped
samples obtained from precursors microporous gels,
although crystal growth is inhibited, the collapse of
porous structure occurs and the stability of the
texture is not improved. On the other hand, for
doped samples the loss of porosity is higher than
for pure zirconia treated in similar conditions and
this fact must be related with the way of packing of
the primary particles in the gels. When the pre-
cipitation of the gel is carried out at a high pH
value, large particles are formed and they are
linked together through molecular water hydrogen-
bonded to the surface OH~ groups.?® In the
aggregates, the packing of the particles must be
affected by the superficial charge and therefore, by
the isoelectric point (i.p.) of the sample.?2?’
Although isoelectric points are strongly affected by
the preparation conditions, the i.p. of hydrated
ZrO, must be lower than the corresponding to the
doped samples obtained in similar conditions.?8-30
So, the final pH of precipitation of the gels (about
10-5) must be higher than the i.p. of both, pure and
doped zirconia samples but closer to the corre-
sponding to doped samples. Therefore, the parti-
cles of doped samples which should have a minor
superficial charge than that of pure zirconia, could
produce weaker and denser aggregates with higher
coordination number. In this way, dehydration of
doped samples can produce denser aggregates with
narrower interparticle pores and this fact must
assist the sintering in these materials.

On the other hand, experimental evidences and
thermodynamic arguments indicate that the exis-
tence of metastable high symmetry phases in both
pure and doped zirconia is related with a high
value of surface free energy.””'° Since particle
growth and the elimination of porosity decrease
surface energy, both factors must affect to the
phase transformations. According to these argu-
ments, ours results about pure zirconia show that
loss of porosity and particle growth occur with
thermal treatment and, at the same time the trans-
formation to the monoclinic phase is observed.
Moreover, in doped samples treated in similar
conditions to pure zirconia, the size of the particles
is smaller since crystal growth is inhibited.
However, doped samples, as pure zirconia, lose
surface area due to the elimination of porosity
and therefore, surface free energy must decrease
during thermal treatment. Addition of Y,0O; must
produce a change in the chemical free energy of
each phase in such a way that phase-transforma-
tions are delayed in spite of the surface free energy
decreases.

On the other hand, the strains generated by the
transformation tetragonal(—monoclinic, could
prevent the completion of this transformation and

it contributes to retain the high symmetry pha-
ses.>10:31 The existence of these strains is suggested
by the fact that monoclinic phase is twinned and
could also justify the rhombohedral deformation
observed in some crystals.
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