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In this work a co-precipitation route was used to synthesise two yttria-stabilised-zirconia (YSZ)
phases with different concentrations of alumina (Al,O3). A tetragonal, with 3 mol% yttria, and a
cubic, with 8 mol% yttria, phases were added with alumina in different weight proportions, 90/10,
80/20, 70/30, and 60/40, respectively. After synthesised, products were sintered in a range 800-
1100 °C for different intervals of time. Compounds were characterised by X-ray diffraction, trans-
mission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM),
scanning electron microscopy (SEM), and atomic force microscopy (AFM). Rietveld refinements,
using FULPROF-Suite software, were carried out to obtain the cell parameters and structural char-

acterisation of products.
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1. INTRODUCTION

Development of new functional materials is based on the
improvement of synthesis methods and the knowledge of
the produced structures, besides the understanding of those
variables with a special meaning in the physical properties
of the material. In the area of functional ceramics, recently,
the tendency to stabilise zirconia (ZrO,) has grown, reach-
ing this material a remarkable technological importance
due to its high ionic conductivity at elevated temperature,
which can be applied to produce solid electrolytes for solid
oxide fuel cells (SOFC),'* oxygen gas sensors and oxygen
membrane separator.6'7 However, the strength,8 thermal
and chemical stability of ZrO, must be improved during
the material performance.’ '

Stable structures of tetragonal, t-Zr0,, or cubic, ¢-ZrO,,
zirconia can be obtained by replacing zirconium atoms
by cations with lower charge, producing oxygen vacan-
cies through the lattice. Under these conditions ion con-
ductivity can be observed, in a temperature range 600
to 1000 °C, on these structures.'" > Zirconia can be
stabilised by appropriate additions of metallic oxides of
the type MO, MO,, and M,0;. These substitutions have

*Author to whom correspondence should be addressed.

J. Nanosci. Nanotechnol. 2006, Vol. 6, No. 7

1533-4880/2006/6/2103/007

demonstrated to be an excellent way to generate superficial
active sites as well, which are fundamental for catalysis
and electrolytes.'> " Addition of oxides like MgQ, CaO,
CeO,, Sc,0;, Y,0;, and Al,O4 also can induce structural
stability and produce vacancies in Zr0,."

Although yttria (Y,0,) is mainly used to stabilise zir-
conia, under operating conditions, produced electrolytes
may exhibit some problems due to phase transformations,
decreasing the ionic conductivity and deteriorating the
mechanical properties of yttria-stabilised-zirconia (YSZ);
and if it is applied to a solid oxide fuel cells (SOFC)
the efficiency of this device is reduced. Therefore, YSZ
electrolytes must have high stability, density, and repro-
ducibility of their physical properties with increasing
temperature.'®'$

Alumina (AlL,O;) is another M,0, oxide with good
properties such as high mechanical strength and stability
at high temperature, which can be added to YSZ because
of the lower valence of Al (3+) compared to (4+) of Zr.
The ionic size radius of APt (0.53 A) is too small to
substitute Zr** (0.84 A) and to be coordinated with eight
oxide ions in tetragonal and cubic ZrQO," so that, a soft
synthesis route is suggested to incorporate A" to YSZ.
Therefore, it is important to have a homogenous disper-
sion of YSZ-AlLO;, otherwise, high concentration or a
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non-homogenous dispersion of alumina would reduce the
mechanical and ion conductivity properties of ZrQ,.?

Among the different routes to synthesise ceramic mate-
rials with nanometric particle size such as sol—gel,?! com-
bustion,”? polymerisation,™ and co-precipitation,* in this
work, the co-precipitation route was used to stabilise
t-YSZ and c-YSZ with a controlled dispersion of powder
in reactive solutions, making possible the homogencous
distribution and consequently, the inclusion of alumina in
the YSZ lattices. Besides, nanometric particle sizes can be
obtained at low temperatures.

Addition of Al,O; in YSZ has been reported with pro-
portions of 30, 25, and 20 wi% increasing the mechanical
strength of products; however the particle size of AL,O,
affected its distribution in the sintered material.**-*° In this
work, microstructural and morphological properties of
t-YSZ (3 mol% YSZ) and ¢-YSZ (8 mol% YSZ), which
were doped with 10-40 wt% of Al,O, and sintered in the
temperature range of 800-1000 °C, are presented.

Because of the importance of the structure for the
searched properties, the use of detailed crystallographic
and morphological analyses were used to study the
obtained material. The crystallographic phase identifica-
tion was analysed by X-ray diffraction; while the use of
scanning electron microscopy (SEM) and atomic force
microscopy (AFM) allowed to observe the nanometric
domains of the aggregates; these techniques gave the 2D
and 3D understanding that is required for technological
applications at the macroscopic scale.'>*® Finally the par-
ticle size distribution and the internal structure, of {-YSZ
and c-YSZ doped with Al,O; were studied by transmission
electron microscopy (TEM) and high resolution transmis-
sion electron microscopy (HRTEM).

2. EXPERIMENTAL DETAILS
2.1. Preparation

Tetragonal, r-YSZ/AL,0,, powders with 90/10, 80/20,
70/30, and 60/40 wt% of (3 mol% YSZ)/AL,O, propor-
tions, were prepared by the co-precipitation route. Starting
precursor ALO; was obtained by mixing aluminium
nitride (AL(NO;); - 9H,0) in ionised water. Crystalline
particles of Tosoh 3 mol% yttria stabilised zirconia were
suspended in ionised water and added into the transparent
dissolution of Al(NO,), - 9H,0, in proportions of 10,
20, 30, and 40 wt% AlL,O,. To precipitate the AI**,

NH,OH was diluted at 50% with the precursor solution, |

pH =9, with constant stirring in all the process. After
the reaction, samples were washed with deionised water
and pure ethanol to reduce the remaining water amount
and capillarity between particles. Powders were dried at
90 °C, then grounded and fired at 300 °C for 20 h. In
addition, ¢-YSZ based compounds were prepared with
concentrations of 90/10, 80/20, 70/30, and 60/40 wt% of
(8 mol% YSZ)/Al,0,. These compounds were produced
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Fig. 1. Flow chart of the co-precipitation route 10 obtain (3 and 8 mol%
YSZ)/ALL O, compounds.

with a similar starting Al,O; precursor AI(NO,), - 9H,0
and Tosoh 8 mol% yttrium stabilised zirconia under the
same conditions than (3 mol% YSZ)/Al,O; powders, the
flow chart for these processes are shown in Figure 1.
Finally, for both series of compounds, samples of 0.2 g
were pelleted to 13 mm diameter and 0.5 mm thickness
under a 150 MPa. Pellets were sintered in a range of 800—
1100 °C for 2, 6, and 15 h to identify structural changes
in YSZ/AL,0,.

2.2, Characterisation

Phase identification of samples was carried out with a
Bruker AXS, D8 Advanced, X-ray diffractometer, with
monochromatic Cuke radiation, A = 1.54056 A, with
35 kV and 30 mA. Scanning steps of 0.02 26 degrees were
used in the range 20-90° with 2 sec/step. For accurate
determination of lattice parameters and for structural stud-
ies of the new phase, the scanned range was 10 to 120°
20, with a step of 0.02° 20 and 10 seconds/step.

Results were analysed with Diffrac Plus Software and
compared to JCPDF standards. Lattice parameters and
peak identification of a novel (-YSZ were obtained
by Rietveld refinement using FULPROF-Suite software
(release July 2004). Background was approximated by a
linear interpolation between 70 data points. For the peak
shape, a Thompson—Cox—Hastings pseudo—Voigt profile

J. Nanosci. Nanotechnol. 6, 2103-2109, 2006
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~ function was used. Instrumental profile was based on LaB
- results and then it was incorporated to the refinement. In

a similar way, the cubic phase, ¢-YSZ, was also indexed

- and refined.

For superticial studies, a Leica-Cambridge Stereoscan

. 440 SEM, was used to analyse the morphology, distribu-

tion, and grain size of the materials. Operating conditions
were 20 kV, 300-750 pA, and WD 9-12 mm, with a

~ QBSD detector. Samples were coated with a thin gold film,

which was obtained with a sputtering JEOL ion coating
system at 0.5 kV and 11 mA. An Oxford ISIS energy
dispersive spectroscopy (EDS) device linked to the SEM
was used to obtain the elemental composition of the sam-
ples. To analyse the topography, profiles, and particle size,
a JEOL JSPM-4212 Scanning Probe Microscope, was
used with the Tapping mode under normal pressure con-
ditions, with CSC 21/25-NSC 15/25 Ultra-Sharp silicon
cantilevers, at different RMS conditions. Transmission
electron microscopy studies were carried out with a
JEM1200EX, at 100 keV and a JEM2010FEG at 200 keV
equipped with a field emission gun for high resolu-
tion TEM and also with a high-angle-annular-dark-field
(HAADF) detector in the STEM mode to obtain Z-contrast
like micrographs.’® Samples were prepared from dispersed
powders on a 300 mesh copper grids. High resolution was
obtained under the optimum conditions of contrast and
focus based on the Scherzer parameters. Electron energy
loss spectroscopy (EELS) was also carried out to identify
the elemental species in the observed regions of the sam-
ples. To increase the symmetry details, the fast Fourier
transform (FFT) spectra were digitally obtained from the
HRTEM images.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis

A first series of samples were obtained with £-YSZ/A1,0,.
XRD analysis revealed that temperature, sintering time, and
Al, O, concentration introduce some structural changes, in
60/40 wt% proportions there were some diffracted peaks
which correspond to the monoclinic phase of zirconia,
although the sintering time and temperature were modi-
fied the monoclinic diffraction peaks were present. On the
other hand, by reducing Al,O; concentration to 10 wt%,
a tetragonal ¢-ZrQO, based phase was present at different
temperatures and sintering times, Figure 2.

Although the addition of AlL,O, in the tetragonal zirco-
nia phase did not change the structure of new products, as
it was observed in the XRD patterns, there was a small
shift in the 26 peak positions leading the cell parameters
and space group to a = 5.09964 A, ¢ =5.17488 A, and
P42/ncm, which may be associated to the replacement of
Zr** by Y** or AP* (Ref. [32]). Chemistry defect substi-
tution relations can be written as

Y,0; - 2Y}, + V" +30,* (1
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Fig. 2. XRD patterns of t-YSZ/Al,0, products, sintered at 1100 °C
for 15 h.

and
ALO; — 2AL, 4+ V! +30," (2)

In the second series, c-YSZ/ALO,, ie., (8% mol
YSZ)/ALO;, cubic fluorite reflections were identified by
XRD, in this case zirconia’s pure cubic structure was
present in all compounds. However, the compound 90/10
exhibited an XRD pattern with the most intense and
defined diffracted peaks. In this case, no Al,O, diffrac-
tion peaks were observed just a defined lattice with unit
cell @ =0.513921 A and space group Fm3m. A study
of the crystal growth with temperature and sintering time
was carried out. Figure 3 shows how an increase in the
sintering time and temperature affect the peak widths and
particle size.

3.2. Micro-Structural Analysis

Studies by SEM of ¢-YSZ/AL,0; and ¢-YSZ/AlL, 05, which
were carried out at high magnification range 50 000X to
250 000X, showed an uniform morphology and homoge-
nous distribution of particles with a size in the range 30—
100 nm, Figures 4a and 4b. Semi-spherical clusters were
analysed by EDS indicating that there were atomic per-
cent concentrations of alumina which were in good agree-
ment with the starting amounts added to the compounds,
Figure 4c.

3.3. AFM Surface Analysis

The morphology and size of the 1-YSZ~A1,0, and ¢-YSZ~
Al,O, sintered particles were analysed by AFM, also the
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Fig. 3. XRD patterns of ¢-YSZ/AL O; products, which were sintered at
1100 °C for 15 h. The crystal growth, through the width change of the
most intense peak, for this heat treatment is shown in the inset.

perfilometry of these samples was determined. Agglom-
erates built of semispherical and spherical nanoparticles
were observed.

For those samples which were sintered at 800, 900,
1000, and 1100 °C for 2 and 6 h, the agglomeration of
nanoparticles was increased, in most of the scanned zones.
On the other hand, pellets which were sintered at 1100 °C
for 15 h, revealed a linear array of nanoparticles, this
can be associated to the diffusion of nanoparticles with
temperature and sintering time. Small differences between

Counts
-
(=]
-]

50 'I
Al
4

: GLJL

5 10 - 15 20
Energy (KeV}

Fig. 4. SEM micrograplhs, (a) 150 000X and (b) 250 000X, and (c) EDS
spectrum of the elemental analysis of the compound.
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Fig. 5. AFM tapping analyses of samples which were sintered at
1100 °C for 15 h. £-YSZ/A1,O, micrographs for (a) 80/20 wt%, showing
linear arrays of grains and (b) 90/10 wt% sample. ¢-YSZ/Al,O, images
with (c¢) 80/20 wt% and (d) 90/10 wt% compounds.

1-YSZ/ALO5 and ¢-YSZ/ALO; were observed in the tap-
ping mode, {or both cases images showed particle sizes in
the range 30-100 nm with an homogeneous distribution.
Profile measurements indicated height ditferences around
~30 nm for t-YSZ/AL,05. In the ¢-YSZ/AL, O, case, par-
ticle sizes were about 20-100 nm with a smaller sample
roughness than that of the +-YSZ/AL, O, sample.

Figure 5a shows a typical micrograph of linear arrays of
particles. Figure 5b shows a t-YSZ/AL,0; with 80/20 and
90/10 wt% which was sintered at 1100 °C for 15 h, whilst
Figures 5¢ and 5d show nanoparticles of ¢-YSZ/ALO;
with 80/20 and 90/10 proportions, respectively. From
micrographs (Figs. 5b to 5d), it can be observed that the
size distribution and also the particle aggregation are quite
similar for all these samples.

Although X-ray diffraction patterns shows that the
v-A1,0, proporttion increases until the formation of crys-
talline structures with lower symmetry; the surface analysis
did not show important morphological differences for these
samples; homogeneous YSZ/AL,O; nanocompouds were
observed, however t-YSZ/Al,Os, ¢-YSZ/AL O, in propor-
tions of 80/20 wt% and 90/10 wt% for of the y-Al,O; is
related for growing of nanoparticles with linear array.

3.4. TEM and HRTEM Structural and
Morphological Results

t-YSZ/AL,0, and ¢-YSZ/AL, O, nanoparticles were studied
by TEM. From these analyses it was possible to identify
clusters of 50-100 nm which were formed by nanoparti-
cles in a range 3-10 nm, which are agglomerated within a
semi-spherical profile, Figure 6.

The agglomeration of particles was observed in samples
which were sintered at 1000 and 1100 °C; however, the

J. Nanosci. Nanotechnol. 6, 2103-2109, 2006
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100 nm

5

50 nm

Fig. 6. (a) Micrograph of -YSZ/AL O, 90/10, (b) its electron ditfrac-
tion pattern, (¢) Micrograph of c-YSZ/Al,0, 90/10, and (d) its electron
diffraction pattern.

particle size was controlled by a slow increase in the sin-
tering temperature. Figure 6a shows a TEM micrograph
of 1-YSZ/AL,O; 90/10 phase and Figure 6¢ shows a
c-YSZ/AL,O5 90/10 product.

Selected area electron diffraction pattern (SAD) showed
characteristic discontinuous rings produced by polycrys-
talline materials with nanometric particle size. Patterns
were indexed and for the r-YSZ/AL,O, 90/10 phase,
Figure 6b, circles have the following correspondence
(1) 111, (2) 002, (3) 200, (4) 202, (5) 113, (6) 222,
(7) 004, (8) 400, (9) 313, (10) 402, and (11) 224; for
the ¢-YSZ/AL,O; 90/10 sample, Figure 6¢, the relation is
(1) 111, (2) 200, (3) 220, (4) 311, (5) 222, (6) 400, (7) 331,
(8) 420, and (9) 422. These results were compared with
XRD-Rietveld refinement for the new r-YSZ/Al,Q, 90/10
phase and JCPDS (Power Diffraction Data, PDF-2 Release
2004) XRD matching well reported zirconia phases for
¢-YSZ/AL O, 90/10.

Micrographs of ¢-YSZ/Al,0, 80/20 sample of a selected
area analysis by using bright field and HAADF images
are shown in Figures 7b and 7c, respectively. The use
of HAADF contrast, which is directly related to the high
angle scattering and to Z (atomic nursber), allows to iden-
tify that clusters are formed by smaller particles with a
smooth contrast on the surface, which has been related
usually with a core—shell configuration in nanostructures,
so it apparently denotes a distribution of nanoparticles with
coated surfaces.™

J. Nanosci. Nanotechnol. 6, 2103-2109, 2006

Fig. 7. TEM analyses of samples which were sintered at 1100 °C for
13 h. (a) Aggregation of nanoparticles and electron diffraction pattern
(inset) of -YSZ/A1,0; 90/10 sample. Selected area analyses by (b) bright
field and (c) HAADF contrast images for t-YSZ/ALO, 80/20 sample.

High resolution TEM was used to evaluate the surface
of the powders. An analysis of the internal structure of
the particles was obtained, Figure 8, which correspond to
HRTEM contrast from the centre of one of the observed

Fig. 8. HRTEM structural analysis of the nanoparticles core. (a) Orig-
inal image, (b) FFT, and digitally processed images by (c) lattice, and
(d) radial filters in the frequencies space.
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Fig. 9. HRTEM micrographs of ¢-YSZ/Al, 0, with (a) 80/20. (b) 70/30, (c) 60/40 proportions, and (d) EELS spectrum for the +-YSZ/AL0; with

80/20 sample.

clusters of the sample which was mentioned in Figure 7b.
The structural analysis involved the use of an original
image, with its corresponding fast Fourier transform (FFT)
to identify its periodicity, Figures 8a and 8b, respectively,
and a couple of filtered images, based on the use of
a selective lattice and radial masks, Figures 8c and 8d,
respectively. The use of the processed images and the FFT
allowed to determine that the particle is a single phase
product of {-YSZ structure observed at the {011} zone axis
and with a perfect core and small lattice deformations at
the borders. The type of digital filter allowed enhancing
the structure using the lattice filter mask, or increases the
details of the strain and low dimension distortion reducing
the contribution of low frequencies by using an annular
mask. This particular contrast was observed in multiple
particles of the sample, which may be associated to sin-
gle crystal clusters that were originally obtained before
the addition of the Al,O,, however the boundaries and the
surface of the particles show distortions and clearly an
influence of a different lattice.

In order to determine how the Al,O, is present in the
samples and how the distortion on the surface is, the use of
HRTEM contrast at higher magnifications and fundamental
evaluation of sarface of the particles was carried out. In

2108

Figure 9, a sequence of micrographs shows the presence
and influence of the addition of Al,O; to the system, par-
ticularly to the clusters surface as it can be considered
from the HAADF analysis.

Three different samples, ¢-YSZ/ALO, with 80/20,
70/30, and 60/40 compositions, were evaluated searching
for any evidence about the formation of AL O; crystals.
HRTEM micrographs show that there is a layer forma-
tion on the YSZ crystal surfaces and the increase of the
ALO, content induces long completed layers, since the
continuous layer for the 80/20 sample (low alumina con-
tent), Figure 9a, to a well coated surface 60/40 sample
(high alumina content), Figure 9c. Also, there is an evi-
dence of irregular surfaces formation with bigger clusters
of Al,O; built by rounded aggregates of particles with
size in the range 2-3 nm, which emerge from the pro-
duced layer generating a higher roughness on the clusters
surface.

To demonstrate that the observed crystal has the
proposed composition, an EELS spectrum for the
t-YSZ/ALO; with 80/20 sample was obtained. These
results, Figure 9d, show two signals which correspond
to a high concentration of YSZ and a small contribution
of AlO,.

J. Nanosci. Nanotechnol. 6, 2103-2109, 2006
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Results indicate that the formation of an Al,O, layer
is made gradually and depending on the increasing of
the presence of Al,O; on 70/30 and 60/40 samples.
YSZ/AlL,O4 samples with proportion 80/20 show the for-
mation of small islands on the YSZ surface. Those with
70/30 and 60/40 proportions show a coating of the whole
surface of YSZ. For the last sample, a non-homogeneous
surface coating formation inducing the production of small
clusters, due to the Al,O; excess, must directly affect the
functional properties of the material.

4. CONCLUSIONS

In this work, (3 mol% YSZ)/ALO; and (8 mol%)/Al,0,
with proportions 90/10, 80/20, 70/30, and 60/40 were syn-
thesised by co-precipitation to obtain two series of tetrag-
onal and cubic yttria-stabilised-zirconia based phases, i.e.,
t-YSZ 90/10, 80/20, 70/30, and 60/40 and ¢-YSZ 90/10,
80/20, 70/30, and 60/40 phases, respectively. For the
(3 mol% YSZ)/Al,0; 90/10 product, a novel ¢-YSZ phase
was obtained. The structural evolution and influence of
nanoparticle size and the Al,O, concentration were studied.

High AlL,O, concentrations may introduce unstable
structure, for those structures with proportions 30-40 wt%
of ALO; in 3 mol% YSZ the presence of a monoclinic
phase is observed mixed with the tetragonal host struc-
ture -YSZ. By the addition of 10-20 wt% Al,O, a sin-
gle tetragonal 1-YSZ phase was found. Also the sintering
temperature and time exposure are important to consoli-
date nanopatticles in a range from 50--100 nm. Best results
were obtained at conditions of 1100 °C during 15 h, where
defined polycrystalline phases and homogeneous nanocom-
pounds were got. On other conditions less at 1100 °C dur-
ing 15 h, i.e., 800-1000 °C for 2 and 6 h, the structures
were not good defined. However, the size particle was
smaller than the 1100 °C during 15 h in a range 30-80 nm.

Microstructural analyses had shown a linear grown of
nanoparticles, this formation could improve some proper-
ties of ¢-YSZ and c-YSZ materials like structural stability
at high temperature, avoiding the phase transformations
which decrease the ionic conductivity and deteriorating the
mechanical properties. Although, HRTEM, selected area
let to identify that the excess of AL O; induces the for-
mation of a coating layer in samples of YSZ/Al,0, with
(a) 80/20, (b) 70/30, and (c) 60/40, it is evident that
reduced proportions of Al,O; (less than 10 wt%) form a
homogeneous nanocompound.
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