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Crystal and local structures �long- and short-range order, respectively� of four nanocrystalline
zirconia-based solid solutions—ZrO2-6 and 16 mol % CaO and ZrO2-2.8 and 12 mol %
Y2O3—synthesized by a pH-controlled nitrate-glycine gel-combustion process were studied. These
materials were characterized by synchrotron X-ray diffraction �XRD� and extended X-ray
absorption fine structure �EXAFS� spectroscopy. Our XRD results indicate that the solid solution
with low CaO and Y2O3 contents �6 and 2.8 mol %, respectively� exhibit a tetragonal
crystallographic lattice, and those with higher CaO and Y2O3 contents �16 and 12 mol %,
respectively� have a cubic lattice. Moreover, our EXAFS study demonstrates that the
tetragonal-to-cubic phase transitions, for increasing CaO and Y2O3 contents, are both related to
variations in the local symmetry of the Zr–O first neighbor coordination sphere. © 2008
International Centre for Diffraction Data. �DOI: 10.1154/1.2903503�
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I. INTRODUCTION

Zirconia-based ceramics have been investigated in-
tensely because of their excellent electric and mechanical
properties. In particular, TZP �tetragonal zirconia polycrys-
tals� ceramics exhibit high ionic conductivity at intermediate
temperatures and high-fracture toughness �Lee and Rain-
forth, 1994; Juárez et al., 1999�.

These materials have many interesting applications. For
example, ZrO2–CeO2 substitutional solid solutions are ex-
tensively used as redox or oxygen storage promoters in
three-way catalysts �Trovarelli, 2002�, but ZrO2–Y2O3 ce-
ramics are used for several electrochemical devices �De-
portes et al., 1994� and biomedical applications �Yaparpalvi
et al., 1994�. ZrO2–CaO is used as an inert matrix for
nuclear reactors �Hellwig et al., 2006�, as a toughness en-
hancer for synthetic bone �Silva and Lameiras, 2000�, and as
a refractory oxide for high-temperature furnaces �Durrani
et al., 2006�.

Pure zirconia exhibits three stable phases over different
temperature ranges with monoclinic, tetragonal, and cubic
crystallographic structures �Lee and Rainforth, 1994; Juárez
et al., 1999�. The cubic phase of all these solid solutions has
a fluorite-type structure. The monoclinic phase is stable be-
low 1473 K, the tetragonal phase between 1473 and 2553 K,
and above 2553 K the cubic phase is stable up to the melting
point �2988 K�. The cubic phase can be fully stabilized by
cooling down to room temperature solid solutions with other
oxides such as Y2O3, CaO, MgO, and CeO2. In contrast, the

tetragonal phase of these solid solutions can be retained at
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room temperature, in a metastable condition, only in nano-
crystalline powders or very fine-grained ceramics �Juárez
et al., 1999�.

The tetragonal phase exhibits three different forms: t, t�,
and t�. All these forms belong to the P42 /nmc space group
�Yashima et al., 1994, 1996, 1998; Lamas and Walsöe de
Reca, 2000; Lamas et al., 2003�. The stable tetragonal form
is the t-form, which is restricted to the solubility limit pre-
dicted by the equilibrium phase diagram. The t�-form has
wider solubility but is unstable in comparison with the mix-
ture of t-form and cubic phase. Finally, the t�-form has an
axial ratio c /a of unity, but with the oxygen atoms displaced
along the c axis from their ideal sites of the cubic phase �8c

sites of the Fm3̄m space group�.
The local structures around the cations in the tetragonal

phase of the metastable forms of nanocrystalline ZrO2-based
solid solutions have not been completely studied yet. Previ-
ous studies of these systems deal with nanostructured
ZrO2–CeO2 solid solutions �Trovarelli, 2002; Vlaic et al.,
1997, 1999; Fornasiero et al., 1999; Fábregas et al., 2006�
and ZrO2–Y2O3 nanopowders �Yuren et al., 1994; Chadwick
et al., 2001�, but no investigation regarding ZrO2–CaO solid
solutions have been published yet.

In the present work, the crystalline and local structures
of a number of nanocrystalline zirconia-based solid solu-
tions, synthesized by a nitrate-glycine gel-combustion route,
were investigated by means of synchrotron XRD and EX-
AFS spectroscopy. The use of a synchrotron radiation XRD

setup made possible the detection of very weak Bragg peaks
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corresponding to the tetragonal phase that are forbidden for
cubic fluorite-type �FCC� structure. Among all these weak
reflections, we have selected for our analysis the strongest
one: the �112� reflection.

EXAFS was used to confirm the tetragonal/cubic phase
determined by synchrotron radiation XRD and to investigate
the variations of the local atomic structure around the metal
ions �Zr and Ca or Y�. We suggest that the tetragonal/cubic
transition observed by synchrotron radiation XRD is only
related to a tetragonal-to-cubic change in the Zr–O bond
�Fábregas et al., 2006; Fábregas et al., 2008�.

II. EXPERIMENTAL
A. Synthesis of nanocrystalline ZrO2–CaO and
ZrO2–Y2O3 solid solutions

ZrO2-6 and 16 mol % CaO and ZrO2-2.8 and 12 mol %
Y2O3 nanopowders were synthesized by a pH-controlled
nitrate-glycine and citric acid, respectively, gel-combustion
process �Lamas et al., 2001, 2003, 2005; Lascalea et al.,
2004�. High-purity ��99.9% � raw compounds were used.
For all compositions, the synthesis process was adjusted to
obtain 4 g of the final product.

ZrOCl2 ·8H2O �99.9%, Alpha Aesar, Ward Hill, Massa-
chusetts� and CaCO3 �Merck, Germany, 99.95%� or Y2O3
�99.99%, GFS Chemicals, United Kingdom� were dissolved
in 50 ml of nitric acid �65%, Merck, Darmstadt, Germany� in
a ratio corresponding to the selected final composition, and
this solution was concentrated by thermal evaporation in or-
der to eliminate chloride anions. Glycine �99%, Merck,
Darmstadt, Germany� and citric acid �99%, Merck, Darms-
tadt, Germany� were added in a proportion of 6 and
2.5 moles per mole of metal atom, respectively, and the pH
of the solution was adjusted in the range of 3 to 7 with
ammonium hydroxide �25%, Merck, Darmstadt, Germany�.
The pH was tuned as close as possible to 7, taking care of
avoiding precipitation. The resulting solution was concen-
trated by evaporation using a hot plate at 200 °C until a
viscous gel was obtained. This hot gel finally burnt out as a
result of a vigorous exothermic reaction. The system re-
mained homogeneous during the whole process and no pre-
cipitation was observed. Finally, the as-reacted material was
calcined in air at 600 °C for 2 h in order to remove the
organic residues.

B. Synchrotron XRD experiments and data analysis

Synchrotron XRD measurements were carried out using
the XPD beamline �Ferreira et al., 2006� of the synchrotron
radiation facility at the National Synchrotron Light Labora-
tory �LNLS�, Campinas, Brazil. A high-intensity/low-
resolution ��d /d=0.0015, 2�=90°� configuration, without a
crystal analyzer, was employed. This configuration yields
four times the signal-to-noise ratio as compared to the high
resolution configuration. Because of the inherent very broad
Bragg peaks corresponding to nanocrystalline materials, the
rather low resolution of the experimental setup does not sig-
nificantly affect the values of the structural parameters de-
rived from our XRD measurements. The wavelength was set

at 1.549 84 Å. Diffraction data within the angular 2� range
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20° to 130° were collected at room temperature in step-
scanning mode, with a step of 0.05°, and a counting time of
3 s/step.

The average crystallite size of the nanocrystalline pow-
ders was estimated from the width of the XRD peaks using
the Scherrer equation considering the instrumental broaden-
ing �Klug and Alexander, 1974�. The average size ranges
from 7 to 15 nm for the different studied compositions.

1. Direct determination of the oxygen-ion
displacement

The reflections with mixed, odd, and even, Miller in-
dexes are forbidden for structures with a cubic FCC lattice,
such as fluorite-type structures, but among them those with l
even and h and k odd are allowed for structures with tetrag-
onal lattice. These reflections are related only to displace-
ments of oxygen anions from their positions on the cubic
lattice along the c axis. For the �112� reflection, the structure
factor including the Debye-Waller effect of temperature is
given by �Giacovazzo, 1992�

�F�112��2 = 64fO
2 qO

2 sin2�4�z�O�� , �1�

where fO
2 is the atomic scattering factor of O2−, qO

2 is its
temperature factor, and z�O� is the fractional z coordinate of
the O2− anion in the asymmetric unit of the tetragonal unit
cell. Differently, the structure factor associated to the �111�
Bragg reflection only depends on the cationic sublattice, as
shown by the corresponding modulus of the structure factor

�F�111��2 = 16fZr–A
2 qZr–A

2 , �2�

where A is either Y3+ or Ca2+, fZr–A
2 is the average atomic

scattering factor of Zr4+, and A cations and qZr–A
2 is their

average temperature factor.
Therefore, the displacement of the oxygen anions from

their positions in the cubic phase can be calculated from the
ratio of the intensities of the �112� and �111� peaks. The
integrated intensities of powder diffraction Bragg peaks are
given by

Ihkl�2�� = K�F�hkl��2m�hkl�L���P��� , �3�

where F�hkl� is the structure factor given by Eqs. �1� or �2�,
m�hkl� is the multiplicity factor, L��� is the Lorentz factor,
P��� is the polarization factor, and K is a constant. For pow-
der diffraction and symmetrical �-2� scan, L���
=cos��� /sin2���. For X-rays coming from a synchrotron
source using a horizontal diffraction axis, P�1. Since
m�111�=m�112�=8, the I�112� / I�111� quotient results in

I�112�
I�111�

=
4fO

2 sin2�4�z�O��qO
2 L112

fZr–A
2 qZr–A

2 L111

. �4�

Thus, neglecting the effect of the temperature factors,
the fractional z coordinate of the oxygen atom in the asym-
metric unit, z�O�, can easily be determined from the mea-

sured integrated intensities, I�112� and I�111�, using Eq. �4�.
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2. Rietveld analysis

In order to determine the parameters of the unit cell and
the z�O� coordinate as a function of the dopant content, Ri-
etveld refinements of the XRD data were performed using
the FULLPROF program �Rodríguez-Carvajal, 1990�. For the
tetragonal phase, the P42 /nmc space group was assumed,
with �Zr4+, Ca+2, or Y3+� cations and O2− anions in 2a and 4d
positions, respectively. The results of these refinements were
given in terms of the usual pseudo-fluorite unit cell �Lee and
Rainforth, 1994�. For the cubic phase �with a fluorite-type

structure�, the Fm3̄m space group was applied, with �Zr4+,
Ca+2, or Y3+� cations and O2− anions in 4a and 8c positions,
respectively.

The peak shape was assumed to be well described by a
pseudo-Voigt function. The background of each profile was
adjusted by a six-parameter polynomial function in �2��n, n
=0 to 5. Isotropic atomic temperature parameters were used.
The thermal parameters corresponding to Zr and Ca or Y
atoms were assumed to be equal.

Figure 1. �Color online� Synchrotron XRD data close to the �004� and �400�
peaks.
Figure 2. �Color online� X-ray absorption spectra at the Y K-edge.
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C. X-ray absorption spectroscopy and data analysis

EXAFS spectra were measured at the D04B-XAFS1
beamline �Tolentino et al., 1998� �LNLS� in transmission
mode using a Si �220� monochromator for the Zr and
Y K-edges, but it was not possible to get good data for the
Ca K-edge. The nominal photon flux of the beamline is
3�109 photons / �s ·mrad·100 mA�@6 keV. The energy
range was 17900 to 18900 eV for Zr K-edge and
16 900 to 17 900 eV for Y K-edge and was calibrated using
a Zr foil. Data were collected at room temperature using
energy steps of 2 eV and E /�E=5000 to 10 000. The inte-
gration time was 4 s for the Zr K-edge and 6 s for the
Y K-edge. Two spectra were collected for each sample and
the average spectrum was used to perform the data analysis.
The samples were prepared by deposition from a powder
suspension in isopropanol on a Millipore membrane. The
thickness was adjusted to obtain a total absorption above the
edge of 1.5. Since the photon flux at the D04B-XAFS1
beamline is not enough to get quality data at the Ca K-edge,
it was not possible to study it.

To obtain the So value for the Zr K-edge required for
coordination number determination, the standard compound
BaZrO3 �6 oxygen atoms at 2.099 Å� was used, obtaining a
value of 0.9.

EXAFS data reduction was performed using the WINXAS

program �Ressler, 1998�. Both pre- and post-edge free-atom
contributions were subtracted from raw data. For the pre-
edge region, a linear fit of the absorption signal was sub-
tracted from the experimental data; a fifth-order polynomial
was used for the post-edge removal.

In order to study the local structure around Zr, selected
Fourier transform �FT� windows were 3 to 12 Å−1 and
1 to 4 Å in k- and R-space, respectively. A k3-weighted os-

TABLE I. Average crystallite size of all the nanocrystalline ZrO2 based
powders, as determined by the Scherrer equation.

CaO content �mol%� D �nm� Y2O3 content �mol%� D �nm�

4 13.6�5� 2.8 15 �1�
16 14.5�5� 12 7.3 �5�

Figure 3. �Color online� k-weighted raw EXAFS data at the Y K-edge.
S48Fábregas et al.



cillation was used to calculate the Fourier transform. The
quantitative fitting was performed with a k3-weighted oscil-
lation using the FEFFIT program �Ankudinov et al., 1998�
with theoretical amplitudes and phases calculated with the
FEFF8 program �Newville et al., 1995�.

1. Model 1

The free parameters used in this model for the fitting
procedure for the Zr first sphere �Zr-oxygen bond� were two
coordination numbers �CNs�, two bond lengths �DIST�, and
one common Debye-Waller �DW� parameter ���. According
to Vlaic et al. �1999� and Fornasiero et al. �1999�, the values
of EO and � were considered to be equivalent for both Zr-O
subshells. The second sphere �cation-cation bond�, for tetrag-
onal samples, was modeled using two cation-cation distances
with the CNs fixed according to the nominal composition
�with a common DW parameter�. Only one cation-cation dis-
tance with CN fixed according to nominal composition, but
with different DW values whether it was Zr-Ca, or Zr-Y or
Zr-Zr, was used for the cubic samples. All the distances were
correlated using a crystallographic model based on the cell
parameters, a and c, and the fractional z coordinate of the

TABLE II. Structural parameters and standard Rie
ZrO2-Y2O3 powders calcined at 600 °C. The value
reported.

2.8 mol% Y2O3

P42 /nmc

12

c �Å� 5.1762�3� 5
a �Å� 5.1015�3�
c /a 1.0146�1�
z�O� Rietveld 0.207�1�
z�O� I112 / I111 0.212�1�
B�Zr;A� �Å2� 0.75�2�
B�O� �Å2� 1.97�7�
Rp 3.02
Rwp 4.63
Rexp 0.920

Figure 4. �Color online� Fourier transforms of the EXAFS functions corre-
sponding to ZrO2-12 mol% Y2O3 solid solutions at the Zr K-edge and cor-
responding fit.
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O2− anion in the asymmetric unit of the tetragonal unit cell,
z�O�. The inner potential shift ��EO� was considered to be
equal for all the subshells.

Since Zr and Y are neighbors in the periodic table, they
are essentially not distinguished in XRD or EXAFS mea-
surements. Consequently, the second sphere �cation-cation
bond� was modeled using two cation-cation distances with
the CNs fixed at 4 and 8 �with a common DW parameter� for
the tetragonal samples, and one cation-cation distance with
the CN fixed at 12 for the cubic ones, for the EXAFS signals
close to both cation edges. The inner potential shift was con-
sidered to be equal for all subshells.

2. Model 2

For this model, we fixed the coordination around Zr in a
4+4 shell, but in this case each subshell has different �
parameters but equal EO. For cubic samples, a fixed CN of 7
was used. The second subshell was treated as in Model 1.
Both theoretical studies on ZrO2–Y2O3 �Stapper et al., 1999;
Fabris et al., 2002� and X-ray and neutron diffraction experi-
ments on cubic monocrystals �Horiuchi et al., 1984; Mori-
naga et al., 1980; Steele, 1996� have shown that oxygen
atoms can be displaced from their ideal sites in non-

agreement factors obtained for the nanocrystalline
z�O� determined from I�112� and I�111� are also

Y2O3

m
6 mol% CaO

P42 /nmc

16 mol% CaO

Fm3̄m

9�7� 5.1609 �8� 5.102 �2�
5.1025 �7�
1.0114 �3�

0 0.2101 �8� 0.25
0 0.219 �1� 0.25

�2� 0.89 �2� 1.26 �4�
�7� 1.81 �8� 3.3 �1�
7 4.2 5.53
4 3.31 3.84
7 1.08 1.06

Figure 5. �Color online� X-ray absorption spectra at the Zr K-edge.
tveld
s of

mol%

Fm3̄

.1472

0.25
0.25

0.99
2.89

6.1
7.7
1.2
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crystallographic directions. As a result, the distribution of
Zr-O distances is very wide and non-Gaussian. Thus, the use
of a DW parameter alone is not enough to describe these
bonds for ZrO2–Y2O3. Consequently, for samples with high
Y2O3 content, we have used the same parameters as in
Model 1, but in this case we have included the third cumu-
lant expansion for the oxygen in the first sphere for the
Zr K-edge.

III. RESULTS AND DISCUSSION
A. XRD analysis

A qualitative analysis of the XRD patterns indicates that
the crystallographic structures of the samples with low CaO
and Y2O3 content �ZrO2-6 mol% CaO and ZrO2-2.8 mol%
Y2O3� are tetragonal, but those corresponding to high CaO
and Y2O3 contents �ZrO2-16 mol% CaO and ZrO2-12 mol%
Y2O3� are cubic.

The average crystallite size of all studied nanocrystalline
powders estimated from the width of the XRD peaks using
the Scherrer equation �Klug and Alexander, 1974� are re-
ported in Table I. Errors in crystallite size were determined
by estimating the error in the full width at half-maximum to
be equal to the 2� step. Strain analysis was not carried out.

Figure 1 displays the peak profiles of the �400� and �004�
Bragg reflections corresponding to all the studied samples.
Only one diffraction peak is observed for ZrO2-16 mol%
CaO and ZrO2-12 mol% Y2O3 powders, thus indicating the
presence of a cubic phase. On the contrary, the XRD patterns
of the ZrO2-6 mol% CaO and ZrO2-2.8 mol% Y2O3 solid

TABLE III. Results of the EXAFS analysis at the Y K
solutions; CN is coordination number, “Dist.” is Zr
inner potential shift, and R is goodness-of-fit.

Y2O3 content
�mol%�

First Sphere

CN Dist. �Å� �2 �Å2�

2.8 7.9�8� 2.31�1� 0.0090�1�

12 7.5�8� 2.32�1� 0.0105�8�
Figure 6. �Color online� k-weighted raw EXAFS data at the Zr K-edge.
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solutions exhibit a splitting of the �400� and �004� peaks.
This indicates the presence for these solutions of a tetragonal
phase with c /a�1.

The conclusions specified above, based on the visual ex-
amination of only two Bragg peaks of XRD data, were cor-
roborated by a Rietveld fitting, which makes a global analy-
sis of the whole XRD pattern. The parameters derived from
Rietveld refinements are summarized in Table II.

Table II reports the oxygen ion displacement as a func-
tion of CaO and Y2O3 contents determined from Rietveld
refinements and also from the analysis of the ratio of the
�112� and �111� integrated intensities. The differences be-
tween the displacements obtained by both methods are be-
cause the whole XRD pattern is fitted in the Rietveld
method—the weight of the very weak peaks such as the
�112� being very low.

B. EXAFS analysis

1. Y K-edge

The X-ray absorption spectra and the EXAFS signals
corresponding to the Y K-edge of ZrO2-2.8 and 12 mol%
Y2O3 samples are displayed in Figures 2 and 3, respectively.
A good signal/noise ratio is observed for both spectra up to
12 Å−1. A visual examination of the results plotted in Figure
3 indicate that the EXAFS signals corresponding to both
samples �with 2.8 mol% and 12 mol% Y2O3� are very simi-
lar, thus indicating that the local structure around the Y at-

e for all the studied nanostructured ZrO2-Y2O3 solid
en distance, �2 is Debye-Waller parameter, �Eo is

Second Sphere
�Eo

�eV� R �%�CN Dist. �Å� �2 �Å2�

4
8

3.64�3�
3.64�3�

0.0082�7� 3.7 0.7

12 3.61�3� 0.0116�9� 1.4 1.8

Figure 7. �Color online� Fourier transforms of the EXAFS functions corre-
sponding to ZrO2-6 mol% CaO solid solutions at the Zr K-edge and corre-
-edg
-oxyg
sponding fit.
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oms is essentially the same. Also important is that the shape
and amplitude are different from that of the Zr K-edge.

The FT of the EXAFS spectra near the Y K-edge �with-
out phase correction� corresponding to the 12 mol% Y2O3
sample are displayed in Figure 4. The first peak is associated
to the oxygen nearest neighbors of Y atoms, and the second
peak is associated to the first neighbor’s cation shell. In the
same figure a fitted curve is plotted as an example of the
good agreement obtained between the EXAFS signal derived
from the proposed model and experimental data.

The Y-O bond is modeled using a single oxygen first
shell �without subshells� for which the CNs are approxi-
mately equal to 8. Table III reports the results of the fitting
procedure assuming one oxygen shell with a variable CN.
For both samples, the CN is undistinguishable from 8, within
the error bars. The Y-O distance and DW parameters are very
similar, within the error bars, and the first neighbor distance
coincides with those reported by Li et al. �1993�. As in the
case of Zr K-edge, the difference between the values of EO
for different samples was not larger than two energy steps
�4 eV�.

TABLE V. Results of the EXAFS analysis for all the studied nanostructured
Zr-oxygen distance, �2 is Debye-Waller parameter, “3rd cumul.” is third cu

CaO content
�mol%�

First Sphere

CN
Dist.
�Å� �2 �Å2� CN Zr

6 4 2.11�1� 0.0055�4� 3.8
4 2.32�1� 0.017�1� 7.5

16 7 2.14�1� 0.0098�8� 10.1
—

Y2O3 content
�mol%�

First Sphere

CN
Dist.
�Å� �2 �Å2�

3rd
cumul.

2.8 4 2.34�1� 0.0062�6� —
4 2.11�1� 0.018�1� —

12 7 2.19�1� 0.0077�6� 0.00088

TABLE IV. Results of the EXAFS analysis for all the studied nanostructure
Zr-oxygen distance, �2 is Debye-Waller parameter, “3rd cumul.” is third cu

CaO content
�mol%�

First Sphere

CN
Dist.
�Å� �2 �Å2� CN Zr

6 4.1�4� 2.11�1� 0.0055�4� 3.8
2.0�2� 2.32�1� 7.5

16 6.1�6� 2.14�1� 0.0085�7� 10.1
—

Y2O3 content
�mol%�

First Sphere

CN
Dist.
�Å� �2 �Å2�

3rd
cumul.

2.8 4.2�4� 2.09�1� 0.0073�6� 0.000 33
2.3�2� 2.36�1� 0.004 07

12 6.4�6� 2.19�1� 0.0077�6� 0.000 88
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The results obtained from the EXAFS analysis of the
second shell around Y are summarized in Table III. We no-
tice that the cation-cation distances exhibit a slight decreas-
ing trend for increasing Y2O3 content. The Debye-Waller
parameter also increases with increasing Y2O3 content.

2. Zr K edge

The X-ray absorption spectra and EXAFS signals corre-
sponding to the Zr K-edge are plotted in Figures 5 and 6,
respectively. A good signal/noise ratio can be noticed up to
12 Å−1. In Figure 6, the shoulder observed near 6.8 and
8.8 Å−1 in the EXAFS signal corresponding to
ZrO2-2.8 mol% CaO and ZrO2-6 mol% Y2O3 is not appar-
ent in the signal of ZrO2-12 mol% CaO and ZrO2-16 mol%
Y2O3, clearly indicating that a structural change occurs.

The FT of the EXAFS function �without phase correc-
tion� corresponding to 6 mol% CaO sample, at the
Zr K-edge, is shown in Figure 7. The FT exhibits two main
peaks, the first corresponding to the Zr-O nearest neighbor
shell and the second associated to the Zr-cation �Zr-Zr and

2-based solid solutions for Model 2; CN is coordination number, “Dist.” is
nt, �Eo is inner potential shift, and R is goodness-of-fit.

Second Sphere

�Eo

�eV�
R

�%�
N
a

Dist.
�Å�

�2 �Å2�
Zr-Zr

�2 �Å2�
Zr-Ca

24 3.61�3� 0.010�1� 0.0014�1� −1.3 3.0
48 3.61�3�

3.61�3� 0.019�2� 0.0041�4� −2.0 3.0
.9 3.61�3�

Second Sphere

�Eo

�eV�
R

�%�N
Dist.
�Å� �2 �Å2�

4 3.61�3� 0.0094�8� 1.1 2.0
8 3.63�3�
2 3.58�3� 0.016�1� 3.5 1.6

2 based solid solutions for Model 1; CN is coordination number, “Dist.” is
nt, �Eo is inner potential shift, and R is goodness-of-fit.
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Zr-Y or Ca� and second Zr-O coordination shells. In the
same figure, one of the results of the fitting procedure is
plotted as an example of the good agreement obtained be-
tween the proposed model and EXAFS data. Similar results
were obtained for all the other compositions.

In the present work, EXAFS analysis at the Zr K-edge
was performed using the two models that were described in a
preceding section. We have concluded that both of them lead
to statistically identical fittings with similar quality.

Tables IV and V summarize the results of the EXAFS
analysis for Models 1 and 2, respectively. It can be noticed
that for low CaO or Y2O3 content two different Zr-O dis-
tances �dZr–O1 and dZr–O2� are apparent �the two distances
from Zr for the different subshells will hereafter be named
Zr-O1 and Zr-O2�.

For samples with high dopant concentration, i.e.,
16 mol% CaO and 12 mol% Y2O3, the results of EXAFS
analysis exhibit clear differences as compared to those of
lower dopant content. For high CaO or Y2O3 contents, we
observed only one Zr-O distance for both models. Thus, the
tetragonal-to-cubic transition observed by synchrotron radia-
tion XRD for increasing dopant content appears to be only
related to a tetragonal-to-cubic change in symmetry of the
Zr-O bond for ZrO2-Y2O3 solid solutions and very probably
also for ZrO2-CaO materials. The same finding was previ-
ously reported in a similar study of the ZrO2-CeO2 system
�Fábregas et al., 2006�.

Model 1 gives the nearest neighbor distances that are
equal, within the error bars, to those reported by Li et al.
�1993� and Rush et al. �2000� for the 12 mol% Y2O3 cubic
sample. For Model 2, the third cumulant expansion was nec-
essary for the cubic ZrO2-Y2O3 sample. The rather high
Y2O3 content introduces significant static disorder �Stapper
et al., 1999; Fabris et al., 2002; Steele, 1996�, so in this case
the bonds cannot be adequately described by a simple Gauss-
ian distribution.

TABLE VI. Average cation-oxygen �Cat-O� distance
Zr–O bond in ZrO2-CaO solid solutions �assuming
radiation XRD data.

CaO content
�mol%�

Average EXAFS
data �Model 1�

d�Cat-O1�
�Å�

d�Cat-O2�
�Å�

d�

4 2.12�2� 2.33�2�
16 2.19�2�
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We can notice, for Model 1, that the average CN for the
second subshell in the tetragonal samples and the total coor-
dination number in the cubic subshell are rather low. In these
samples, these low coordinations can be explained as a con-
sequence of the large amount of oxygen vacancies that the
dopant introduces into the system. This argument is less
valid for the tetragonal samples, because the oxygen vacancy
concentration is expected to be lower. On the other hand, it is
well known that the strong covalent nature of Zr-O bonding
in ZrO2 lattice promotes sevenfold coordination �Ho, 1982�,
as observed in monoclinic ZrO2. Therefore, we can expect
that the Zr atoms also exhibit this type of coordination in the
tetragonal phase.

Considering the CN and Debye-Waller parameters ob-
tained for Models 1 and 2, we believe that the local order in
zirconia-based materials is more complex than our analysis
suggests. From crystallographic arguments, we know that
both oxygen subshells are equivalent, so they should have
the same Debye-Waller factor and coordination. In this re-
spect, we could not find a structural model for fitting of the
EXAFS data that accomplishes this requisite and at the same
time leads to the nearest neighbor distances compatible with
those obtained from XRD data. Therefore, we cannot distin-
guish between both models in order to determine the local
order.

Our EXAFS measurements probed the average local
structures around Zr atoms. On the other hand, for a substi-
tutional solid solution such as those studied here, the crystal
structure determined by XRD corresponds to the average of
local structures over all unit cells. The averaging over the
unit cells leads to two different average cation-oxygen dis-
tances, d�cation–Oi� �i=1,2�. Considering also the oxygen
vacancies, we used �as explained in Fábregas et al. �2006��

ermined from the results of EXAFS analysis for the
a–O distance of 2.45 Å� compared to synchrotron

erage EXAFS
ata �Model 2�

Synchrotron radiation
XRD data

1� d�Cat-O2�
�Å�

d�Cat-O1�
�Å�

d�Cat-O2�
�Å�

� 2.34�2� 2.119�5� 2.330�5�
2� 2.2091�9�
d�cation – Oi� =
d�Zr – Oi��1 – X��CNZr/8� + d�A – O�X�CNA/8�

�1 – X��CNZr/8� + X�CNA/8�
�i = 1,2� , �5�
where CNZr and CNA are the total coordinations around Zr
and dopant cations, respectively, determined from EXAFS
analysis �the total coordination of Ca was assumed to be
8�, X is the molar fraction of dopant atoms, and d�Zr–O1�,
d�Zr–O2�, and d�A–O� are the distances of the Zr-O1,
s det
a C

Av
d

Cat-O
�Å�

2.11�2
2.20�
Zr-O2, or dopant-O bonds �the Ca-O distance was as-
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sumed to be 2.45 Å�. The values for the Ca-O bond were
selected based on first, CN of the dopant atom is always
found to be near 8 at a practically constant distance �Vlaic
et al., 1997, 1999; Fornasiero et al., 1999; Fábregas et al.,
2006, 2008; Li et al., 1993; Mastelaro et al., 2003; Ho,
1982; Rush et al., 20003�, and second, the eightfold coor-
dination is the expected one by crystallography. The
2.45 Å constant value was chosen after a bibliographical
search of Ca-O distances determined directly from mea-
surements on the Ca K-edge or from compounds with a
known and well-defined environment around Ca �Khan
et al., 1998; Sowrey et al., 2004; Pattanaik et al., 2004;
Tommaseo and Kersten, 2002; Peters et al., 2000�.

As reported in Table VI �for ZrO2-CaO�, Table VII �for
ZrO2-Y2O3�, and Figure 8, the d�cation–O1� and
d�cation–O2� distances obtained from the EXAFS results
using Eq. �5� agree very well, for both models, with those
determined independently from synchrotron radiation XRD
data using the simple expressions

d�cation – O1� = �0.125 � a2 + �z�O� � c�2�1/2, �6a�

d�cation – O2� = �0.125 � a2 + �0.5 − z�O��2 � c2�1/2,

�6b�

where a and c are the unit cell parameters and z�O� is the
fractional z coordinate of the oxygen atom in the asymmetric
unit.

The increase in the DW parameters for cubic samples is
probably related to distortions in Zr polyhedra �Li et al.,
1993� produced by the addition of a rather high amount of
Ca atoms in the solid solutions.

Tables IV and V also report the structure parameters ob-
tained from EXAFS analysis of the second shell around Zr.
The cation-cation distances exhibit a slight decreasing trend
for increasing dopant content. On the other hand, the Debye-
Waller parameter increases with increasing dopant content.
This effect could be related to the severe distortion of Zr
polyhedra �Li et al., 1993� generated by the introduction of
dopants in the system lattice. Thus, it is to be expected that
the DW parameter increases for cubic samples, with rather
high dopant content. Finally, we notice that the cation-cation
distances decrease slightly with increasing dopant content—
this being consistent with unit cell parameters shrinking
when passing from the tetragonal to the cubic structure.

IV. CONCLUSION

We have clearly identified by synchrotron XRD the pres-

TABLE VII. Average cation-oxygen distances determ
Y–O bonds in ZrO2-Y2O3 solid solutions compared

CaO
�mol%�

Average EXAFS
data �Model 1�

d�Cat-O1�
�Å�

d�Cat-O2�
�Å�

d�Ca
�Å

2.8 2.11�2� 2.36�2� 2.1
12 2.22�2� 2.2
ence of a tetragonal phase and a cubic phase in ZrO2-CaO
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and ZrO2-Y2O3 solid solutions prepared by gel-combustion
processes. EXAFS analysis demonstrated that the tetragonal-
to-cubic compositional transitions, for increasing CaO and
Y2O3 content, are related to a similar symmetry change of
the oxygen first shell around Zr cations, which passes from a
two-subshell configuration in the tetragonal phase towards a
single-shell configuration in the cubic phase.

The present investigation evidenced an excellent agree-
ment of the first neighbor distances revealed by EXAFS and
the average cation-oxygen distances determined from syn-
chrotron XRD data, for all the studied solid solutions. This

from the results of EXAFS analysis for the Zr–O and
chrotron radiation XRD data.

ge EXAFS
�Model 2�

Synchrotron radiation
XRD data

d�Cat-O2�
�Å�

d�Cat-O1�
�Å�

d�Cat-O2�
�Å�

2.34�2� 2.111�5� 2.340�5�
2.228 84�5�

Figure 8. �Color online� Comparison between the average cation-O1 and
cation-O2 distances determined from the results of EXAFS analysis and
ined
to syn

Avera
data

t-O1�
�

2�2�
2�2�
those obtained by synchrotron radiation XRD for zirconia based solutions.
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good agreement demonstrates the robustness of the structure
model that we have proposed in order to fit EXAFS data.
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