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Abstract

The local structure around Zr, Ce and dopant atoms (Fe and Ni) in the ZrO,—CeO, system investigated by X-ray absorption
spectroscopy (XAS) is reported to better understand the tetragonal phase stabilization process of zirconia. The first coordination
shell around Zr atoms is not sensitive to the introduction of dopants or to an increase in the ceria content (from 12 to 20 mol%). Ce
ions maintain the eight-fold coordination as in CeO,, but with an altered bond distance. The formation of vacancies resulting from
reduction of Ce atoms can be discarded, because XANES spectra clearly show that Ce ions are preferentially in a tetravalent state.
XANES and EXAFS experiments at the Fe K-edge evidence that the local order around Fe is quite different from that of the Fe,O3
oxide. On the one hand, ab initio EXAFS calculations show that iron atoms form a solid solution with tetragonal ZrO,. The
EXAFS simulation of the first coordination shell around iron evidences that the substitution of zirconium atoms by iron ones
generates oxygen vacancies into the tetragonal network. This is a driven force for the tetragonal phase stabilization process. For Ni
doped samples, EXAFS results show that Ni-O mean bond length is similar to the distance found in the oxide material, i.e., NiO
compound. Besides this result, no evidence of similar solid solution formation for Ni-doped systems has emerged from the EXAFS

analysis
. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceria stabilized tetragonal zirconia has attracted the
attention in recent years due not only to its good
mechanical and electrical properties,"? but also to the
possible applications of these materials as catalysts® and
protective coatings against dry and wet corrosion of
metallic alloys.*

Zirconium oxide, known as zirconia, has three poly-
morphic phases: monoclinic (7<1170 °C), tetragonal
(1170 < T <2370 °C) and cubic (7'>2370 °C). The tet-
ragonal and cubic phases can be obtained at room tem-
perature with the addition of stabilizing ions.”
Tetragonal zirconia can be stabilized by the addition of
a small quantity of dopant oxide such as 3 mol% of
Y,0; or 12 mol% of Ce0,.%7 According to the litera-
ture,®” the stabilization process of the tetragonal phase

* Corresponding author. Tel.: +55-16-273-9755; fax: +55-16-273-
9824.
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in the yttria—zirconia system results from the presence of
oxygen vacancies, whereas it occurs in the ceria—zirconia
system owing to the fact that oversized tetravalent Ce*™*
atoms dilate the cation network, leading to a decrease of
strain energy, which favors tetragonal stabilization.

During the synthesis of zirconia—ceria materials pre-
pared by a traditional high temperature solid state
reaction route, we observed that the tetragonal phase
could not be retained at room temperature without the
introduction of sintering aids.® It was found that
dopants such as iron and copper lowered the sinter-
ing temperature from 1600 down to 1450 °C, with a
percentage of tetragonal phase retained at room tem-
perature higher than 98% and also with an increase of
the electrical conductivity.® Mashio et al. studied the
influence of sintering aids in the tetragonal phase stabi-
lization process of the ceria—zirconia system.” They
found that CuO and MnO,, in a proportion of 0.3
mol%, are excellent sintering aids producing almost
theoretically dense tetragonal zirconia ceramics with a
small grain microstructure.
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Although the short-range order structure of Zr and
Ce atoms in the ZrO,—CeO, system has been quite well
studied,’ the same cannot be said about the iron, nickel-
doped ZrO,—CeO, system. To better understand the
contribution of sintering aids in the tetragonal phase
stabilization process in zirconia—ceria system prepared
by a solid state route, we undertook a structural study
using an X-ray absorption spectroscopy (XAS) tech-
nique on a ceria-zirconia system doped with 0.3 mol%
of iron and nickel. The XAS technique enabled us to
probe the local structure of all the atoms present in the
sample, even in low concentrations.

2. Experimental procedure
2.1. Materials

Zirconium oxide (Tosoh TZ-0), cerium oxide
(Aldrich), Fe5(SOy4); (Aldrich) and Ni(NO;),.6H,O
(Aldrich) were mixed, using zirconia balls and isopropyl
alcohol, to produce powders with the following nominal
compositions: 88.0 mol% ZrO,-12 mol% CeO,
(Zr12Ce), 87.7 mol% ZrO,—12 mol% CeO,—0.3 mol%
Fex(SOy4); (Zr12CeFe), 87.7 mol% ZrO,—12 mol%
Ce0,-0.3 mol% Ni(NO3),.6H,O (Zr12CeNi) and 79.7
mol% ZrO»,—20 mol% CeO»0.3 mol% Fe,(SO4)3
(Zr20CeFe). The composition was implicitly recorded
on each sample’s label. Powders were dried at 50 °C to
eliminate volatile species. Ball milled in isopropyl alcohol
with the addition of 1.0 wt.% of polyvinyl butyral (PVB-
Monsanto) were dried at room temperature and deag-
glomerated through an 80-mesh nylon sieve. 13-mm
diameter discs were isostatically pressed at 270 MPa and
sintered at 1450 °C for 1 h in air. These discs were used
for all the measurements presented in this work.

2.2. XAS data collection

EXAFS (extended X-ray absorption fine structure)
measurements were carried out at room temperature on
the EXAFS IV beam line at LURE (the French syn-
chrotron radiation facility), using the DCI storage ring
(1.85 GeV and an average beam current of 300 mA).
The monochromator used was a Si (111) for experi-
ments made at the Ce Ly;;, Ni and Fe K edges; and Si
(311) for experiments made at the Zr K edge. The discs
obtained after sintering were not ground for EXAFS
experiments to avoid any tetragonal to monoclinic
phase transformation. The Zr K edge and Ce Ly edge
measurements were taken in total electron yield mode.'°
At least five scans were recorded for each sample in the
energy interval 17 900—18 900 eV for the Zr K edge and
5700-6100 eV for the Ce Ly edge, respectively, using
steps of 2 eV for the Zr K and 1 eV for Ce Ly edges.
The XANES (X-ray absorption near edge structure)

spectra at Ce Ly edge were recorded for each sample
between 5700 and 5800 eV using steps of 0.3 eV. The Fe
and Ni K edge measurements were carried out in fluo-
rescence mode due to their small concentration (0.3
mol%). Fluorescence spectra were collected using a
Si(Li) solid-state detector under an 800 eV energy range
with 10s acquisition time per 2 eV energy step. Only Fe
XANES spectrum has been recorded with a better
resolution of 0.3 eV step. Several acquisitions (around
12 spectra) were carried out on the same sample to
improve the signal to noise ratio.

2.3. EXAFS and XANES data analysis

All the EXAFS spectra were treated according to the
single scattering approximation,'!*!? in line with the
procedure described in Ref. 13. The EXAFS analysis
was carried out by microcomputer using a program set
written by Michalowicz,'* according to the recom-
mended procedures described by the International
Workshop on Standards and Criteria in XAFS.!> After
atomic absorption removal and normalization, the
k3x(k) weighted EXAFS signal was Fourier trans-
formed to R distance space in the 2.5-13.4 A~! limits
for Zr, 3.1-9.7 A=" for Ce, 2.8-11.8 A~ for Fe and 3.0~
10.8 A=! for Ni. In each case, the Kaiser apodization win-
dow with T=2.5 was used. The energy threshold was
selected arbitrarily at the inflexion point of the absorption
edge. The contribution of various neighboring shells was
extracted by a back Fourier transform in R space and then
fitted using experimental or theoretical phase and ampli-
tude functions, depending on the backscatterer atom.

To model the Zr—O pair, the phase shift for the Zr—-O
pair and the oxygen backscattering amplitude were
extracted from BaZrO; compound setting N=6,
R=2.09 A and 0=0.09 A. A quantitative analysis of
the Ce—O shell was made taking a CeO, compound as
reference (Rce.0=2.34 A and Nce.o=28). Since it was
impossible to obtain experimental amplitude and phase
functions for the second neighbors contribution at the
Zr and Ce edges, we used theoretical amplitude and
phase functions to perform the simulation of Zr—cation
and Ce—Cation interactions calculated using the FEFF
program (Version 7.0).!¢ The simulation of Fe-O inter-
actions was performed using theoretical amplitude and
phase functions calculated from FEFF program!'s
whereas those used to simulate the Ni—O interactions
was extracted from Ni(OH), compound (N=6, R=2.03
A). In all the fits, the number of free Ny, parameters
was kept smaller than the number of independent N,q
points, defined as Nj,q=2ARAk/m, where AR is the
width of the R-space filter windows and Ak is the actual
interval of the fit in the k space.!*

For the fit made at the Zr and Ce edges, the errors
were determined from the average standard deviation
e(k) for a set of EXAFS spectra recorded for the same
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sample. They are approximately equal to40.01 A in
distance and=+5% in coordination numbers for the first
shell and equal to+0.02 A in distance and+10% in
coordination numbers for the second shell. The relia-
bility of the fit was determined by the agreement factor
o given in Ref. 17.

Ab initio EXAFS spectra characterizing iron dopant
in substitutional site of tetragonal ZrO, network were
calculated using the FEFF7 code in the single scattering
framework. These simulations were based on the pub-
lished structure of tetragonal ZrO,?° including a modi-
fication of Fe—O near neighbors distances supported by
the EXAFS simulations performed on the first coordi-
nation shell.

A qualitative interpretation of XANES spectra
obtained at the Ce Ly edge was performed using the
software package developed by Michalowicz and Noin-
ville.'® For comparison purpose between different sam-
ples, all the spectra were background removed and
normalized using as unity the inflexion point of the first
EXAFS oscillation.

3. Results

Table 1 summarizes apparent density values and the
percentage of tetragonal phase, grain size and sintering
temperature for each sample.® The mechanical fragility
of the Zrl12Ce sample precluded measurements of its
apparent density and grain size values. According to
previous work,® the undoped sample (Zr12Ce) heat
treated at 1450 °C displays the smallest percentage of
tetragonal phase (around 18%), a 99.4 percentage of
tetragonal phase could only be attained when the sam-
ple was heat-treated at 1600 °C. Comparing the doped
samples, one can observe that for the samples heat-
treated at 1450 °C the percentage of tetragonal phase is
around 95.0-97.0% in the iron-doped samples and
around 90.0% in the nickel one. The difference in the
sintering temperature of 150 °C justifies then the use of
dopants to obtain tetragonal zirconia. The average
grain size for the Zr20CeFe and Zr12CeFe samples was
found to be around 1.0 um while, for the Zr12CeNi
sample it was around 1.5 um.

Table 1
Apparent density, percentage of the tetragonal phase and sintering
temperature for samples characterized by EXAFS [28]

Sample Apparent % Tetragonal  Average Sintering
density phase grain size  temperature
(g/em?) (nm) O
Zr12Ce - 18.0 - 1450
Zr12CeFe 6.1 95.0 1.0 1450
Zr20CeFe 6.3 97.0 1.0 1450
Zr12CeNi 6.1 90.0 1.5 1450

3.1. EXAFS results: Zr K edge

The EXAFS signals and the corresponding Fourier
Transforms (FT’s) for undoped and doped samples are
compared in Fig. la and b, respectively. The doped
samples present similar EXAFS signal shapes, char-
acteristic of the tetragonal phase. Although X-ray dif-
fraction experiments detected the presence of 18% of
tetragonal phase on the Zr12Ce sample, the EXAFS
signal of this sample is characteristic of the monoclinic
phase.®

The FTs (Fig. 1b) present two main peaks: one in the
region between 1.1 and 2.3 A, which is associated to the
Zr—0 bonding, while the region between 2.3 and 4.1 Ais
mainly associated to the Zr—cation (cation=Zr,Ce)
interactions. The peak located at approximately 6.7 Ain
the doped samples, is known to be a fingerprint of the
tetragonal phase.® It is attributed to multiple scattering
processes that take place between a collinear array of
scatters.®

The intensity of the first peak of the Fourier trans-
form is similar in the three doped samples and faintly
higher in the undoped sample. In regard to the second
peak, only one peak is observed for the doped samples,
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Fig. 1. (a) Experimental kx(k) versus k& EXAFS spectra and (b)
amplitude of the Fourier transforms of k3x(k) for the samples
Zr12CeFe, Zr12CeNi and Zr20CeFe. For the sake of clarity, each
curve in Fig. 1(a) was shifted downward by a constant in relation to
the preceding one.
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whereas two resolved peaks with a reduced intensity are
observed for the undoped sample. Moreover, in agree-
ment with the reduction of intensity at high values of
the EXAFS signal of the Zr20CeFe, a significant
decrease of the intensity of the second peak for this
sample can be observed.

Table 2 presents the fitting results for the first shell
(Zr-0). In the first shell fitting procedure, interatomic
distances (R), Debye—Waller factors (0) and energy shift
(AE) were allowed to vary, while the coordination
numbers (V) were first fixed. Under these conditions, it
was possible to obtain good fits. In agreement with the
tetragonal structure (t-ZrO,), which is composed of two
subshells with 4 oxygen at short distance (2.10 A) and 4
oxygen at long distance (2.35 A), two subshells were
used to fit the first shell of all doped samples. To test the
validity of our simulations, we also allowed the coordi-
nation number to vary. Under these conditions, either
the Debye—Waller factor or the coordination number
changes appreciably (N varies from 3.9 to 4.1 for the
doped samples). The undoped sample was also correctly
adjusted considering a single shell procedure, in agree-
ment with the monoclinic structure of this sample.®

The second peak of the Fourier transform (Fig. 1b),
located between 2.3 and 4.1 A, is mainly associated to
Zr—cation (cation =Zr,Ce) interactions. The decrease of
the intensity of the Zr—cation peak with the increase
concentration of cerium has been correlated to an
increasing static disorder.” However, Vlaic et al.!®-?°
recently showed that decrease of the peak intensity
results also from Zr—Zr and Zr—Ce phase functions out
of phase, leading to destructive interference’s between
Zr-Zr and Zr—Ce pairs.

According to the literature,® the second shell around
Zr atoms in the m-ZrO, phase is characterized by a
broad distribution of Zr—Zr distances ranging from 3.34
to 4.54 A. Due to the large number of fitting parameters
involved in the monoclinic structure and the occurrence

of a supplementary Zr—Ce contribution, we will not
present the second shell simulation of the sample
ZrCel2 that presents a monoclinic structure.

For the doped samples, we initially attempted to
simulate the filtered second shell EXAFS spectra with-
out the presence of Ce atoms, taking into account the
existence of only 12 Zr atoms located at a medium dis-
tance of 3.62 A and 24 O atoms located at a medium
distance of 4.25 A as reported for pure tetragonal zir-
conia.® The introduction of a Zr—O subshell at 4.25 A
improved the quality of the simulation, mainly at low k
values. In a second trial, we introduced the contribution
of Zr—Ce bonding, and the number of Zr—Zr and Zr—Ce
contributions was calculated based on the sample’s
composition. For the Zr12CeFe and Zr12CeNi samples,
the fitting quality in both cases (including or not the
presence of cerium atoms in the second shell) are very
similar, indicating that for these two samples we were
not able to distinguish between both models. Conse-
quently, the second shell analysis of these two samples
was made assuming only the existence of Zr—Zr and Zr—
O. On the other hand, we observed that the fitting
quality of the Zr20CeFe sample is slightly improved
when the contribution of cerium atoms is included in
the fitting model. For this sample we included then the
contribution of Zr—Ce atoms in the second shell fitting.
The number of Zr—Zr and Zr—Ce contributions was in
this case calculated based on the Zr20CeFe sample
composition (the Zr-Zr coordination number was set to
equal 9.3, mean bond length equal to 3.62 A) and the
Zr—Ce coordination number was set to equal 2.7 (mean
bond length equal to 3.56 A). Fig. 2 compares the fil-
tered EXAFS experimental and theoretical curves for
the Zr20CeFe sample without the presence of Zr-Ce
atoms (and with the presence of Zr—Ce atoms). The
second shell simulation results are also summarized in
Table 2. Namely, X-ray diffraction results revealed the
formation of a homogeneous solid solution between

Table 2
Results of the structural analysis of the first and second coordination shell at the Zr K edge®
Composition Zr-0O Zr—Cation
N RA)  o@A) AE@EV)  p(%) N RA) oA AEEV)  p(%)
Zr12Ce Zr-O 7.0 2.14 0.10 8.7 0.7 - - - - -
Zr12CeFe Zr-0l 4.0 2.10 0.08 44 0.4 Zr-Zr 12.0 3.62 0.09 —11.3 0.33
Zr-O11 4.0 2.34 0.11 1.1 Zr-O 24.0 4.11 0.21 —11.8
Zr12CeNi Zr-01 4.0 2.11 0.08 2.7 2.5 Zr-Zr 12.0 3.62 0.09 —13.7 0.25
Zr-O11 4.0 2.35 0.10 —1.1 Zr-10 24.0 4.11 0.23 —14.3
Zr20CeFe Zr-01 4.0 2.11 0.08 3.6 4.2 Zr-Zr 9.3 3.61 0.09 —12.8 0.74
Zr—OII 4.0 2.35 0.12 0.5 Zr—Ce 2.7 2.56 0.12 —12.8
Zr-O 24.0 4.25 0.22 -9.9 Zr-O 24.0 4.25 0.22 -9.9

4 N is the coordination number; R is the mean bond length with (£0.01 /DX) for the first shell and with (£0.02 A) for the second shell, o (£0.01 A)

is the Debye—Waller factor and p is the agreement factor.
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cerium and zirconia and this result is also supported by
our EXAFS analysis.

3.2. XANES results: Ce Ly edge

Fig. 3 compares the Ce Lj;; XANES spectra of the
zirconia—ceria samples with those of CeRu,Ge, and
CeO;, references in which cerium atoms are trivalent and
tetravalent, respectively. Two main peaks, ¢ and b,
separated by approximately 7 eV, can be observed in the
CeO, spectra, in agreement with previous results.?!
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Fig. 2. Fit and back Fourier filtered signal of the second shell for the
Zr20CeFe sample. (a) with the Zr—Ce contribution and (b) without the
Zr—Ce contribution.
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Fig. 3. XANES normalized absorption spectra at the Ce Ly edge.

These two components were also detected in the ceria—
zirconia samples, with an intensity ratio close to that
found in the CeO, sample. Although we can not com-
pletely excluded the presence of Ce*™ atoms in our
samples, based on the comparison with the reference
compounds, we can conclude that Ce atoms are pre-
ferentially in a tetravalent state. The energy difference
between the a and b peaks in the XANES spectra of the
zirconia—ceria samples is slightly smaller than in CeO,:
about 6.0£0.2 eV for all the samples. This can be qua-
litatively explained by a shortening of the Ce-O dis-
tance. Although the Ce atom in zirconia—ceria samples
is eightfold coordinated as in CeO,, the Ce—-O mean
bond length is shorter. The shortening of distances of
the first oxygen coordination shell for the zirconia—ceria
samples compared to CeO» is also evidenced by the shift
at higher energy of the first EXAFS oscillation accord-
ing to the well known Natoli’s rule.?? In fact, the same
behavior was observed by Ping Li et al.” in ZrO,—CeO,
samples and by Douillard et al. in Ce-doped Y,03
samples.?!

3.3. EXAFS results: Ce Ly edge

A comparison of the Fourier transforms of zirconia—
ceria samples at the Ce Ly edge is given in Fig. 4.
Concerning the first peak (Ce—O first coordination
shell), the FT’s of zirconia—ceria samples appear to pre-
sent the same Ce—O distance. A large difference of the
intensity of the second peak of the Fourier transforms is
observed as a function of the ceria content.

Table 3 presents the first shell (Ce—O) fitting results.
In the fitting procedure, the Ce—O first shell coordina-
tion number was allowed to vary during the simulation
procedure. The spectra were reasonably simulated using
a single-shell model. As expected, from the formation of
a solid solution between Ce and ZrO,, a coordination
number close to 8 was obtained. The Ce—O mean bond
length presents a mean value equal to 2.26 A, shorter

& N - .= .Zr12CeFe

6. S —+—Zr12CeNi
o ° —— Zr20CeFe

5. o o Zr12Ce

Fourier Transform

Fig. 4. Fourier transform at the Ce Lyj; edge for zirconia—ceria sam-
ples.
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Table 3

Results of the structural analysis of the first and second coordination shell at the Ce Lyj; edge®

Composition Ce-O Ce—cation

N R(A) o(A) AE (eV) 0 (%) N R(A) o(A) AE (eV) 0 (%)

CeO, 8.0 2.34 - - - Ce—Ce 12.0 3.82 0.04 4.5 7.6
Ce-O 24.0 4.54 0.02 10.6

Zr12Ce 8.1 2.27 0.08 =25 2.1

Zr12CeFe 7.8 2.26 0.10 -1.7 1.5 Ce—Zr 10.0 3.57 0.00 -2.0 1.1
Ce-Ce 1.9 3.87 0.00 -1.8
Ce-O 25.0 4.52 0.25 -3.7

Zr12CeNi 7.8 2.26 0.11 -1.9 0.3 Ce—Zr 10.1 3.58 0.02 -1.4 1.4
Ce—Ce 1.9 3.87 0.00 -3.4
Ce-O 24.0 4.54 0.25 -32

Zr20CeFe 7.9 2.25 0.11 -2.0 1.6 Ce—Zr 9.5 3.56 0.06 -2.3 7.3
Ce—Ce 2.5 3.85 0.09 —4.2
Ce-O 26.0 4.63 0.25 —1.1

4 N is the coordination number; R is the mean bond length with (£0.02 A) for the first shell and with (£0.03 A, £0.04 A) for the second shell
[Ce—(Zr,Ce) and Ce—-O respectively], o (£0.01 A) is the Debye—Waller factor and p is the agreement factor.

than the 2.34 A observed in the CeO, sample, as pre-
viously deduced from the XANES results. The decrease
in the Fourier transform first peak intensity for zirco-
nia-ceria doped samples is explained by an increase of
the Debye—Waller factor. The Ce—O mean bond length
is relatively close to the Zr—O mean bond length in the
tetragonal phase (2.224+0.02 A).

As regards the second shell analysis, the consistency
of the fitting results at the Zr K-edge should be checked
with those obtained at the Ce Ly edge. As at the Zr K
edge fitting, in an initial attempt, we assumed that the
second shell around Ce atoms is formed only by Zr and
O atoms. In the second attempt, we assumed that Zr, Ce
and O atoms form the second coordination shell around
Ce atoms. Contrary to what we observed at the Zr K

—— Experimental
Simulation

0.15-4m .

kx(k)

-0.154

-0.30

K (A"

Fig. 5. Fit and back Fourier filtered signal of the second shell for the
Zr20CeFe sample: (a) with the Ce—Ce contribution and (b) without the
Ce—Ce contribution.

edge, the simulation at the Ce Lyj; edge (second shell)
was improved for all samples when the presence of Ce—
Ce contribution in the second shell model were inclu-
ded. Fig. 5 compares the experimental and theoretical
filtered EXAFS curves for the Zr20CeFe sample with
the presence of Ce—Ce contribution and without the
presence of Ce—Ce contribution. Table 3 summarizes the
simulation results.

It is important to note that the same behavior is
observed dealing with the disorder in the tetragonal
structure, i.c., for a given 3d metal (Fe for example),
when more Ce atoms are added, the structure becomes
slightly more disordered. Furthermore, at a given Ce
content, the addition of nickel ions systematically leads
to a more disordered structure than does the addition of
iron atoms.

3.4. EXAFS and XANES results: dopant K-edges

The interest of studying the local order around the
dopants, Fe and Ni atoms, is due to the fact that, as was
previously observed,® the introduction of these atoms in
the ZrO,—CeO, system decreases the sintering tempera-
ture and increases the percentage of tetragonal phase
retained at room temperature. Thus, these atoms appear
to be partially responsible for the improvement of the
stabilization process in these zirconia—ceria samples.

Fig. 6 presents the Fe (sample Zr20CeFe) and Ni
(sample Zr12CeNi) XANES spectra compared to the c-
Fe,O5; (aphase) and ¢-NiO compounds, respectively.
Despite of the poor resolution in the data acquisition,
one can observe that the Ni K-edge XANES spectrum
of Zr12CeNi sample is comparable to that of c-NiO
oxide whereas the Fe Kedge XANES spectrum of
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Zr20CeFe sample is quite different from the reference
compound. In fact, the observed Fe XANES spectra of
the Zr20CeFe sample is very similar to that obtained by
Yamamoto et al. for the Fe sulfated zirconia samples>3
for which Fe atoms are proposed to be located at the
center of a highly distorted octahedron.

The EXAFS raw spectra obtained at the Fe and Ni
K-edges for the same samples are shown in Fig. 7.
Fig. 8a compares the FT of Zr20CeFe to that of c-
Fe,O3, while Fig. 8b is a comparison between the FT of
the Zr12CeNi and the c-NiO samples. The presence of
peaks at larger distances as displayed in the c-Fe,O5; and
¢-NiO oxide compounds, were not observed in zirconia—
ceria doped samples. The structural parameters deter-
mined by a least square fitting procedure performed on
the back Fourier transform of the first peak on the FT
are gathered in Table 4. For the Zr20CeFe sample, a
reasonable fitting was obtained when the EXAFS back
Fourier transformed spectra was fitted with two shells
(N=39at2.03+0.02A and N=2.7at 2.524+0.02 A), i.e.,
the total coordination number and the mean bond length
were equal, respectively, to (6.6£1) and (2.27+0.02 A).
The results obtained in this work for the first coordination
shell of iron are totally in agreement with those reported
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Fig. 6. XANES raw data at: (a) Fe K for the Zr20CeFe sample and
(b) Ni K edge for the Zr12CeNi sample compared to the respective
reference oxide samples.

by Yamamoto et al.,”® in particular they confirm the

distorted environment of iron. The refined iron-oxygen
distances strongly suggest that iron substitutes zirco-
nium in the tetragonal oxide network. Then we have
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attempted ab initio EXAFS simulations for such sub-
stitution. Fig. 9 compares theoretical EXAFS spectrum
to the experimental ones as well as the corresponding
FT. The agreement between theory and experiment is
satisfactorily and confirm that iron atoms in the Fe-
doped ZrO,—CeO, system form also a solution with
ZrO,. Similar conclusion was achieved for Fe-sulfated
zirconia system reported in Ref. 23.

A Ni—O coordination number equal to (5.4+0.3) and
a mean bond length approximately equal to (2.03£0.02
A) were found for the Zr12CeNi sample. These para-
meters are very similar to that of NiO oxide compound.

4. Discussion

4.1. Local structure around zirconium, cerium, iron and
nickel atoms

The analysis of the EXAFS results obtained at the Zr
K-edge showed that the structure of the first shell (Zr—
O; and Zr-Oy; bonding) is not sensitive to the intro-
duction of dopants or to an increase in ceria content.
The Zr first shell EXAFS simulations presented in this
paper are in good agreement with those found in the lit-
erature.” However, contrary to that published by Ping Li
et al.,” the simulations for the second shell around zirco-
nium atoms show that the inclusion of Zr—Ce interac-
tions in the second shell simulation improve the
simulation results; principally for the Zr20CeFe sample.
Thus for higher concentrations of cerium, the presence
of Zr-Ce interactions must be taken into account.

In good agreement with previous works’?! we
observed that Ce ions are maintained in a eightfold
coordination, as in the CeO,, in all the samples, albeit
with a shortening of the bond distance. Thus, the
“CeQyg” building block is more compressed in zirconia—
ceria samples than in CeO,. The consistency of the
results obtained at the Zr K edge was confirmed by the
results obtained at the Ce Lyj; edge in the second shell
fitting. However, the fitting quality in this case was
really improved for the three doped samples when we
considered the presence of Ce—Zr and Ce—Ce interac-

Table 4
Results of the structural analysis of the first shell at the dopant K
edges®

Composition M-O
N R(A) o(A) AE (eV) 0
Zr20CeFe 3.9 2.03 0.08 4.4 0.9
2.8 2.52 0.08 10.4
Zr12CeNi 5.4 2.03 0.12 —2.8 0.06

2 N is the coordination number; R is the mean bond length with
(£0.02 A) for the first, o (£0.01 A) is the Debye—Waller factor and p
is the agreement factor.

tions. Because the content of dopants was small, their
contribution in the fitting was negligible. The XANES
spectra analysis obtained at the Ce Ly edge clearly
showed that the Ce ions are preferentially in the Ce**
oxidation state.

The EXAFS analysis at the Ni K edge showed that
the first Ni-O coordination number and the mean bond
length are similar (considering the error bar) to that in
the oxide sample, i.e., c-NiO. Then the possibility of
oxide phase separation can not be ruled out for nickel
doped ZrO,—CeO, system. The EXAFS results at the Fe
K edge clearly evidence the formation of a substitu-
tional solid solution between iron and zirconium. These
findings are in agreement with those published by
Yamamoto et al.?® and by Ping Li et al.®

4.2. Phase stability and tetragonality

It is well known that the stabilization process of a
tetragonal phase at room temperature in the ZrO,—
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Fig. 9. Comparison between the experimental spectrum recorded at
the Fe K edge for Zr20CeFe and the FeFF7 simulation obtained for
iron atom in substitution of zirconium atom in the tetragonal network:
(a) kx(k) versus k EXAFS spectra and (b) corresponding Fourier
transforms.
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CeO, system may depend on several factors, such as
grain size, dopant type and concentration and vacancy
concentration caused by the introduction of
dopants.” 227

As demonstrated earlier,® the Zr12Ce undoped sam-
ple presented only 18% of tetragonal phase, indicating
that, in this case, the introduction of only 12% of CeO,
to the zirconia lattice was not completely efficient to
promote the total stabilization of the tetragonal phase.
In the same sintering conditions (1450 °C), a large frac-
tion of the tetragonal phase could be only retained at
room temperature after doping the Zr12Ce sample with
0.3 mol% Fe»(SO4); and Ni(NOs3),.6H,O compounds.
Based on this information, some parameters are ana-
lyzed that may influence the stabilization process of the
tetragonal phase at room temperature.

The scanning electron microscope (SEM) analysis of
the samples studied in this work showed a grain size
ranging between | and 2 um (Table 1). This means that
the stabilization process was not achieved by grain
nanocrystalline size effect.?’

Another possibility is that, as the samples are in pellet
form, the tetragonal phase is retained at room tempera-
ture due to a compression effect. To verify this possibi-
lity, we measured the percentage of tetragonal phase in
the pellet sample and in the powder sample obtained by
grinding the pellet. The X-ray diffraction patterns of
both samples are identical, indicating that the process of
tetragonal phase stabilization was not achieved by a
compression effect.

In a previous work,”® we observed by transmission
electron microscopy (TEM) that the introduction of
iron as a sintering aid causes the formation of a liquid
phase located in the microstructure triple points and
along the grain boundaries as a very thin layer. This
liquid phase formation improves the sample homo-
geneity during the sintering process enhancing the dif-
fusion paths. This effect can promote a more efficient
tetragonal phase stabilization process.

Mashio et al.® proposed that the stabilization process
in a ceria-zirconia system containing sintering aids (such
as CuO and MnQO,) is more effective because dopants
introduce lattice defects and enhance cation diffusion
through oxygen vacancy formation. Furthermore, they
believe that when Ce** is reduced to Ce**, oxygen
vacancies are introduced to balance its lower oxidation
state. Our structural results indicate that Ce ions are
preferentially in the Ce** state in every sample studied.
This finding allowed us to discard the possibility of
vacancy formation resulting from cerium reduction. As
for Mashio’s first assumption, our XAS results at the Fe
K-edge show the formation of a solid solution in which
the dopant substitute Zr atoms in the ZrO, structure.
Since the total coordination number for Fe is equal to
7.0, its introduction generates oxygen vacancy, which
will act in the stabilization process, as proposed by

Mashio.® Contrary to iron EXAFS results we have
found a regular first coordination shell around nickel,
then the formation of similar solid solution is highly
unlikely for the Zr12CeNi sample. Although the for-
mation of NiO domains is not clearly evidenced by our
EXAFS analysis, it is noteworthy that the formation of
nanocrystalline oxide phase is expected to be less effi-
cient into the tetragonal phase stabilization process>*
than the formation of solid solution between dopant
and ZrO, host structure. Then, the difference in the
proportion of tetragonal phase obtained by iron and
nickel doping reported in Table 1 could be resulted from
the formation of NiO domain in Zr12CeNi.

5. Conclusions

Our analysis of EXAFS results from the Zr K-edge
showed that the structure of the first shell (Zr—O; and
Zr—Oq; bonding) is insensitive both to the introduction
of dopants and to the increasing ceria content. With
regard to the second shell around zirconium atoms, the
inclusion of Zr-Ce interactions in the second shell
simulation failed to improve the simulation results.

Ce ions maintained the same coordination as in CeQO,
in all the samples, but with a shorter bond distance.
Thus, the CeOg first coordination shell is more com-
pressed in zirconia-ceria samples as compared to the
CeO, structure. The analysis of XANES spectra
obtained at the Ce Lyj; edge clearly showed that Ce ions
are preferentially in the Ce** oxidation state. Thus, the
formation of vacancies due to Ce atom reduction can be
discarded.

The XANES spectra of iron doped sample is quite
different from c-Fe,O; allowing to rule out the possibi-
lity of phase separation. Ab initio EXAFS simulations
have clearly evidenced that Fe atoms form a solid solu-
tion with ZrO, introducing by this way oxygen vacan-
cies in the oxide network. The enhancement of the path
diffusion caused by the introduction of oxygen vacan-
cies improves the tetragonal phase stabilization process.

Finally we found that the first Ni-O mean bond
length is similar to the distance found in NiO and no
evidence of similar solid solution formation for Ni-
doped systems has emerged from the EXAFS analysis.
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