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Understanding of Enhanced Oxygen Storage Capacity in GeZr 0s02: The Presence of an
Anharmonic Pair Distribution Function in the Zr —O, Subshell as Analyzed by XAFS
Spectroscopy
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Standard EXAFS analysis on Z&;-O, mixed oxides leads to incorrect structural parameters. A comparison
of XRD Rietveld analysis with an EXAFS study of a Y-doped reference compound angsArg40, catalyst
showed that in order to obtain reliable structural parameters with EXAFS an anharmonic pair distribution
function has to be used for the analysis of the secoreZbond. The anharmonicity of the second-2
subshell points to a much weaker-ZD bond than in the first Z+O subshell. A lamellar type structural
model explains the high oxygen storage capacity of &Z& 0.. The short Z+O, distance corresponds to

the intralayer Zr—O bond and the much weaker ZD, distance to thénterlayer Zr—0O interaction. The
oxygen storage capacity is determined by ititerlayer Zr—O interaction.

Introduction The comparison of both the XRD and the EXAFS results shows
that the assumption of equia values for both Z+0O subshells

in Y—ZrO, leads to wrong coordination numbers. However,
leaving theEp values free in the EXAFS fitting procedure
esulted in a lower coordination distance of the second subshell
han obtained with XRD. It will be shown that the anharmonic
behavior of the pair distribution function of the second-Zr
subshell is the origin of the discrepancy between the EXAFS
and the XRD results. A good agreement between XRD and
EXAFS results is obtained by using a cumulant expansion
approach for the EXAFS analysis of the secone-@rsubshell.
Applying the same data-analysis method in the study of the
structure of CgsZrosO, similar results are obtained. The
anharmonicity of the pair distribution function is much larger
for CeysZros0,. The higher anharmonicity of the Z0O,
subshell can be related to the enhanced oxygen storage capacity
of CeysZro.502.

ZrCe 4O, mixed oxides have been extensively studied since
they are good candidates for noble metal (Pd, Pt, or Rh) support
in automotive three way catalysts (TWCs). Compared to pure
Ce-oxide they present an enhancement of the oxygen storagez
release capacity (OSC), a crucial property for three-way
catalysts: This property is very important because it allows the
catalyst to operate in an enlarged air-to-fuel window. Several
studies indicate that the OSC of ZrBased materials are closely
related to their structurg? It is therefore indispensable to
unambiguously determine their structural properties.

Because of the ability of the EXAFS technique to probe the
local structure around the Zr absorber atom, EXAFS has been
extensively used to study several Zritased materials.” For
Cey 5210502, eight oxygen atoms around a central Zr atom are
expectedl (two shells of four atoms for a tetragonal structure
or one shell of eight atoms for a cubic structure). As already
pointed out by Yashim&,the method used for the EXAFS
analysis can drastically affect the obtained results. In particular,
in some recent XAFS studi@$|less than the expected 8 oxygen ~ The 1 mol % Y,03—ZrO, compound was obtained from
atoms were determined using a Zr K edge EXAFS analysis Gimex (grain size between Oin and 1um), the Cg.sZro.s02
method in which the data were fitted with at+2 shell was a high surface area (106fy) CEZIRENCAT sampl¥
distribution (four oxygen atoms at 2.115 A and two oxygen and purchased from Rhodia.
atoms at 2.324 A). In that study the inner potentia) (values XRD was performed on an INEL PDS 120 powder diffrac-
of the two Zr—O subshells were preset to be equal during the tometer system (filtered Codg radiation). The powder pattern
EXAFS analysis. These authors claim that the OSC is due to aanalysis were processed by using the Rietveld analysis method
softening of the bonding of some of the oxygens in the second with the program GSAS?
shell and that the missing oxygen oxygen atoms become very The XAFS data were measured at the ESRF (beamline BM29)
delocalized in the lattice. at room temperature using a Si (111) double-crystal monochro-

In this paper the structure of g&rys0; is further investi- mator. The higher harmonics were removed by detuning the
gated by combining the results of XRD and XAFS spectroscopy. monochromator to 50%. The energies of the spectrum were
First, a well-defined tetragonal ~YZrO, sample (1 mol % calibrated by simultaneously measuring the spectra of the sample
Y ,03—Zr0,) with two subshells of four oxygen atoms around and of a Zr foil.

Zr is used as model compound. The refinement of the cell Standard procedures were used to extract the EXAFS signal
parameters of this sample is based on their powder XRD pattern.by using the XDAP prograr® The preedge background was
approximated by a modified Victoreen curtféNormalization

* Corresponding author. was done by dividing the height of the absorption edge at 50
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Figure 1. Comparison of the calculated XRD patterns (crosses) by
the Rietveld analysis with the experimental patterns (line). Their
differences are plotted on the same scale. Top pattern: 1 maiQ4-Y
ZrO,. Bottom pattern: CgZros0,.
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TABLE 1: Structural Parameters of the 1 mol % Y ,03
ZrO , and of CeysZr 050, Samples Determined by Rietveld
Method Analysis

1 mol %Y,0s. ZrO, CeysZros02
(space groupP4./nmg  (space groupP4,/nmq

a(h) 3.5931(2) 3.724(3)
c(A) 5.166(2) 5.296(8)
cl(av/2) 1.017 1.006
cation x 0.75 0.75
cationy 0.25 0.25
cation z 0.25 0.25
O x 0.25 0.25
Oy 0.25 0.25
Oz 0.4591(8) 0.461(4)
Rup (%) 3.2 8
¥ 7.6 1.8
dzr—0,(A) 2.096 2.168
dzr -0y (A) 2.343 2.410

eV. Multishell fittings were performed in th&® space by
minimizing the difference between the imaginary part and the
magnitude of the Fourier transform of the raw data and the
model EXAFS function. The advantages of fitting Rfhspace
are extensively discussed elsewh&¥®. The difference file
technique was used to determine more reliably the individual
contributions of the two ZrO subshells in the first shell region
of the Fourier transforn?

Results

XRD. CeQ, powder was used as an internal standard for
calibration of the diffractometer to establish precisely the values
of the cell parameters. The XRD patterns of both the 1 mol %
Y,03—Zr0O, and Ce@sZrps0, sample were indexed in the
P4,/nmcspace group with a quadratic unit cell (Table 1). The
quality of the Rietveld analysis can be seen in Figure 1. The
use of Rietveld analysis for refinement of the position of the

oxygen atoms lead to atomic positions characteristic of tetrago-

nal ZrG,.1” This oxide possesses two oxygen coordination shells
around Zr with 4 oxygen neighbors each. The isotropic atomic
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Figure 2. (a) Zr K edge XANES spectra of 1 mol %,0;—ZrO,

(solid line) and CgsZro 50 (dotted line). (b) First derivatives of these
spectra.
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thermal parameter8 are not listed because the absorption
correction could not be performed accurately.

XANES. Figure 2 shows the Zr K edge XANES spectra and
the first derivatives of the XANES data of the 1 mol %05—
ZrO, and Cg sZrp 50, samples. The XANES spectral region can
be divided in three parts (denoted as A,d@d C) as shown
previously? The origin of energy, i.e.Eo, was taken at the
inflection point of the rising edge after the A structure. For
comparison of the XANES spectra, normalization was done at
18066 eV. Figure 2 shows clearly that the three features are
very similar for both 1 mol % ¥O3—ZrO, and C@ 5Zro.50,. In
particular, the preedge features A, characteristic of a tetragonal
structure’ are the same for both two samples.

EXAFS. The raw EXAFS data of the 1 mol %,03—Z2rO,
and the CgsZro 50, samples are shown in Figure 3a. It can be
seen that the data quality is excelleStN ratio is 50 atk = 3
A-land 8 ak = 15 A1) for the Y.03—ZrO, standard sample.
The corresponding Fourier transfornié, (2.5 < k < 15 A9
are plotted in Figure 3b. The first shell region{OR < 2.5 A)
is similar for both samples; small but significant changes can
be observed for (1.& R < 2.5 A) in both the magnitude and
the imaginary part of the Fourier transforms.

For each of the two ZO subshells in the Y03—ZrO,
sample, separate phase and backscattering amplitude functions
were calculated with the FEFF7 program. The coordination
number and distance as derived from our XRD results of the
Y-doped sample were used as fixed input values for this
calculation. For each subshell the amplitude reduction factor
($?) was chosen to be 1 with the lifetime broadenikg équal
to 0 eV. Next, the values for the inner potential shift)(and
the disorder¢?) for each subshell were optimized in the FEFF7
calculation to find a zero value for the difference in innerpo-
tential value AEo) and disorder4ad?) in the fit of the two Zr-O
subshells of the 1 mol % X03—ZrO, sample. The multiple-
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Figure 3. (a) Raw EXAFS data of 1 mol % (solid line) and {ze

Zr00, (dotted line). b) Corresponding Fourier transforrk’ 2.5 < k
<15 A,
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Figure 4. R-space fit (dotted line}k¢, 2.5< k <15 A-1, 1 < R <2.3
A, with free parametersAo? and AE;) of EXAFS data (solid line) of

1 mol % Y.03;—ZrO, using FEFF7 phase shifts and backscattering
amplitudes calculated with the input parameters as given in Table 2.

shell fit was performed in thR space between 1 and 2.3 A (no
phase correction andkd weighting) using & range 2.5< k <
15 A~L. The fit results are given in Figure 4 with a dotted line.
The variances of the fit for the absolute valué,)d and
imaginary partVim) of the Fourier transform are given in Table
2 together with the final FEFF7 input parameters. The FEFF7
input values ofV, and ¢? for the Zr—O, subshell are 4.7 eV
and 10x 103 A2 higher than for the Zr O, subshell, showing
a different type of oxygen coordination with a larger disorder
for the Zr—0O, subshell. The calibrated Z0; and Zr-0O; phase
shift and backscattering amplitude functions were now used in
three different methods of the EXAFS analysis of the 1 mol %
Y 203—ZrO, and Cg sZros0, samples.

In method 1, a refinement of the EXAFS parameters was
performed by fitting in addition to the innerpotential valuesp)

Lemaux et al.

TABLE 2: Zr K Edge EXAFS Parameters of 1 mol %
Y,03—ZrO, by Using FEFFR Zr —O; and Zr—0O, Phase
Shifts and Backscattering Amplitudes

N R(A) Ac® (1063 A?) AEy(eV)  Vin®  Vapé
4 2,098 0 0 3.8 0.5
4 2343 0 0

AFEFF7 input:V, = 0, % = 1. For Zr-O;: N=4,R= 2.096 A,
02=5x 103A2 V, = —5.1eV. For ZFO; N=4,R=2.343 A,
02=145x 103 A2 V, = —0.8 eV.? XRD values, fixed in analysis.
¢ Fit variance in percent.

1.0

FT k2y (k)

-1.0 ' ; ‘ :

' 2
R (A)
Figure 5. Method |: R-space fit (dotted linek%, 2.5 < k <15 A1,

1 < R <2.3 A, with free parametersAc?, AE,, andR) of EXAFS
data (solid line) of 1 mol % ¥Os;—ZrO, using FEFF7 phase shifts and

backscattering amplitudes calculated with the input parameters as given
in Table 2.

and disorder 40?) also the coordination distances of the two
Zr—0 subshells. The FEFF7 20, and the Zr-O, phase shift
and backscattering amplitude obtained with the method de-
scribed above were used in the fit procedure. For the 1 mol %
Y ,03—2ZrO, sample a lower variance of the fit of the imaginary
part Vin) of the Fourier transform was obtained with a
significant lower Zr-O, coordination distance (2.27 vs 2.34 A)
(see Tables 2 and 3), implying a discrepancy between the
EXAFS and the XRD results. The differences betweenRhe
space fit using method | and the space fit obtained in
calibrating the FEFF7 references with fixing the-49, and
Zr—0 distances to the XRD values can be observed by
comparing Figure 4 with Figure 5. In Figure 5 the Fourier
transformed EXAFS data and the fit using method | (fRee
Ad?, and AEy) are compiled. By using metdol a better
agreement between the imaginary parts of the Fourier transform
an the fit is obtained especially in the region k&R < 2.3

The difference file technique was used to check the fit quality
of both subshells. The agreement between the Fourier transform
of the difference file and the calculated fitted contribution in
the R range used for th& space fit can be judged in Figure 6.
Figure 6a gives the Fourier transfori?,(2.5 < k < 15 A9
of the difference file (solid line: raw EXAFS minus Z0,)
and the fitted Zr-O, contribution (dotted line). The Fourier
transforms of the difference file (solid line: raw EXAFS minus
Zr—0;) and the fitted Z+O, contribution (dotted line) are
shown in Figure 6b. The calculated fitted-2D; and Zr—0O,
EXAFS functions k? weighted) using method | are plotted in
Figure 6¢ (thin lines). This figure demonstrates the anti-phase
behavior of both Z+O subshells.

To compare these results with the literature, the sameXZr
phase shift and backscattering amplitude was used for the
analysis of both ZrO subshells. The set that was calibrated to
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Figure 6. (a) Fourier transform k&, 2.5 < k < 15 A1) of Zr—0 difference file (raw data minus 2O,) (solid line) and fitted Z+O; contribution
(dotted line), (b) Fourier transformi® 2.5 < k <15 A1) of Zr—0, difference file (Raw data minus 20) (solid line) and fitted Z+O, contribution
(dotted line), (c) EXAFS functions of fitted 2O, using model | (thin solid line) and 2O, contributions using model | (thin dotted line). EXAFS
functions of fitted Zr-0O, using model Il (thick solid line) and ZrO, contributions using model Il (thick dotted line). Both models lead to the same
total Chi function (inset).

the Zr—0; subshell was used as a reference. First, in method method | and the DebyeWaller of the second oxygen subshell

I, the analysis described by Vlaic et @l.was applied: the is 6 x 1073 higher than for Z#0O.

inner potential AEg) is allowed to float in the fitting procedure, The EXAFS analysis of the GeZry s0, sample was carried
but set to the same value for both the two shells. The out using the same three methods. Similar results were obtained
coordination numbers were fixed with a2 shell distribution as with 1 mol % %O3—ZrO,. However, the apparent contraction
(four oxygen atoms at a short and two oxygen atoms at a longerof the second Z+O subshell appears to be 0.17 A, about 0.1 A
coordination distance), using the structural model as put forward |arger as detected for the,®;—ZrO, standard sample.

by Vlaic et al>* The variance¥in andVaps0f the fit are similar Finally the cumulant expansion approach was used for
as obtained with fit procedure described above (Table 3). The exaFs analysis of the second oxygen shell by adding to the
coordination distance of the 2O, subshell is now closer (2.29  Fepgr7 phase shift a term:4/3Czk.318.19]t was indeed possible

vs 2.34 A)to the XRD value and the disorder obtained for both tg gbtain the same coordination distance as detected in 1 mol
Zr—0 subshells is similar. Figure 6c (thick lines) explains the o4 y,0,—zr0, with XRD by adjusting the anharmonicity
discrepancy between the results of Vlaic et@and the results parameterCz. The results are given in Table 4. The inner
obtained in this work. The sum of the Z0, and Z=0; potential values found for the ZiO, subshells are now similar
contribution is in both cases the same (inset Figure 6c), which as found for the Z+ 0O, subshells. Moreover, the disorder and
explains the similar variances ¥, andVapsobtained with both the anharmonicity of the ZrO, subshell in CgsZro 0, are

methods. However, by forcing the inner potential to be the same |arger than for the corresponding subshell of th®©Y-zr0,
a wrong coordination number for the second shell is obtained. standard sample.

The combination of a wrong\Eg for both shells with a wrong
coordination number of the second shell can still lead to the igc\ssion
same total sum.

In method Il a 4+4 shell distribution was applied with the XRD and XAFS. The XRD patterns of both ¥Zr and Ce-
AEp values free to vary during the fit procedure. Also in this Zr oxides can be indexed in tiéd,/nmc space group with a
case the FEFF7 Z0; phase shift and backscattering amplitude quadratic unit cell. Our XRD analysis on 1 mol %Q05—ZrO,
was used for analyzing both ZO subshells. No improvement  confirmed the previously published XRDunit cell param-
of the R-space fit was obtained (Table 3). The coordination eters: a = 3.5931(2) A anct = 5.166(2) A. It is known that
distance of the ZrO, subshell is 0.07 A smaller than the value this oxide possesses two oxygen coordination shells around Zr
found by our XRD analysis, a similar result as obtained with with 4 oxygen neighbors each. The Rietveld analysis carried
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TABLE 3: Zr K-edge EXAFS Analysis Parameters of 1 mol % Y,03—ZrO , and CeysZr 0>

1 mol % Y.0s. ZrO, Cey.Zros0;
Vim Vim
method N R(A) Ao? (103 A?) AE, (eV) Vabs N R(A) Ac? (103 A?) AEy(eV) Vabs
I 42 2.101 -0.8 -1.4 0.963 4 2.114 0 -3.6 1.54
42 2.272 —4.7 5.9 0.364 1 2.238 —6.6 7.1 0.428
I 42 2.099 -0.5 1.5 0.958 4 2.119 0 -0.9° 1.84
22 2.293 0.7 15 0.508 2 2.276 1.6 -0.5 0.419
I 42 2.099 -0.7 -1.1 0.921 4 2112 0.0 -34 1.55
42 2.267 5.1 3.6 0.407 a4 2233 3.0 4.7 0.494

2 Fixed in analysis? Free but both equal.

TABLE 4: Zr K Edge EXAFS Analysis Parameters of the Second Oxygen Shell of 1 mol % ¥03;—ZrO , and CeysZr 050, Using
the Cumulant Expansion Approach

1 mol % Y-0s. ZrO, CeysZros02
N R@A) 21ABAY  AE(eV) Cs Vin Vas N R@A) 02(10AY) AE(eV) Cs Vim  Vas
42 2.343 5.1 0.2 3.5 1073 1.4 0.4 4 2.36 7.4 —-3.0 5x 1073 3.9 1.4

aFixed in analysis.

out for both oxides in this study is fully in agreement with this coordination distance of the second-2 subshell was ob-

structure. served. In method Ill, by using the same phase and backscat-
Figure 2 shows clearly that the three XANES features (A, B, tering amplitude in the analysis of both subshells, a similar trend
and C) are very similar for both 1 mol %,0;—2rO, and Cg s was observed. Furthermore, for the latter method a higigr

Zro505. In particular, the preedge feature A, characteristic of a value and a considerably higher Deby&aller factor was
tetragonal structuré,is the same for both two samples. observed for the second shell. High disorder associated with a
Moreover, the first shell region of the Fourier transform of the large anharmonicity of the pair distribution function of a
raw EXAFS data of both oxides (see Figure 3b) is almost coordination shell can induce both an important underestimation
identical. Additionally, the EXAFS data-analysis using methods of the distance and the coordination number if the normal
I, Il ,and Ill applied to the CgsZrosO, sample show the same  EXAFS formalisni®is used in the analysis. The normal EXAFS
trends as found for the standargO4—ZrO,. By combining formalism is based upon a Gaussian type of disorder. The error
the XRD and the XAFS data it can be concluded that both in the distance introduces a large phase correction leading to
samples have a similar+4 geometry in the two 2O high AE, values.

subshells. Application of the cumulant expansion approach (see Table
Therefore, EXAFS data analysis method II, which leads to a 4) to analyze the EXAFS signal of the Z6, subshell led to
4+2 model is wrong and must be rejected. In these data-analysisthe same coordination distances as found with XRD and an inner
method put forward by Vlaic et al. the inner potential was preset potential value close to the value found for the-Z¥; subshell
to be equal. The ZrO, and Zr-O; EXAFS functions as plotted  (see Table 3). From these results it can be concluded that the
in Figure 6c¢ using method I (thin lines) show a strong antiphase zr—Q, subshell in the ¥Os—ZrO, standard sample and in &g
behavior. Figure 6¢ explains why a false coordination number zr, ;0, must have an asymmetric pair distribution function. This
is obtained when the inner potential values are preset to bealso shows the same type of geometry in the twe@rsubshells
equal: the influence of a wrongly chosen inner potential value of the standard ¥0;—2ZrO, and the CgsZro 50, sample.
can be compensated for by an incorrect value of the coordination |t should be noticed that differences in distances are observed
nu_mber_. These_ results make clear that tHQathdeI for both for the CesZros0, between the distance for the first shell
oxides isan artifactof the EXAFS data analysis. defined by EXAFS and XRD owning to the atomic selectivity
Valence Bond Ana!y5|s.lt has beqn de'monstrated recently of EXAFS. In fact, in contrast to the Zr K edge EXAFS which
by Hunter et al® that in tetragonal zirconias the length of the 510,y the investigation of the oxygen shell selectively around
longer bond is determined by the requirement that the sum of 1,4 Zr, the XRD technique, due to the fact that Ce and Zr share
all valences constant: the same atomic position, gives an averaged distance of the Ce
v= S exgLoeERI0320) O;and the_ Zr0y distances. Therefore, as?Z1(0.80 A) present
z a smaller ionic radius compared to‘C€0.97 A), the distance
Zr—0 is overestimated by XRD technique as it is the case in
whereR is the length of théth bond. Using the model as put fully stabilized cubic zirconia with oversized dopant cations as
foreward in this study with two subshells composed of four Gd??However, as the composition of Y in the 1 mol %-ZrO,
oxygens at 2.11 A and four oxygens at 2.36 A, a value for the is very small, the Z+O given by XRD are accurately describing
valence of 3.92 is found close to the value of 3.96 as determinedthe local structure around Zr and they are equal to those obtained
by Hunter et af° If we consider now the42 model as assumed by EXAFS analysis.
by Vlaic et al? a value of 3.29 is obtained. Even when a third Structural Model: Explanation for Enhanced Oxygen
shell with an additional two oxygens atoms located at a distance Storage Capacity.Table 4 shows that the third cumula@sf
> 2.6 A were included, a valenaesmaller or equal than 3.45  of the second ZrO subshell in CgsZro 50, has a larger value
was obtained. Therefore, in the-2 model, ther (total valence) than for the standard 203—ZrO, sample. This means that the
is far from 3.96, which also invalidates from a chemical point anharmonicity depends on the composition of the doped, ZrO
of view the 4+2 model. oxides. The higher disorder associated with the secortDZr
Anharmonicity in the Zr —O, Pair Distribution Function. subshell can be explained by the weakness of the chemical bond
Using EXAFS data-analysis method |, a decrease of the between the Zr and the oxygen atoms of the second shell. This

J
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with XRD. A large disorder associated with the second oxygen
shell is detected. Because of this large disorder the classical
EXAFS formalism leads to a wrong structural model. The use
of a three-cumulant expansion in the EXAFS analysis describing
an anharmonic pair distribution function resulted in the same
coordination distances as found with XRD analysis.

The asymmetry parameter of the anharmonic pair distribution
function in the Zr0O, subshell found in GgZro 50, is larger

2 O than for the standard )0s—ZrO, sample. In the lamellar
structure of the tetragonal Ce doped Zit@e Zr—0O; coordina-

o Zr tion forming theinterlayer Zr—0O interaction is much weaker
than in the Y doped Zr® This explains why the more labile

@ Ce Zr—0, bond enhances the OSC properties of §&50,. The

results of the present study show that the OSC properties in
Figure 7. Schematic representation of the structure of the tetragonal these oxides are determined by the asymmetry of the pair
CeysZros0,. The plain bold lines represent an oxygen tetrahedron distribution function of thenterlayer Zr—0O, subshell.

associated with the ZrO; intralayer bonds. The dotted bold lines are

associated with the 2ZrO, interlayer bonds. The dashed lines delimit Acknowledgment. The CEZIRENCAT network is supported
the quadratic crystallographic cell. The thin horizontal plain lines define by the European Union Training and Mobility of Researchers.
the layers of the lamellar structure. The oxygen are pointed by — \w\wpw:  http://www.dsch.univ.trieste.it/cezirencProgram. The

' (Grenoble, France).
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