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Abstract

EXAFS spectroscopy extracts structural information from a sample analysing its X-ray absorption spectrum. It allows us to
determine the chemical environment of an element, in any aggregation state and under any kind of atmosphere, in terms of
number and type of neighbours, interatomic distances and structural disorder. This determination is confined within a 4-8 A
radius from the element and does not include immediate stereochemical information.

These characteristics look like disadvantages, but they are virtues instead. In fact EXAFS does not require long-range
ordered structures, so it becomes a powerful structural local probe.

We present in this paper a brief phenomenological explanation of the EXAFS signal and a short description of data
collection and data analysis methodologies. Moreover, we report two examples which show how EXAFS can be successfully
applied in catalysis. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

EXAFS spectroscopy extracts structural informa-
tion from a sample analysing its X-ray absorption
spectrum. It allows us to determine the chemical
environment of an element — in any aggregation state
and under any kind of atmosphere — in terms of
number and type of neighbours, interatomic distances
and structural disorder. This determination is confined
within a 4-8 A radius from the element and does not
include immediate stereochemical information.

These characteristics look like disadvantages, as
EXAFS is compared to other X-ray techniques like
those based on diffraction phenomena, but they are its
virtues instead. Besides allowing in situ studies,
EXAFS does not require long-range ordered struc-
tures, so it becomes a powerful structural local probe.
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EXAFS spectroscopy is an important technique in
several fields of natural science, from physics to
biochemistry. Particularly, in catalysis, since samples
show highly disordered structures and since no restric-
tions exist on physical state or sample environment,
EXAFS is one of the few tools for structural investi-
gation [1].

In the following sections, theoretical bases under-
lying EXAFS and data analysis methods are illustrated
briefly. At last, two examples of the role that EXAFS
can play in catalysis are showed.

2. Origin of the EXAFS signal

The X-ray linear absorption coefficient for an atom,
which is indicated by px, is a monotone decreasing
function of energy. It shows some discontinuities
known as absorption edges [2]. They occur when
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the energy of the incident photons is equal to the
binding energy of a particular electron of the atom.
Fig. 1 shows this behaviour for Rh atoms. It is possible
to recognise four edges due to K and L electrons.

The edge energy is characteristic of each atom, so
the absorption spectrum of a sample shows many
edges that match threshold energies of the elements
contained in it.

The absorption coefficient decreases monotonously
between two edges with energy only in the case of
isolated atoms (monoatomic gas). In any other situa-
tion the spectrum shows oscillations that extend from
the edge to some hundreds of eV. Fig. 5 shows the
absorption spectrum for metallic Rh at K edge.

When the incident photon has a greater energy than
the edge energy, it is able to extract a core electron.
The photoelectron emitted in this process has a kinetic
energy equal to: E=E,—E.

The photoelectron can be represented as a wave
with wave vector modulus:

2 82m(E, — E
K| :7”: ’/W: V02624 - E.

In the case of an isolated atom, the photoelectron
propagates as a non-perturbed isotropic wave
(Fig. 2(a)). In the presence of neighbours a scattering
process can take place instead (Fig. 2(b)). This leads
to an interference phenomenon involving original and
scattered waves that modify the interaction probability
between electrons and incident photons. Constructive
interference increases while destructive interference de-
creases the absorption coefficient of an emitting atom.

The EXAFS oscillation is strictly related to the
interference phenomenon. The total scattering ampli-
tude depends on type and number of neighbours. The
type of interference, for a given energy of the photo-
electron, depends on the distance between emitting and
scattering atoms and their nature, so the EXAFS signal
contains information on interatomic distances too.

It is theoretically proved that the EXAFS signal
given by only one type of scatterers at a single distance
is a sinusoidal oscillation. In the presence of several
atom types and/or distances the signal appears more
complicated, nevertheless it is the sum of various
sinusoidal functions. The EXAFS signal also contains
information on thermal and structural disorder.
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Fig. 1. Absorption spectrum of atomic Rh.
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Fig. 2. Scattering processes.

The EXAFS signal y(k) is usually defined as a
function of wave vector k [3]. It is mathematically
defined as follows:

BX — X px

(1 = #EEE

H1x H1X

where px is the experimental absorption coefficient

and px is the intrinsic atomic absorption coefficient.

The aim of dividing by p;x is the normalisation of the

signal.

For core electrons, within the dipole approximation,
the probability of X-ray absorption is given by

27%e?

m2w

X _17

P = \Mic|* p(E),

where i and f stand for the initial and final states of the
electron, e and m are its charge and mass, p(Ey) is the
state density available to the electron (it is considered
as a free electron so there is a continuous distribution
of states), w is the incident photon frequency and |Mj|
is a dipole matrix element related to the transition of
the electron from i to f state.

|Mis| = (x|p - e[ty),

where p is the momentum operator, e is the electric
field vector of the X photon, ¢ and 1); are wave
functions for i and f states.

1r depends on the absorbed photon energy and can
be written as a linear combination of two terms: the
wave function for the photoelectron outgoing the
excited atom and a perturbing term 1) taking account
for back-scattering.

Absorption coefficient is proportional to absorption
probability, so
<W0ut + Wsc‘p ' e|wi>
(Poulp - €|¥i)

In 1974 Stern [4] suggested the following mathe-
matical expression for the EXAFS signal:

Ni 2,2
x(k) = %ZE exp(—207k7)

i 1

x(k) = - L

X exp ()\?f)l) Ifi (k) |sin[2kR; + P;(k)],
where k is the wave vector modulus for the photo-
electron, V; is the number of atoms of type 7 at distance
R; from the absorber, the exponential term
exp(—207k*) takes account of fluctuations on dis-
tances due to structural and/or thermal disorder, the
exponential term exp(—2R;/\(k)) takes account of
finite elastic mean free paths of photoelectrons A(k)
(between 5 and 10 A for photoelectron energies from
30 to 1000 eV), |fi(k)| is the scattering amplitude
function characteristic of the first atom and &;(k)is
a phase function which takes account of the varying
potential field along which the photoelectron moves,
also it can be expressed as the sum of two potential
terms, P;(k) = 26(k) + ¢;(k), the former given by the
absorber, and the latter given by the scatterer.

This EXAFS equation is valid in the case of non-
oriented samples (crystalline powders, solutions and
gases) and also for monocrystals, whenever a common
X-ray tube is used. Using synchrotron light sources
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with monocrystals implies a correction of the equa-
tion: it must be multiplied by 3 cos” 6, where 6 is the
angle between the absorber—scatterer axis and the
synchrotron orbital plane. This term takes account
of polarisation of synchrotron light (electric field
vector lies on the orbital plane).

This formula is based on two hypotheses:

1. only single back-scattering processes occur, ex-
cluding multiple scattering processes, which are
important only for low k values (when the mean
free path of the electron is long, about 10-100 A
for energies between 0 to 20 eV) and for collinear
or nearly collinear systems at every energy;

2. thermal or static disorder is moderate and distance
distributions can be described with Gaussian dis-
tributions.

In this way it is possible, knowing phase and
amplitude functions, to obtain structural information
about the sample by the EXAFS signal analysis.

3. Experimental methods

The most common EXAFS beam-line works in
transmission. It collects data measuring how beam
intensity decreases as it passes through the sample
while scanning energy.

As in any spectroscopy a light source is needed.
EXAFS spectroscopy requires a polychromatic X-ray
source as the bremsstrahlung of an X-ray tube or the
synchrotron light of a storage ring. The former was the
first source used for spectra recording but it gives a low
quality signal that takes long recording time because
of bremsstrahlung low intensity. Due to this, EXAFS
spectroscopy remained only a scientific curiosity until
the utilisation of synchrotron light which has been up
to now the best light source to perform EXAFS

storage ring

measurements. Fig. 3 shows a sketch of a typical
EXAFS beam-line working in transmission.

The monochromator allows to obtain photons with
fixed energies or to make an energy scanning. Experi-
mental spectra are recorded scanning energy from
about 100 eV below the edge to 1000 eV above it.
Energy steps are of 2 or 3 eV and each point takes 1 or
2s.

As it is well known, Lambert—-Beer law relates
intensities Iy and I to the absorption coefficient:

i’
D= .

Owing to the angular rotation of the crystals inside
the monochromator, the beam can shift up or down.
Light must pass through the sample always at the same
position, so either the sample follows the beam by
placing it on a micrometric table, or it is necessary to
change the monochromator mechanism to obtain a
fixed beam.

There is also a different experimental set-up useful
at collecting data from diluted samples: it measures
the fluorescent photons emitted by absorbing atoms
[5].

A spectrum recording takes from 15 min up to 3 h,
so it is impossible to perform kinetic studies and only
in-equilibrium systems can be analysed. However,
there are two other EXAFS techniques which take
shorter recording times. The former is known as
“Quick-EXAFS” [6] and requires only a couple of
minutes. The latter is dispersive EXAFS [7] and takes
a couple of seconds.

4. Data analysis

Nowadays there is no standard method for data
analysis, but there is an International Committee that

monochromator

ionisation
chamber

ionisation
chamber

sample

Fig. 3. Schematic EXAFS beam-line.
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is trying to establish standard procedures. Until now it
gave only recommendations contained in two reports
[8,9]. Owing to this and to the large number of
particular cases, a long training period is needed to
obtain correct information.

Programs used for carrying out data analysis in the
following examples were written by Michalowlcz [10]
taking care of the recommendation mentioned above;
this package uses Fourier transform techniques. More
advanced programs perform the analysis directly on
raw data [11].

First step in data analysis is signal extraction by
background removing. This delicate operation can be
divided into three steps:

1. choosing threshold energy, for wave vector
definition;

2. pre-edge extrapolation (named ppx);

3. atomic absorption modelling (named fi1x).

After these steps it is possible to obtain the EXAFS
signal as

_ #x(E) — mx(E)
mx(E) — pox(E)

Lengerer and Eisenberger [12] suggested a method
that is widely used. Atomic absorption modelling is
carried out using polynomial curves or cubic splines
and is evaluated using Heitler’s formula [13]. The
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edge-jump, which is the only unknown parameter, is
calculated with a pre-edge extrapolation.

Fig. 4-6 show the complete signal extraction pro-
cedure for metallic Rh.

The raw EXAFS signal obtained with the above
procedure is built of many sinusoidal waves. Fourier
transform (FT) is the standard tool used for frequency
separation. This operation transforms each sinusoidal
component in an FT modulus peak, going from k
(A‘l) space to R (/OX) space. The outcoming function
is a radial distribution.

Two problems related to FT exist. First, at high k
values, x(k) is remarkably damped, therefore little
information is contained at those values. To minimise
this problem, (k) is multiplied by k, before Fourier
transformation; usually » is equal to 1, 2 or 3. Second,
the signal has a limited number of points, therefore
Fourier integral is truncated. To minimise distortions
and to avoid the presence of ripples in the FT modulus,
x(k) is multiplied by a window W(k).

The height of FT peaks depends on the amplitude
parameters of the EXAFS equation, while their posi-
tion depends on phase parameters. Total or partial
overlapping of more peaks often occurs.

If phase function did not depend on k, maxima of FT
peaks would fall at the correct interatomic distances.
Since @(k) depends on k (always with a negative
slope), peaks are shifted to lower R values [10].

second ionisation chamber
150 — W
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Fig. 4. Raw data for metallic Rh.
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Fig. 5. Absorption spectrum of metallic Rh.
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Fig. 6. EXAFS signal of metallic Rh.

Fig. 7 shows the FT modulus for metallic Rh. Peaks
corresponding to different Rh—Rh distances are clearly
visible.

Once different R values have been separated, an
inverse FT is carried out, going from R (A) space to k
(A7 space, but only on limited intervals in R space.
Each peak is individually transformed and the out-

come of this operation is a x;(k) function related to
absorber—scatterer pairs whose interatomic distances
belong to that specific integration interval. Fig. 8
shows the inverse FT (FTfl) of the first peak in
Fig. 7, which corresponds to the first Rh—Rh atoms pair.

Structural parameters can be obtained from y;(k)
by means of a fitting procedure using known phase
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and amplitude functions. EXAFS analysis allows
to obtain coordination numbers, interatomic dis-
tances and an estimate of disorder around the central
atom.

Phase and scattering amplitude functions are either
theoretical or experimental functions.

Teo et al. [14,15] calculated theoretical functions
assuming that the photoelectron wave is plane. Better
phases and amplitudes were obtained by McKale et al.
[16], within the curved wave approximation; more
recently, better theoretical functions were provided by
the program FEFF [17].
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Experimental functions are extracted from
proper reference samples whose structure is already
known. These can be used, thanks to the phase and
amplitude transferability principle [18] that states as
follows:

Phases and amplitudes are insensitive enough to che-
mical environment in order to be extracted from a
well-known sample and transferred to an unknown
sample containing the same absorber—scatterer pair at
a similar distance.

Phases and amplitudes can be extracted filtering FT
peaks one by one and using the following formulas:

R
&(k) = arctgi — 2kRA(k) = exp(—20%k>)

X exp <_—2R) If(k)| = vVRe? + ImzRNz.

X (k)

Experimental amplitude functions include the ana-
lyser’s estimate of o and A(k) for the reference sample,
so final fitting values for these parameters will be
relative to the initial choice.

The k scale is not an absolute one because it
depends on the choice of E that is entrusted, in many
cases to the analyser’s skills. Besides, threshold
energy is slightly sensitive to chemical environment
and sometimes monochromator fails too, adding other
errors. Therefore it is necessary to redefine k scale
introducing a AE, dependence:

k' = \/K*+ 0.2624A E,.

This operation aims at bringing phase and ampli-
tude to the same scale of the signal. This is true also
using theoretical functions. Even though they are built
on an absolute scale it is better to bring them to the
experimental one.

Experimental phase and amplitude functions are
better than theoretical ones because they do not con-
tain calculus approximations. Anyway analysers must
be careful to extract them using the same procedure as
with the unknown sample (same integration limits and
same windows) in order to introduce exactly the same
truncation distortions.

Experimental functions are not always available
because no proper reference compounds exist or
because it is impossible to extract them. For instance

metallic Fe does not allow to extract phase and
amplitude for Fe—Fe pair because Fe is surrounded
by 8 atoms at 2.48 and 6 atoms at 2.86 A and these two
peaks overlap in the FT modulus.

In these cases the analyser is compelled to use
theoretical functions. In order to obtain coordination
numbers A, it is necessary to estimate (k). One of the
used functions, proposed by Lee and Beni [19], is:

o [0

where " and ) are numerical coefficients. 7 is equal to
zero unless minimisation has to be carried over regions
with k<3. I" has to be determined by fitting and using a
known model.

This technique allows to estimate structural para-
meters with precision highly dependent on data and
analysis quality. Usually errors are of about 0.01-
0.02 A for interatomic distances, and 5-15% for
coordination numbers.

5. Data analysis statistics

As in any other technique, outcoming values must
have their error bars; particularly in EXAFS, where
the analysis is based on fitting procedures, the statis-
tical analysis becomes a very important tool.

The minimisation procedure is carried out over the
following function:

F(P)=A =" w(k)[xexp(k) = xun(k, P))],

where P; are the fitting parameters and w(k) is a
weighing function.
A residual factor also can be defined as

_ A
P o), (k)

Another important quantity is the number of inde-
pendent points Nj,q, which is strictly related to the
maximum number of parameters that can be fitted,
given by Npar=Njng—1.

Since the EXAFS signal undergoes two Fourier
integrations, the number of independent points is
given by the following formula [20]:

2 - AkAR
7+

Ning = 2

)
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where Ak is the fitting interval (not the Fourier
integration interval) and AR is the filtering interval.
The term “+2” is due to the discrete nature of data.

The number of degrees of freedom is v given by:
V:Nind_Npar'

Systematic errors in EXAFS measurements can
arise from any element in the beam-line. Particularly,
the presence of harmonics and inhomogeneities in the
sample may reduce signal amplitude and hence lead to
deceiving neighbour numbers. Detectors are also error
sources, for instance, if detectors are ionisation cham-
bers, the chosen gas is an important factor. An
uncontrollable error can derive from the beam itself.

Nowadays there are no standard methods for error
determination in EXAFS spectroscopy from experi-
mental errors yet. The following treatment is the one
used by our team. It takes care of the recommenda-
tions of the Standardisation Committee [8,9], using
methods which yield (probably) overestimated errors.

All statistical concepts are based on repeating each
single measure three times or more, in order to define
an average with its standard deviation. Hence record-
ing each spectrum n times, that is, recording every
point n times, the average is given by

Bk = 3 ko (k)

and standard deviation by

- 72
pIy [kiX(ki) - kin(ki)}

n—1

S(k,‘) =

For fitting procedures it is necessary to define a
function strictly related to the “goodness of fit”’, hence
a function which “says” how far the fitting curve is
from the experimental data. One of the most used ones
is Chi-squared:

Xo = Zé[)’i — ()P

where y; are experimental data and y(x) is the chosen
function. In EXAFS particular case it becomes

kixexp (ki) — kixn (k)]
o 3 et s

i

Another useful quantity is the Reduced Chi-squared
defined as follows:

X2

X2
y.

v

For a good fit it tends to one. Fits with Xl% lower than
one are equally significant as that of those with X2=1.

Once chi-squared has come to a minimum, error
determination becomes possible varying each para-
meter separately while refining the others until X*
changes of n units, accordingly to the chosen con-
fidence interval. In the case of a confidence interval of
68%, n=1. Other values of n are tabulated in proper
handbooks.

When a fit has reached a minimum using a certain
structural model, a new fit can be performed adding
more parameters. A question arises: Does the
improvement in fit quality justify a higher number
of parameters?

As more parameters are added, fitting function
complexity increases while X? decreases. However,
Xl% behaviour depends on the number of degrees of
freedom, which decreases while increasing the num-
ber of parameters. One of the most used comparison
criteria between two fits is the F-Test [21,22]. It gives a
hint on choosing the best fit by comparing their X2
ratio to those tabulated on Fisher’s tables.

More information on statistics can be found on the
books written by Taylor [23] and Bevington and
Robinson [24].

6. Pt/KL zeolite catalyst under oxidation,
reduction and reaction cycles

This work was performed by Bellatreccia et al. [25]
and Dossi et al. [26].

This Pt/KL zeolite is a reforming catalyst, very
active and selective in conversion of methylcyclopen-
tane (MCP) to benzene. It was prepared via CVD
(chemical vapour deposition) at 70°C using platinum
hexafluoroacetylacetonate under flowing argon. The
amount of Pt deposited was about 1% in weight.

Exploiting EXAFS capability of in situ analysis,
spectra were recorded after the following steps:

(A): (1) After deposition; (2) after reduction under
H,; (3) after calcination under 0% (4) after second
reduction under H,.
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Fig. 9. Analysis results for treatment A.

(B): (1) After reduction; (2) after catalytic test with
MCP.

(A) Fig. 9 (a)—(c) show the EXAFS signal, FFT and
the first peak filter, respectively, of the sample after
deposition. Data analysis shows that there is no Pt—Pt
interaction and that the precursor structure is main-
tained. This stands for a low interaction between the
zeolite cage and Pt-O,4 groups.

Fit results

Fig. 9 Shell N R (A) 0% (1072 A)
(c) Pt-O  4.0+0.4 1.9840.02 5.6+0.5
® Pt-Pt  5.5+0.5 2.76+0.02 7.3+0.7
) Pt-O  2.5+0.2 2.02+0.02 7.3+0.7

PPt 1.04+0.2
PtPt 10402
(n) PPt 6.0+0.5

2.76+0.02 6.4+0.6
3.07£0.02 7.1+0.7
2.76+0.02 7.4£0.7

Fig. 9(d)—(f) refers to the sample after first reduc-
tion. During this step reduction eliminates ligands and

leads to the formation of metal particles. This proce-
dure avoids the initial calcination which leads to the
formation of Pt oxide particles. Assuming a close-
packed structure, the estimate diameter of the cluster
does not exceed 7 A. The cluster is well confined in the
zeolite cavity whose dimensions are
5Ax13 Ax11 A no Pt—O interaction can be seen
at this stage. This could have two explanations:

e Pt—O interaction is negligible compared to Pt—Pt
interactions and/or

e Pt-O coordination distances cover a wide range,
producing a flat distribution on the FFT of the
experimental spectrum.

The large amount of noise contained in data pre-
vents from extracting the cluster form [27].

Fig. 9(g), (h) and (1) refers to the sample after
calcination. Data analysis reveals the presence of
metal particles not completely oxidised to PtO,,
located inside the zeolite cavities.

Fig. 9(1)—(n) refers to the sample after the second
reduction. The fit results closely match those obtained
after the first reduction. This suggests that the cluster
structure remains unchanged after thermal and che-
mical treatments and no sintering takes place. This
conclusion was also confirmed by the fact that its
catalytic performances were retained even after two
oxidation cycles (not shown here).

(B) Fig. 10(d)—(f) refers to the sample after reduc-
tion. They show the same structure of the reduced
sample described above.

frluvv‘uurlnnllvnlu_Inulnulnulurr

Fig. 10. Analysis results for treatment B.
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Fit results

Fig. 10 Shell N R (A) o? (1072 A)
® See reduced samples in Fig. 9
) PPt 6.1£0.5 2.76+0.02 7.5+0.7

Fig. 10(g)-(i) refers to the sample after a catalytic
test with MCP. Data analysis shows no evidence of a
Pt—C contribution to the signal. This confirms the
absence of a significant carbon deposition on the metal
surface. The reactivity of the system remains
unchanged after a 24 h work. If it had been coked,
the catalyst would have been deactivated.

7. NO decomposition and CO oxidation
catalysts (three-way catalysts)

A very efficient catalytic system for NO decom-
position and CO oxidation is built by using a solid
solution of two oxides as support for noble metals.
This solution contains specifically CeO, and ZrO,,
while the noble metal is Rh, Pt or Pd.

Pure ZrO, is monoclinic. Zr has seven oxygen
neighbours at seven different distances [28]. Pure ceria
has a fluorite structure. Ce has eight oxygen neigh-
bours at 2.34 A. When a second oxide like CeO, is

FFT Modulus
N
|

Sample (a)

added to ZrO, the structure becomes tetragonal or
cubic [29]. Nevertheless, in powder diffraction spectra
there are some peaks which cannot belong to these
structures.

There are three hypothetical structures for cubic-
stabilised zirconia: (1) Eight oxygen atoms at 2.20 A;
(2) four oxygen atoms at 2.07 A and four at 2.35 A 3)
six oxygen atoms at 2.14 A and two at 2.42 A,

Spectra of the following samples were studied
[30,31]: Rh (5% in weight) on: (a) Zr 80% Ce 20%
(T); (b) Zr 40% Ce 60% (C); (c) Zr 20% Ce 80% (C);
(d) Zr 50% Ce 50% (C); (e) Zr 50% Ce 50% (T). Here
T stands for tetragonal, C for cubic and the percen-
tages are molar ratios. Each spectrum was recorded at
Zr and Rh K edges, and at Ljj; Ce edge as prepared,
after reduction and after catalytic cycles with NO, CO
and NO+-CO.

The following discussion aims at determining
whether the two oxides form a solid solution or stay
separated and, if the first hypothesis were confirmed,
at solving the sample structure.

Fig. 11 shows how FFT modulus changes as molar
ratio changes. The second peak remarkably varies in
height from one sample to another. The decreasing
magnitude of the Zr-cation peak has always been
explained as owing to an increasing static disorder
[32]. Actually peak heights decrease because Zr-Zr
and Zr—Ce phases oppose each other, that is, there is a

}nple ©
‘.}mple (b)

A "L sample(@
’ ,x!:!/
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.
J

[
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Fig. 11. FFT modula of the investigated samples.
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Fig. 12. Fit of the II shell with 12 Zr.

difference of n between the two functions (that means
that the EXAFS signals of Zr—Zr and Zr—Ce pairs are
almost opposite to each other).

The question on whether the oxides form a solid
solution or stay basically separated constituting
microphases is still open. Fig. 12 and 13 show two
fits carried out (for R between 2.3 and 4.1 A on sample
(d) for k>6 A~ in order to make negligible the
presence of oxygen atoms. The first one was per-
formed assuming that the oxides stay separated, hence
considering each Zr surrounded by 12 Zr neighbours.

The second one simulates a solid solution in which
each Zr is surrounded by a total amount of 12 Zr and
Ce neighbours with coordination numbers according
to their molar ratios. The hypothesis of a solid solution
is obviously confirmed, Fig. 14 shows the fit carried
out over the entire k-space interval, including oxygen
atoms in the theoretical spectrum. Numerical results
are reported in Table 1.

Fitting the first peak filter was a hard task. None of
the structures suggested in literature for cubic-stabi-
lised zirconia worked out as expected (for an example

40 —
20 —
—_ 0—
)
B
<
220 —
-40x10° — experimental
— theoretical
I ! | | | [ |
6 7 8 9 10 11 12

k

Fig. 13. Fit of the II shell with 12 Zr and Ce.
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Fig. 14. Fit carried out over the whole EXAFS signal with 12 Zr and Ce.
Table 1
Local coordination models for sample (d), fitted to EXAFS signal at Zr K edge
Coordination no. R (A) o (A) AE (eV) x?
II shell (Fig. 14) Zr—Zr 6 3.64+0.04 0.105+0.006 —10+4 0.94
Zr—Ce 6 3.72+0.01 0.095+0.006 —7+2
Zr-0 24 4.24+0.04 0.139+0.010 —8+2
I shell (Fig. 15) Zr-0 8 2.11340.007 0.142+0.010 —3.4+6 21.2
I shell (Fig. 16) Zr-0O 4 2.11540.008 0.078+0.008 0.0£0.5 1.9
Zr-0 2 2.32440.011 0.078+0.008 0.0£0.5
0.2 —
0.1 -
0.0 —
)
R
ko
-0.1 —
-0.2 —~ + experimental
— theoretical
-0.3 —
! I I I I
4 6 8 10 12

Fig. 15. Fit of I shell with 8 O at same distance.
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Fig. 16. Best fit of I shell.

see Fig. 15, where the fit was performed on the basis
of a single Zr—O distance model), so various sets of
coordination numbers and distances were tested (more
than 40 A). Theoretical functions containing from one
to three different interatomic distances and total coor-
dination numbers between six and eight atoms were
examined. At the end more than a single reasonable fit
was obtained, therefore only a statistical analysis,
carried out with the F test, allowed to settle which
one was the best (Fig. 16). Numerical results are listed
in Table 1.

The fit that survived this statistical comb can be
explained keeping in mind the ideal fluorite structure.
Fit results suggest that two oxygen atoms around each
Zr go further away and approach another atom while
keeping Ce—O distances unchanged. This hypothesis
is also confirmed by data analysis of spectra taken at
Ce edge, and by Raman spectroscopy.
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