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We present here a new model that allows a more accurate determination of average coordination
numbers and metal particle sizes from an EXAFS experiment. The model is based on a set of
molecular dynamics simulations of small Cu particles with the total number of atoms ranging from
256 to 17000 (corresponding to particle diameters from about 1.7 to 7.0 nm). The atomic motion in
small particles is very anharmonic even at low temperatures, giving rise to asymmetric pair distri-
bution functions with broad tails. It is shown that the standard EXAFS analysis of such particles
will typically underestimate the coordination numbers substantially, and the particle size derived
from EXAFS therefore in general will be too small. The size of the errors has been evaluated for
some of the most common EXAFS analysis procedures suggested in the literature, and it is shown
how the new model can provide more reliable particle sizes. The reliability of the new approach is
confirmed by comparing simultaneous in situ EXAFS and XRD experiments of reduced Cu/SiO,

catalysts. @ 1993 Academic Press, Inc.

1. INTRODUCTION

Measurements of particle sizes and sur-
face areas are central in catalysis research.
For example, in order to compare catalytic
activities of different catalysts, these are
normally expressed as turnover frequencies
(i.e., the rate of molecules produced per ac-
tive site). Such comparisons therefore re-
quire reliable methods for determination of
the surface area (or number of sites) of the
active phase in a catalyst. If the surface
area is not directly available, it is often esti-
mated from determinations of the particle
sizes. Of direct or indirect methods, one
could mention volumetric gas chemisorp-
tion, X-ray diffraction (XRD), electron mi-
croscopy (EM), and various spectroscopies
[see, e.g., Refs. (I, 2)]. For highly dis-
persed systems, where XRD fails to reveal
much information, extended X-ray absorp-
tion fine structure (EXAFS) has gained
widespread use, not only as a general struc-
tural characterization technique, but also

368

0021-9517/93 $5.00
Copyright © 1993 by Academic¢ Press, Inc.
All rights of reproduction in any form reserved.

more specifically for determination of the
particle size.

Particles smaller than about 100 A (10
nm) have a significant fraction of the atoms
located at the surface, and the radial distri-
bution function will show a reduction in the
coordination numbers. Various models
have been proposed [see, e.g., Ref. (3, 4)]
to relate EXAFS coordination numbers to
metal particle sizes. In general, such rela-
tions will depend on the particle shape,
which is often unknown, and the models
therefore typically assume simple geometri-
cal particle shapes, like spheres, cubes, or
discs.

In the literature there are many examples
of studies of highly dispersed and/or disor-
dered systems where the EXAFS results
are in apparent disagreement with results
obtained by other techniques [see, e.g.,
Refs. (5-8)]. It is normally assumed that
the EXAFS technique is capable of deter-
mining structural parameters, like bond
lengths and coordination numbers, quite
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accurately in unknown compounds. It is,
however, also recognized that large disor-
der may introduce significant errors in the
determination of these parameters [see,
e.g., Refs. (9-14)]. For example, in an anal-
ysis of EXAFS spectra of supported, 10-A
large Pt particles recorded at various tem-
peratures, Marques et al. (/1) observed an
apparent bond contraction with increasing
temperature. In accordance with earlier
work on other disordered systems, this was
attributed to the incomplete theoretical
treatment of EXAFS spectra for structures
with non-Gaussian pair distribution func-
tions.

The estimate of the particle size by
EXAFS relies on an accurate determination
of the average coordination numbers for the
different neighboring atomic shells, and it
should be noted that even relatively small
errors in the coordination numbers may
result in substantial errors in the estimated
particle sizes. For example, if the average
first shell coordination number is deter-
mined to be 10 for a particle with fcc struc-
ture, then 10% errors in the determination
would result in particle diameters that
could be anywhere from 10 to 50 A. Thus,
there is a great need for improved methods
to analyze EXAFS spectra with non-Gaus-
sian pair distribution functions.

In a recent study (/5), we used molecular
dynamics simulations to show that the bond
length for Cu particles with a total number
of atoms between 100 and 1000 changes
only very little with particle size. However,
the atomic motion in the small particles was
found to be very anharmonic and in Ref.
(15), it was shown that this anharmonicity
may introduce significant errors in the ap-
parent bond distance when determined by
use of the standard EXAFS analysis, which
assumes that the thermal vibrations are har-
monic. In the present study, we estimate
how the anharmonicity influences the ap-
parent EXAFS coordination number and
the molecular dynamics simulations have
for this purpose been extended to Cu parti-
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cles with up to 17000 atoms. On the basis of
the simulations, we have deduced relation-
ships between the apparent EXAFS coordi-
nation numbers (determined from various
analysis procedures) and the *‘true’’ coor-
dination numbers. Since the molecular dy-
namics simulations also give the equilib-
rium shape of the small particles, the
coordination numbers can be related di-
rectly to the particle diameters. We have
finally applied the model to a set of mea-
surements on catalysts consisting of small
Cu particles supported on a silica. In order
to test the reliability of the model for esti-
mating coordination numbers (and particle
sizes) from EXAFS, in situ XRD measure-
ments have been performed in a newly de-
veloped setup that allows combined XRD/
EXAFS experiments on the same sample.

In the present report, we discuss how the
results from various EXAFS analysis pro-
cedures can be corrected to yield more reli-
able coordination numbers (and particle
sizes). The more detailed aspects of the in-
fluence of the specific analysis procedures,
like k-weighting of the data and truncation
at low k-values, are discussed in Ref. (/6).

2. EXPERIMENTAL
a. Sample Preparation

Silica (Wacker HDK fumed silica, s.a.
180 m?/g)-supported Cu catalysts with vari-
ous copper concentrations were prepared
via precipitation of copper(Il) by a homoge-
neous increase of the hydroxyl ion concen-
tration by the slow hydrolysis of urea at 353
K according to the procedure of Geus and
co-workers (/7). After repeated washings
in water and subsequent drying, the cata-
lysts were loaded in the in situ cell de-
scribed below. The activation of the cata-
lysts was carried out in this cell by flowing
an argon gas containing 4% H,, 0.5% CO,
and 4% CO, over the catalyst, while in-
creasing the temperature gradually from
room temperature to the final reduction
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temperature of 493 K. A sintered sample
was prepared by a reduction, oxidation,
and rereduction sequence of the 5% Cu/
SiO, catalyst. The oxidation was carried
out in air at 500 K for 2 h, whereas the
rereduction followed the normal reduction
scheme.

b. Combined XRD/IEXAFS Measurements

The XRD/EXAFS experiments were per-
formed at HASLAB and DESY (Hamburg,
Germany). The data were obtained using
the synchrotron radiation from the DORIS
111 storage ring and the ROMO II experi-
mental station. Two paraliel Si(311) crys-
tals were used to monochromatize the
X-ray beam. The content of higher harmon-
ics in the monochromatized beam was re-
moved by slightly detuning the crystals
from parallel and the intensity of the inci-
dent and transmitted X rays was recorded
by use of N»-filled ionization chambers. The
in situ cell (18) was a quartz tube with an
outer diameter of 0.5 mm and a wall thick-
ness of 0.01 mm. By use of narrow slits,
these tubes can be used equally well as
sample holders for XRD and for EXAFS in
the transmission mode. In order to perform
XRD and EXAFS measurements on the
same sample, a diffractometer was
mounted between the first and the second
ionization chamber in the EXAFS spec-
trometer (/9, 20). This enabled us to record
X-ray diffractograms during an EXAFS
measurement simply by interrupting the
monochromator scan at a suitable wave-
length (1.4 A in the present work) for the
time needed to collect the XRD data and
then continuing with the EXAFS scan. The
XRD diagrams are obtained using a gas-
filled position-sensitive wire detector. In
the present setup, the detector covers a re-
gion of about 20 = 7°. In order to achieve
an accurate energy calibration of the
EXAFS spectra, data of the catalyst and a
reference sample (Yb,03), installed be-
tween the second and a third ionization
chamber, were measured simultaneously.
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3. MOLECULAR DYNAMICS SIMULATIONS
AND EXAFS ANALYSIS

a. Molecular Dynamics Simulations

The properties of small Cu particles at
different temperatures were simulated us-
ing a molecular dynamics technique. The
interatomic interactions have been de-
scribed in the effective medium theory,
which has been shown to give a good de-
scription of the cohesive and surface prop-
erties of metals (2/, 22). Furthermore, the
value of the lattice constants is found to
agree within a few percent of the crystallo-
graphic value. The velocity-Verlet algo-
rithm was used for propagating in time. For
details of the molecular-dynamics program,
see Ref. (23). The particles studied were in
the range 256 to 16727 atoms corresponding
to diameters of about 17 to 70 A. The large
16727 atom particle was simulated on a
massively paratlel Connection-Machine
CM-200 computer (24). The particles were
initially run at high temperature. The tem-
perature was subsequently lowered in steps
after the particles had reached their equilib-
rium crystal shape at each temperature. For
all the particles with the sizes studied here,
the atoms were found to be arranged in a
fcc structure. This compares well with
other experimental results for small Cu par-
ticles (25).

The pair distribution function was calcu-
lated as an average over 100 configurations
from 14-ps simulations. Only the pair distri-
bution functions for the first shell are con-
sidered in the following.

b. EXAFS Analysis Procedures

The generalized EXAFS equation for the
case of a continuous radial distribution
function, g(r), in the single-scattering,
plane-wave approximation is

o\ = FR) [ 80
x(k) = k fr‘l

- exp(—2r/A(k)) - sin(2kr + (k) dr, (1)

where F(k) is the backscattering amplitude,
r is the interatomic distance, k is the wave
vector, A(k) is the electron mean free path,
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and ¢(k) is the total phase shift. The single-
scattering approximation is a good approxi-
mation when only the first shell is analyzed.
Furthermore, errors introduced by using
the plane-wave approximation tend to can-
cel when experimental amplitude and phase
functions are transferred from reference
compounds also analyzed by the plane-
wave approximation.

In the standard EXAFS formalism, origi-
nally derived by Sayers et al. (26), a Gaus-
sian pair distribution function, character-
ized by the Debye-Waller factor, o, is
assumed and the EXAFS formula for the
first shell becomes

x(k) = A(k) - sin(¥ (k)), (2)

where the amplitude and the phase of the
EXAFS oscillations are given by

Ak) = ZII—\;—,— - F(k) - exp(=2R/\(k))

- exp(—2k%c? (3)
W(k) = 2kR + (k) 4)

and R is the mean interatomic distance.

For systems with pair distribution func-
tions that deviate from a Gaussian shape,
the cumulant expansion approach intro-
duced by Bunker (27} is often used and the
amplitude and the phase functions in Eq.
(2) then become

N
Alk) = R F(k) - exp(—2R/NK))

- exp(—2k2a? + 2/3C.k4 — <) (5)
Wk) = 2kR + d(k) — 43C:k + -+, (6)
where C;, C4, -+ are the third-, fourth-,

and higher-order cumulants, which are a
measure of the deviation of the pair distri-
bution function from a Gaussian shape.
The so-called calculated EXAFS spectra,
referred to in the following, are the EXAFS
spectra corresponding to the pair distribu-
tion functions determined from the molecu-
lar dynamics simulations. The x(k) - & for
the first shell was derived by use of Eq. (1),
and the theoretical phase and amplitude
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functions given by Teo and Lee (28) and
McKale er al. (29) were used for ¢ (k) and
F(k), whereas for the mean free path, A(k),
an approximative form given by Teo (30)
was used. The calculated spectra are then
curve fitted using both the standard
EXAFS formalism, Eqgs. (2) to (4), and the
cumulant expansion approach, Egs. (2),
(5), and (6). In the curve fitting, the total
phase shift and the normalized amplitude
are transferred from the calculated spec-
trum for bulk Cu metal at the same temper-
ature.

The procedure described in Ref. (37) was
used to isolate the EXAFS oscillations
from the experimentally recorded spectra.
In short, this procedure consists of a back-
ground removal (cubic spline functions),
multiplication by the wave vector &, and
normalization. The EXAFS signal is then
Fourier transformed, and the contribution
from the first coordination shell is complex
back Fourier transformed, resulting in a fil-
tered x(k) - £ spectrum, which was curve
fitted analogous to the calculated spectra.

4. RESULTS AND DISCUSSION
a. Molecular Dynamics Simulations

Figure 1 shows typical examples of the
atomic arrangement for the 1072- and
16727-atom particles determined by the mo-
lecular dynamics simulations. Essentially
all low-index planes are observed on the
surface of the particles with the (111) plane
being the predominant one. Whereas the
large particle displays a shape that is close
to spherical, the truncation of the facets of
the small particles typically gives shapes
that deviate significantly from a sphere.
Thus, in this case the particle size cannot
unambiguously be defined in terms of one
dimension only. This aspect will be dis-
cussed in a forthcoming publication (32). In
the present work, we define for simplicity
the particle size as the side-length of a cube
having its center of mass coinciding with
that of the particle and with a size that pre-
cisely encloses all the atoms of the particle.
Figure 2 shows the relation between the to-
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F1G. L. Graphical representation of the atomic arrangements of the (A) 1072- and (B) 16727-atom Cu
particles.

tal number of atoms in the particle and the
particle size according to this definition.

In Figure 3 we have plotted the average
coordination number from the molecular
dynamics simulations as a function of the
particle size. Comparing these results with
relations obtained from simple geometrical
models (3, 4), it is noteworthy that the
present model gives values for the coordi-
nation numbers that are smaller than those
given in Ref. (3) but larger than those in
Ref. (4) for the same particle size.

The advantage of the present approach
for relating coordination numbers to parti-
cle sizes is that the molecular dynamics
simulations directly give both the shape of
the particles and the coordination numbers
for every atom in the particles. Thus, unlike
the previous models [see, e¢.g. Refs. (3, 4)],
various assumptions about shape and distri-
bution of surface planes are not necessary
to include.

The normalized Cu—Cu pair distribution
functions, g(r)/r?, from the molecular dy-
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FiG. |—Continued

namics simulations for bulk Cu metal and
for particles with 256, 1072, and 16727 Cu
atoms (corresponding to particle diameters
of about 17, 29, and 70 A) are shown in Fig.
4. An inspection of the curves reveals that
the shape changes from the expected Gaus-
sian-like distribution for bulk Cu to a quite
asymmetric distribution with long tails for
the small particles. This change is due to an
increasing contribution in the small parti-
cles of the surface region where the Cu at-
oms move in a very anharmonic potential
(15).

b. EXAFS Derived from Molecular
Dynamics Simulations

Eisenberger and Brown (9) have previ-
ously pointed out the serious limitations of
the EXAFS technique for studying systems
in which the pair distribution function is
non-Gaussian. The problems arise from
two related sources. The first is the prob-
lem of a correct theoretical treatment of
EXAFS spectra of systems with compli-
cated pair distribution functions. One at-
tempt to minimize this problem is to use the
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Fig. 2. Relationship between total number of Cu
atoms, Ny, and the particle diameter as determined
from molecular dynamics simulations.

cumulant expansion approach (27) instead
of the standard harmonic approach. The
second source is due to the loss of infor-
mation at low k-values in experimental
EXAFS spectra, a problem that is not easy
to solve without relying on model depen-
dent descriptions of the assumed pair distri-
bution function for the actual system. In the
following, we address these problems in
more detail and show how the molecular
dynamics simulations may conveniently
overcome the limitations.

In experimentally measured EXAFS
spectra, the small k-part (up to about 3 A~')

12 T T - T T T

11 F

Average coordination no.

9 ) . ) . . "
10 20 30 40 50 60 70 80

Particte size (A)

Fi6. 3. Average coordination numbers calculated
from the molecular dynamics simulations shown as a
function of the Cu particle size.
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is complicated by multiple scattering, insuf-
ficient removal of the atomic absorption,
life time broadening of the exited state, etc.
Therefore, this part of the experimental
spectrum is not included in the normal
EXAFS analysis. The magnitude of the er-
rors introduced by omitting this &-region
can be estimated by comparing the coordi-
nation numbers from an analysis of the cal-
culated EXAFS spectra over this k-region
with the coordination numbers obtained
from the molecular dynamics simulations.
The average coordination numbers derived
from the analysis over the experimentally
available k-region are termed the ‘‘appar-
ent’’ coordination numbers in contrast to
the ‘‘true’’ coordination numbers obtained
from the molecular dynamics simulations.
The calculated EXAFS spectra, which
are based on the pair distribution functions
as derived from the molecular dynamics
simulations, can now be used to test the
different EXAFS formalisms (see Section
3b). The results of the various fitting proce-
dures are given in Figs. 5 to 7, which show
relations between the apparent coordina-
tion number determined from the EXAFS
analysis and the true coordination number
determined from the molecular dynamics
simulations. The curve fitting was carried
out by use of modified amplitude and total
phase functions from the spectrum of bulk

Norm. intensity (arb. units)

2.1 22 23 24 25 26 2.7 28
Distance (A)

FiG. 4. Normalized pair distribution functions, g(r)/
r2, at 280 K for the first shell of bulk Cu and Cu parti-
cles with 256 (17 A), 1072 (29 A), and 16727 (70 A)
atoms.
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F1G. 5. Relation between the apparent first shell co-
ordination number determined from the standard
EXAFS analysis [Eqs. (2) 10 (4) in the text] and the
true coordination number determined from molecular
dynamics simulations. The Debye-Waller factor has
been kept equal to the bulk value in the curve fitting.

Cu, also derived from the molecular dy-
namics simulations. The curves in Fig. 5
were obtained using the standard EXAFS
formalism, Eqgs. (2) to (4), with the Debye-
Waller term, e~2", constrained to be iden-
tical to that of bulk Cu at the same tempera-
ture. A priori one would find this to be a
reasonable assumption if the thermal vibra-
tions of the atoms in the small particles
were the same as in the bulk. However, the
apparent coordination numbers are found
to be systematically too small compared to
the true values, especially for the smallest
particles. The deviation becomes increas-
ingly severe with increasing temperature.
Somewhat higher apparent coordinations
numbers could be obtained by allowing the
Debye—Waller factor to be an adjustable
parameter in the fits (Fig. 6), but still the
coordination numbers are significantly
lower than the true values. The results pre-
sented in Figs. 5 and 6 indicate that the De-
bye—Waller factor (or thermal vibrations) of
the atoms is larger in the small particles
than in the bulk at the same temperature.
The failure to obtain coordination numbers
similar to the true values even with the De-
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bye~Waller factor as a fitting parameter
also indicates that the pair distribution
functions for the small particles deviate
from the Gaussian shape found in bulk Cu.

The cumulant formalism, Egs. (2), (5),
and (6), is often used to try to describe
EXAFS of systems with pair distribution
functions that deviate from a Gaussian
shape. By including up to the fifth moment,
the results given in Fig. 7 were obtained
from the fitting procedure. Attempts to in-
clude higher-order cumulants were not
found to improve the fits. Compared to the
standard EXAFS formalism, the cumulant
analysis gives apparent coordination num-
bers that are closer to the true values. The
fact that the cumulant analysis results in a
better agreement with the true values for
the coordination numbers compared to the
standard analysis shows that one cannot as-
sume simple amplitude transferability for
systems with differing pair distribution
functions (bulk versus small particles).

It should be emphasized that although
the cumulant analysis, having more free pa-
rameters, gives a better representation of
the pair distribution functions for the small
particles it will never be able to retrieve the
information lost in excluding the low k-part

"Standard" EXAFS analysis, o= 0 py

12 ' " Bulk
. 1t T
2 2 70A
g 10 }' ,,/"l- “
-(E) » /I"29A
ik
g o9f . ‘,f 25 A
g‘: A// 20A
& sl 17A 1
7 L n S " L
7 8 9 10 11 12

True coord. number

FIG. 6. Relation between apparent first shell coordi-
nation number determined from the standard EXAFS
analysis and the true coordination number. The results
in this figure were obtained with the Debye-Waller
factor as an adjustable parameter.
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Fi1G. 7. Relation between the true coordination num-
ber and the apparent first shell coordination number
determined from an EXAFS analysis using the cumu-
lant formalism [Eqs. (2). (5), and (6) in the text] with
up to the fifth moment.

of the experimental spectra. This is the
main reason that the EXAFS coordination
numbers determined by the cumulant ap-
proach are still too low for the highest tem-
peratures. The physical reason for this ef-
fect is that the broad tails extending to high
and low r-values of the pair distribution
function for the small particles will contrib-
ute to EXAFS mostly at low k-values,
whereas the sharp features of the distribu-
tion will be evident at high k-values. Since
the anharmonicity of the motion of the Cu
atoms becomes increasingly important with
increasing temperature, the underestima-
tion of the EXAFS coordination number
will accordingly increase with increasing
temperature.

The determination of the coordination
number can thus be significantly in error
because of the combined effect of the loss
of the small k-region information and the
different shape of the EXAFS amplitude
function between the small particles and
the bulk Cu reference. The deviation of the
apparent coordination numbers from the
true values depends on the exact k-region
used and on the specific fitting procedure
used. Why the error increases significantly
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when higher cutoff values are used (for ex-
ample in order to get rid of complicated fea-
tures near the edge) and when the EXAFS
is weighted with high power of & to empha-
size the signal at high &-values is discussed
in detail elsewhere (16).

The fact that the analyses of the particles
at 100 K give more reliable coordination
numbers originates from the relative small
influence of anharmonicity on the atomic
motion at low temperatures. Obviously,
these results suggest that EXAFS experi-
ments should always be carried out at very
low temperatures where the influence of
thermal motion is less important.

The need for carrying out the experi-
ments at as low temperature as possible is
of course unfortunate since the dynamic na-
ture of the catalyst structure implies a de-
mand for performing in situ studies at the
reaction temperature. Thus, there is always
the possibility that EXAFS studies carried
out at low temperatures may not provide
a correct structural picture of the work-
ing catalyst. Therefore, high-temperature
EXAFS spectra are necessary and the
present model may provide a mean to give
more reliable information from such stud-
ies.

The relations between the apparent and
true coordination numbers (Figs. 5 to 7) are
based on simulations for Cu, but the general
principles will also be valid for other metals
and work is performed presently to extend
the model. Surface anharmonicity is also
expected to play a role in nonmetallic sys-
tems, like oxides and sulfides, but quantita-
tively the effect is expected to be different
from that found for the metals.

The above simulations are based on the
equilibrium shape for free particles, i.e., in
the absence of any interaction with gases,
supports, or other phases. Such effects,
which are currently being investigated, will
clearly influence, among others, the equi-
librium shape of the crystallites and the dis-
tribution of facets on the surface. Thus, al-
though qualitatively the same effects as
those described in the present work will be
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- 10%Cu/Si0;
IO 5%Cu/SiQ,. sintered
- s%CwSIO,
T 10%Cu/Si0, 493K

FT Magnitude (arb. units)

R A

FiG. 8. Fourier transforms of the EXAFS for Cu
metal and the Cu/SiO, catalysts in the reduced state.

present, the quantitative corrections may
be different.

c. Comparison with EXAFS and
XRD Experiments

In this section we test the quality of the
new model for obtaining EXAFS coordina-
tion numbers and particle sizes by compar-
ing with the particle sizes obtained from
XRD experiments performed by use of the
novel, combined XRD/EXAFS setup de-
scribed in Refs. (19, 20).

Figure 8 shows the Fourier transforms of
the EXAFS for bulk copper metal and the
silica-supported Cu particles. The data for
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the silica-supported Cu particles display es-
sentially the same features as metallic cop-
per, but the relative intensity of the peaks is
significantly reduced.

The reduced peak amplitudes for the dif-
ferent catalysts show that these contain
small copper crystallites. A standard
EXAFS analysis in which the Debye-
Waller factor was kept equal to that of the
bulk gives the apparent coordination num-
bers listed in Table 1. By use of the geomet-
rical shape model by Greegor and Lytle (3)
for spherical shaped particles, it is esti-
mated that the Cu particle sizes for the cat-
alysts are in the range from 10 to 12 A (Ta-
ble 1). Figure 9 shows the X-ray
diffractograms of the same samples as
those given in Fig. 8. The presence of a
relatively broad Cu(111) line for all the cat-
alysts is observed. From a line profile anal-
ysis, the average XRD crystallite sizes
listed in Table 1 can be estimated using the
Debye—Scherrer formula with the Scherrer
constant equal to 0.9. It is clear that these
values are significantly larger than those
found from the standard EXAFS analysis.
Since the XRD and the EXAFS data have
been collected on the same sample under
identical conditions, it can be ruled out that
this discrepancy is due to different treat-
ments of the catalysts. Quantitative XRD

TABLE 1

Apparent Coordination Numbers and Estimated Particle Diameters for

Silica-Supported Cu Catalysts

Catalyst Apparent
coordination
number
(0 = i)
5% Cu/Si0,, 300 K 8.7
5% Cu/SiOy", 300 K 9.3
109% Cu/Si0,, 300 K 9.0
8.5¢

109 Cu/Si0,, 493 K

Geometrical XRD« New
model method
[Ref. (3)] (Fig. 5)
11.0 27 24
12.0 39 34
11.5 35 28
10.5 30

26

« Uncertainties of the XRD results, about +5 A.

* Sintered catalyst.

¢ Bulk Cu metal reference also measured at 493 K.
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Intensity (arb. units)

L 1 i

35 37 3g 41 43
20

Fi16. 9. X-ray diffractograms showing the Cu(ll1)
line in (a) 5% Cu/Si0O;, (b) sintered 5% Cu/Si0,, and
(c) 10% Cu/SiO, catalysts recorded using the com-
bined XRD/EXAFS setup; i.e., the data in Figs. 8 and
9 were recorded on the same sample in the same cell.

studies of selected samples also rule out
that the difference can be explained by the
presence of a large amount of particles be-
ing too small to be observed by XRD. Also,
independent studies by use of the newly de-
veloped H,-TPD technique (33) confirm
that the standard EXAFS analysis severely
underestimates the particle sizes.

A much better agreement is obtained,
however, if we use the new procedure for
correcting the apparent coordination num-
bers (Fig. 5) and the coordination number—
particle size relationship given in Fig. 3.
The particle sizes obtained by this method
(Table 1) show much better agreement with
the XRD results.

5. CONCLUSION

The present results show that the deter-
mination of particle sizes in highly dis-
persed systems by EXAFS is not a straight-
forward procedure. The fact that the
motion of the atoms in the surface regions
of the small particles is very anharmonic,
especially at high temperatures, gives rise
to asymmetric pair distribution functions
with broad tails that contribute at the low &-
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region of the EXAFS spectrum. The contri-
bution from such effects thus increases
with decreasing particle size. Due to the
loss of the low &-part of the experimentally
measured EXAFS spectrum and the non-
transferability of amplitude functions be-
tween the reference bulk material and the
small particles, the obtained coordination
numbers will systematically be too small.
However, the present molecular dynamics
simulations allow one to directly calculate
the errors introduced by not having access
to the low k-part of the EXAFS spectrum.
Thus, one of the results of the present work
is a model and a procedure whereby more
reliable coordination numbers can be esti-
mated from EXAFS experiments. More-
over, since the molecular dynamics simula-
tions provide direct relationships between
coordination numbers and particle sizes,
more reliable sizes will also result as indeed
confirmed by XRD and other experiments.

The errors in the coordination numbers
are less important when EXAFS experi-
ments are carried out at low temperature.
However, at such temperatures the state of
the catalysts may not be the same as at re-
action conditions. Furthermore, by restrict-
ing ourselves to low-temperature experi-
ments, we also prevent dynamic studies of,
for example, activation and sintering phe-
nomena to be carried out. Thus, there is a
great desire to record EXAFS spectra at
high temperature at which the catalysis
takes place. At these temperatures, the er-
rors from the EXAFS analysis of small par-
ticles are quite significant and the present
model therefore especially important to ap-
ply. Although the present results were ob-
tained for Cu, it is expected that the conclu-
sions also hold for small particles of other
metals.

The influence of anharmonicity is ex-
pected to be especially important in
SEXAFS experiments where one exclu-
sively probes the surface. Thus, surface
structural models based on SEXAFS bond
lengths and coordination numbers without
correcting for the influence of anharmonic-
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ity may need some reconsideration in light
of the present results.
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