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The physical principles of atomic XAFS (AXAFS) are presented along with important details on how to isolate the AXAFS
contribution from the experimental XAFS data. Intuitive illustrations are given showing how various interactions of the absorber atom
with its neighbours influence the AXAFS contribution. Hydrogen chemisorbed on the surface of the supported metal particles is shown
to have a strong influence on the amplitude of the Fourier transform AXAFS peak. The effect of the support (with different amounts
and types of charge compensating ions (H+, K+), different Si/Al ratio and extra-framework Al) on the experimental AXAFS spectra
of Pt dispersed in zeolites (LTL,Y) and on flat supports (Al2O3–SiO2, MgO–Al2O3) are summarised. It is shown that the essence of
the metal–support interaction, as revealed in the AXAFS, is a shift in the ionisation potential of the valence d-orbital electrons brought
about by the polarisation induced primarily by the changing charge on the support oxygen atoms.
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1. Introduction

Numerous studies have reported enhancements in the
specific reaction rates of metal particles for benzene hydro-
genation [1,2], propane hydrogenolysis [3,4] and neopen-
tane hydrogenolysis and isomerisation [4–7] on acidic sup-
ports compared to neutral supports. These differences were
believed to be due to an interaction between the metal par-
ticles and the support. The metal–support interaction has
been shown not only to alter the catalytic behaviour, but
there also are indications that it changes the electronic prop-
erties of the supported metal cluster. Several explanations
for the metal–support interaction have been proposed in the
literature: (i) formation of a metal–proton adduct, with the
number of protons determined by the acidity of the sup-
port [5,8]; (ii) charge transfer between the metal atoms and
the nearest neighbour zeolite oxygen atoms [9–11]; and
(iii) polarisation of the metal particles by nearby cations in
the support [12,13]. It has been previously indicated [14]
that most of these explanations are not based upon a firm
experimental basis, and indeed some contradict recent ex-
perimental data.

Systematic experiments [15–17] have shown that the cat-
alytic activity and spectroscopic properties of supported no-
ble metal catalysts are greatly affected by the charge com-
pensating cations (H+, K+) in LTL zeolite. As the K+

content of the support increases, the TOF of the metal parti-
cles for neopentane hydrogenolysis decreases. At the same
time, there is a decrease in the (Pd) XPS binding energy
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and a shift from linear to bridge bonded CO in the FTIR
spectra of Pd and Pt. The XPS and the FTIR results provide
a strong indication for a direct influence of the support on
the electronic properties of the metal particles. These ef-
fects were found to be independent of the metal (Pd or Pt).
The turnover frequency (TOF) for conversion of neopen-
tane was also determined for Pt in Y zeolite with different
numbers of protons and La3+ ions, different Si/Al ratio and
with non-framework Al present [14]. As in Pt/LTL, an in-
crease in the Pt TOF was found to be proportional to the
number of protons. The TOF of Pt in non-acidic NaLaY
zeolite was about 25 times higher than for NaY, which in
addition indicates a strong influence of the charge of cations
in the zeolite on the TOF of Pt. The 20 times increase in
Pt TOF for K-USY compared to NaY was attributed to the
higher Si/Al ratio and/or the presence of non-framework
Al in K-USY. Pt particles supported on flat supports also
experience an influence of the acidity/basicity of the sup-
port on the neopentane TOF of platinum. The TOF of
Pt/Al2O3–SiO2 is about 500 times higher than on Pt/MgO–
Al2O3 [18].

In order to investigate the electronic nature of the metal–
support interaction, we have developed two new in situ
techniques in X-ray absorption spectroscopy (XAS) that
provide previously unobtainable electronic structure infor-
mation on supported noble metal catalysts. The first tech-
nique utilises the “atomic” X-ray absorption fine structure
(AXAFS) in the XAFS data, which results in direct infor-
mation on the changes in the electronic structure (embedded
potential) of the average Pt atom in the cluster [19]. The
second technique uses the Pt–adsorbate anti-bonding shape
resonances near the X-ray absorption edge, that provide
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insight in the changes in nature of adsorbate bonding to
Pt clusters [20]. The AXAFS and shape resonances can
be used as new tools to examine changes in the electronic
structure of metal clusters, and the resultant changes in
the adsorbate–metal bonding, respectively, induced by the
metal–support interaction, reduction temperature, and pres-
ence of chemisorbed hydrogen. Here, we concentrate on
the AXAFS technique. The following article in this is-
sue will deal with the applications of shape resonances in
catalysis research.

The recent AXAFS results demonstrate that (i) the
charge on a metallic cluster can be monitored with AXAFS
with changes as small as 0.05 e (electronic charge) clearly
detectable [21], (ii) polarisation effects from ions at a dis-
tance of two and three coordination shells from the absorber
are clearly visible [22], and (iii) the amplitude and shape of
the Fourier transform AXAFS peak directly correlates with
the TOF for Pt clusters in zeolites (LTL, Y) [14,17] and on
flat supports (Al2O3–SiO2, MgO–Al2O3) [18]. This means
that the effect of the metal–support interaction is reflected
in the AXAFS Fourier transform.

In this paper the fundamental physical principles of
AXAFS will be presented along with important details on
how to isolate the AXAFS contribution from the exper-
imental XAFS data. Intuitive illustrations will be given
showing how various interactions of the absorber atom with
its neighbours influence the AXAFS contribution. Two im-
portant effects are distinguished: (i) the through-space field
effect and (ii) the through-bond inductive effect. It will be
shown that hydrogen chemisorbed on the surface of the
supported metal particles has a strong influence on the am-
plitude of the Fourier transform AXAFS peak. This implies
that hydrogen has to be removed from the surface of the
metal particles before the influence of the support on the
electronic structure of the metal particles can be investi-
gated with AXAFS spectroscopy. The effect of the support
(with different amounts and types of charge compensating
ions (H+, K+), different Si/Al ratio and extra-framework
Al) on the experimental AXAFS spectra of Pt dispersed in
zeolites (LTL,Y) and on flat supports (Al2O3–SiO2, MgO–
Al2O3) will be summarised and discussed. It will be shown
that the essence of the metal–support interaction is a shift
in the ionisation potential of the valence d-orbital electrons.
This new model for the metal–support interaction will be
compared with previously proposed models in the literature.

2. Methods

2.1. Physical principles of atomic XAFS

The total absorption cross section in the extended X-ray
absorption fine structure (EXAFS) is normally written as
µ = µemb(1 + χEX), with χEX the EXAFS function. The
absorbing embedded atom (i.e., the atom bonded to its envi-
ronment) accounts for the major part µemb of the absorption
coefficient. The structure in χEX enables the local geometry

Figure 1. Physical origin of EXAFS and AXAFS in a schematic potential
model. A: absorber atom potential; S: scattering atom; and Ev: vacuum

level.

about the absorbing atom to be determined [23]. Holland
et al. [24] and more recently Rehr et al. [25] noted that
µemb is not a totally smooth function, but can also have
structure χAX due to scattering from the periphery of the
absorbing atom itself. Thus the atomic cross section of the
embedded atom can be expressed as µemb = µfree(1 +χAX)
with µfree the absorption cross section for the free atom
in contrast to that for the embedded atom µemb. The χAX

function called “atomic” XAFS (AXAFS) [19], offers the
possibility to obtain electronic structure information utilis-
ing a procedure comparable to EXAFS. The two scattering
phenomena (AXAFS and EXAFS) are schematically illus-
trated in figure 1.

The AXAFS represents the change in scattering by the
absorbing atom itself relative to the free atom (vide infra).
This change is due to bonding of the absorbing atom with
its environment; consequently any changes in the environ-
ment, which changes the electronic charge or structure of
the absorbing atom, should be reflected in the AXAFS.
AXAFS originates from scattering of photoelectrons in the
periphery of the absorber atom itself. The AXAFS contri-
bution introduces an additional oscillation, albeit of longer
wavelength because of the smaller distance to the source of
scattering. This additional oscillation is normally factored
out so that µ = µfree(1 + χAX)(1 + χEX). In principle, this
AXAFS scattering is somewhat larger than normal EXAFS
due to the shorter distance and the 1/R2 factor out front
(see equation (1) [26]). Also, the electron density com-
pletely surrounds the absorber atom instead of being con-
centrated at several lattice sites around the absorber. On
the other hand, the AXAFS scattering is short ranged in k,
because it arises primarily from scattering by the deep va-
lence electrons rather than the core electrons as in EXAFS.
This makes the peak in the FT-AXAFS wider and generally
smaller in magnitude than the regular EXAFS scattering.

In order to outline the scattering process, a description
of the potential surrounding the absorber atom is necessary.
The well-known muffin-tin approximation can be used to
approximate the embedded atom potential. As illustrated
in figure 2, the muffin-tin approximation “clips” the exact
potential at the muffin-tin radius Rmt and sets it equal to
the interstitial potential Vint [19]. Inside Rmt the potential
is assumed to be spherical, outside it is assumed to be
flat and zero (i.e., no forces are exerted on the particle
in the interstitial region). Vint is determined by averaging
the potential at Rmt of all the atoms in the cluster, this
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Figure 2. Illustration of the muffin-tin approximation to the interatomic potentials showing locations of Rmt, Vint and Ef . The shape and intensity of
the Fourier transform of the AXAFS is determined by the black shaded area between Uemb and Ufree and below Vcut as defined in the text. Maximum

scattering occurs when the linear kinetic energy of the photoelectron is equal to the orbital kinetic energy of the electron scatterer.

determines the zero of energy or the effective bottom of
the conduction or itinerant band.

The AXAFS is best reflected in the Fourier transform
(FT) of χAX, which produces the first peak at approximately
1/2 the first-shell bond length. χAX can be expressed math-
ematically in a first distorted wave Born approximation [19]
and using the muffin-tin approximation as

χAX(k) ≈ −(2m/(kh))Im
∫

e2ikr+2iδ∆Udr, (1)

where ∆U = Uemb − Ufree with Uemb the embedded atom
potential, Ufree the truncated free atom potential. In this
paper, potentials that are a function of the distance from
the absorber are denoted by U . Lines with constant poten-
tial values are given by V . The free atom potential (Ufree)
reflects the electron distribution in the free atom. The em-
bedded potential (Uemb) reflects the electron distribution af-
ter embedding the free atom into its chemical environment
and allowing interaction with its neighbours.

A phase corrected and k weighted Fourier transform of
χAX(k) leads to [19]∣∣FT

(
ke−2iδχAX

)∣∣ ≈ ∆UΓ, (2)

with Γ a broadening function due to the limited Fourier
transform range. Equation (2) then reveals that the FT-
AXAFS directly reflects the change in the chemical envi-
ronment. More specifically, the shape and intensity of the
|FT| can be represented by the black area between Ufree

and Uemb and below Vcut (Vcut = 2Vint + |Ef|), as illustrated
in figure 2.

The scattering of the photoelectron by an electron in an
orbital is primarily resonant, which implies that scattering
occurs if the kinetic energy of the photoelectron is equal to
the kinetic energy of the bound electrons doing the scatter-
ing. Going upward above Ef in figure 2, the linear kinetic
energy of the photoelectron increases, going downward be-
low Vint, the orbital kinetic energy of the valence electrons
localised on a single atom increases. The photoelectron at
the absorption edge already has kinetic energy equal to Ef

minus Vint. The electrons in the conduction band are not ef-
fective for scattering because they have kinetic energy well
below that of this photoelectron even at threshold. More-
over, the electrons in states above Vcut have insufficient
orbital kinetic energy. Thus only electrons in states below
Vcut (i.e., with higher binding energy) will be effective at
scattering photoelectrons with kinetic energy near or well
above threshold. In summary, only the deeper localised
valence band electrons give rise to AXAFS scattering.

2.2. The field and inductive interactions

Obviously the AXAFS will change by either altering
Uemb or Vcut (the latter directly determined by the position
and width of the itinerant conduction band). A change in
the nature or number of bonds around the absorber atom
will definitely change these two properties of the absorber
atom, and the AXAFS should change accordingly. We can
straightforwardly predict that an increase in the number of
bonds about an absorber atom will pull down Uemb (i.e.,
increase the “roll-over” of Uemb) so that the AXAFS will
increase. Further, a change in the nature of the bond, say
decreasing its covalent character, will decrease the AXAFS.
This is because a decrease in the covalent nature will limit
the “roll-over” in Uemb. Finally, the removal of an elec-
tron from the absorber atom (ionisation) will result in an
increase in the AXAFS. This is perhaps not obvious, be-
cause one might expect the fewer electrons remaining on
the absorber atom to scatter less. However, the removed
electron is generally taken from the Fermi level, and this
electron was not an effective scatterer anyway; but the re-
moval of this electron causes all of the other electrons to
shift to higher binding energy causing them to become more
effective scatterers. This shift is similar to the increase in
ionisation potential of an atom as its charge is increased.
This explains the change in AXAFS with a Pt electrode as
experimentally observed by O’Grady et al. [21].

Actually, many more subtle long-range effects can be
seen in the AXAFS, and this is critical to application of
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Figure 3. Effect of ionicity or charge of next nearest neighbours on position of Vint and Uemb.

AXAFS to examine the metal–support interaction. In the
muffin-tin model used to describe AXAFS, polarisation by
more distant atoms can modify the absorber atom in the
same two ways as described above: (i) by the direct overlap
of the nearby atom potentials, altering Uemb, the through-
space field effect [27,28], or (ii) by affecting the average
Vint and Vcut, which will be referred to as the through-bond
inductive effect [27,28]. This is appropriate because if a
neighbouring atom is highly electronegative, Vint will be
more negative, which means that more electrons will be
delocalised into the interstitial region, exactly the nature
of the inductive effect. In figure 3 these two interactions
are illustrated by the effect of a neutral or ion (long-range
Coulomb) potential of a next nearest neighbour atom on
a Pt absorber atom. The influence of the charge of the
neighbouring atom is to pull down (increase the “roll” over
of) Uemb, which describes the through-space field effect.
The influence of the higher electronegativity is to lower
the position of Vint, which delocalises electron density from
within the platinum cluster to the interstitial region between
the platinum and oxygen. The exact nature in which these
two potentials change via the metal–support interaction will
be considered in detail in section 3.

3. Isolation of AXAFS and applications to study
supported metal catalysts

3.1. Isolation of AXAFS

3.1.1. Background subtraction
As discussed in [26], the first step in isolating the

AXAFS from the experimental data is removal of the pre-
edge background. Then the edge position is chosen (at
the inflection point of the absorption edge, or at 0.6 of the
total step height of the edge). The post-edge background
removal is the most controversial and difficult, usually ac-
complished by spline smoothing [26]. New criteria for re-
moving this background are required for isolating the AX-
AFS. The long wavelength oscillations in AXAFS make
extraction of χAX from the full µ somewhat problematical.

Double-electron excitations are also present [29,30], which
in addition cause structure of long wavelength; albeit with
irregular wavelength, making a precise separation of these
contributions somewhat difficult.

Figure 4 illustrates the background subtraction prob-
lem. We have used the normal cubic-spline to fit the
atomic background [26,31]. Three primary contributions
appear in the Fourier transform between 0 < R < 2.8 Å:
(i) the free-atom contribution which we have shown else-
where [30] to consist of double-electron excitations (DEE)
and the Ramsauer–Townsend resonance (RTR), peaking
between 0 < R < 0.5 Å, (ii) the true AXAFS fea-
ture between 0.5 < R < 1.2 Å, and (iii) the first-shell
Pt–Pt EXAFS around R = 2.3 Å. The objective is to
leave χfree in the background and χAX in the full χ. Fig-
ure 4 shows the effect of three different levels of spline
smoothing used for the background subtraction for a Pt/K-
LTL catalyst [19]. In figure 4(a)–(c), the smoothing pa-
rameter is lowered in such a way that in: (a) a consid-
erable amount of the free-atom absorption is left in the
χ data, which is visible between 0 < R < 0.5 Å in
the Fourier transform, and tailing off to higher distances;
(b) almost all free atom scattering is removed, but the
AXAFS signal at R = 1 Å is still present in χ; (c) all
intensity at low R-values in the Fourier transform is re-
moved from χ following the background criteria used be-
fore the existence of AXAFS was really established. The
optimum background subtraction is to retain the AXAFS
in the Fourier transform of χ, as shown in figure 4(b).
Three criteria are now used to determine a consistent back-
ground:

(a) Diminish the free atom contribution between 0 < R <
0.5 Å to essentially zero. Check whether the RTR and
DEE fully remain in the background by directly exam-
ining the background.

(b) Leave the amplitude of the EXAFS peaks unreduced as
much as possible.

(c) Check this procedure both in k1 and k3 weighting for
different k-ranges, including low k-values (e.g., k down
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Figure 4. Fourier transform (k1, 3.0 < k < 13.5 Å−1) of experimen-
tal χ data from Pt/LTL (K/Al = 0.96) after three levels of background
smoothing [19]: (a) all contributions left in the χ; (b) RTR and DEE

removed; and (c) RT, DEE and AXAFS removed.

to 1.5 Å−1). The last criterion is important to ensure that
very little EXAFS signal is removed from the data.

Previously, it was often required to remove about 10%
of the intensity of the first-shell EXAFS peak in order to

eliminate the AXAFS peak (figure 4(c)). Now we need only
a 1–2% reduction in this first EXAFS peak to eliminate the
free-atom contribution, but keep the AXAFS. The AXAFS
peak remaining at small R is the difference between the
scattering for the embedded atom relative to the free atom
as discussed above.

3.1.2. Separation of AXAFS from EXAFS data
In order to compare the AXAFS peaks in different sys-

tems or under different experimental conditions, it is nec-
essary to separate the AXAFS from the EXAFS data. The
Fourier transform of the EXAFS contribution will tail into
the AXAFS peak; especially, when first-shell EXAFS con-
tributions have co-ordination distances between 1.5 < R <
2.0 Å. This causes interference, which actually can artifi-
cially reduce the amplitude of the AXAFS peak as observed
in the Fourier transform. An example of the separation
of the AXAFS data for a Pt/γ-Al2O3 catalysts (reduced at
573 K, evacuated at 573 K, measured at 100 K) [32] is
presented in figure 5. The raw EXAFS data are shown in
figure 5(a) (solid line). The first-shell contributions consist
of a Pt–Pt and a Pt–O peak in a normal (not phase) corrected
Fourier transform at 2.3 and around 1.6 Å, respectively (see
figure 5(b) (solid line)). The first-shell contributions (Pt–Pt
and Pt–O) were fitted in R-space (see figure 5(b) (dotted
line)). The difference file technique was used [26] to carry
out the fit procedure. The Fourier transform of the result-
ing difference file (raw data minus calculated Pt–Pt) and the
Pt–O contribution are displayed in figure 5(c), with solid
and dotted lines, respectively. It was possible to fit the
imaginary part and amplitude of the difference file between
1.6 < R < 3.2 Å. The differences at low R are due to the
presence of the AXAFS. A strong overlap exists between
the Pt–O contribution and the AXAFS peak. Subtracting
the calculated Pt–Pt and Pt–O contribution from the raw
data gives a difference file, which contains the AXAFS
and higher-shell contributions. The Fourier transform of
this difference file is plotted in figure 5(d). It can be seen
that the AXAFS peak is isolated. The AXAFS oscillations
can now be obtained by applying an inverse Fourier trans-
form from 0 < R < 1.6 Å. The AXAFS oscillations are
shown in figure 5(a) (dotted line). The AXAFS oscillations
have a long wavelength and decrease rapidly with increas-
ing values of k.

3.2. Effect of hydrogen chemisorption

Chemisorption of hydrogen leads to a change in the elec-
tronic structure of the surface and bulk atoms constituting
the platinum particles. The isolated experimental AXAFS
data show this effect averaged over all atoms present in the
metal particles. Figure 6 compares the isolated AXAFS of
the Pt/γ-Al2O3 catalysts as given above without (solid line)
and with (dotted line) chemisorbed hydrogen [32]. It can
clearly be seen that hydrogen chemisorption increases the
amplitude of the AXAFS peak below 1.0 Å and decreases
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Figure 5. XAFS analysis of a Pt/γ-Al2O3 catalysts reduced at 573 K, evacuated at 573 K, and measured at 100 K: (a) raw EXAFS data (—–) and
isolated AXAFS (- - -) (see text); (b) Fourier transforms (k1, 2.5 < k < 11 Å−1) of raw data (—–) and best fit (- - -) (k1, 2.5 < k < 11 Å−1,
1.6 < R < 3.1 Å); (c) Fourier transforms (k1, 2.5 < k < 11 Å−1) of Pt–O phase corrected difference file (raw data minus first-shell Pt–Pt
contribution) (—–) and Pt–O fit (- - -); and (d) Fourier transform (k1, 2.5 < k < 10 Å−1) of difference file (raw data minus first-shell Pt–Pt and
Pt–O contribution) representing the AXAFS contribution. Fourier filtering (0 < R < 1.9 Å) of this difference file produces the AXAFS oscillations

as given in (a) with (- - -).

Figure 6. Fourier transform (k1, 2.5 < k < 10 Å−1) of isolated AXAFS
for the Pt/γ-Al2O3 catalysts reduced at 573 K with chemisorbed hydro-

gen (- - -) and after subsequent evacuation at 573 K (—–).

it above 1.0 Å (i.e., it changes the position of the centroid
to lower values of R).

3.3. Metal–support interaction

The intensity and shape of the Fourier transform of the
AXAFS data of supported Pt particles dispersed in zeolites
(LTL, Y) and on flat supports (Al2O3–SiO2, MgO–Al2O3)
is also strongly dependent on the amounts and types of
charge compensating ions (H+, K+), Si/Al ratio and extra-
framework Al [14,17,18]. Figure 7 summarises the exper-
imental results from these studies. Figure 7(a) gives the
Fourier transforms of the AXAFS data for Pt/LTL catalysts
with different K/Al molar ratio of the LTL zeolite [17]. The
Fourier transform of the isolated AXAFS peak of Pt/NaY
and Pt/H-USY is displayed in figure 7(b). Here the effect
of a different Si/Al ratio and extra-framework Al was stud-
ied [14]. The effect of a different acidity/basicity of a flat
support on the Pt particles was investigated for Pt/Al2O3–
SiO2 and Pt/MgO–Al2O3. The Fourier transform of the
isolated AXAFS data for these samples is shown in fig-
ure 7(c).
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Figure 7. Influence on support properties on Fourier transform AXAFS
peak: (a) Fourier transform (k3, 3.0 < k < 13 Å−1) of the AXAFS data
for Pt/LTL (—–) K/Al = 0.63, (- - -) K/Al = 0.96, (-·-·-) K/Al = 1.25
(data obtained from [17]); (b) Fourier transform (k1, 2.5 < k < 8 Å−1) of
the isolated AXAFS of Pt/H-USY (—–) and Pt/Na-Y (-·-·-) (data obtained
from [15]); and (c) Fourier transform (k1, 2.5 < k < 8 Å−1) of the
isolated AXAFS of Pt/SiO2–Al2O3 (—–) and Pt/SiO2–MgO (-·-·-) (data

obtained from [18]).

4. Discussion

4.1. Isolation of AXAFS

The results presented in section 3.1 make clear that a
very careful and systematic background subtraction pro-
cedure is necessary before the AXAFS and EXAFS sig-
nals are fully separated from the atomic background and
double-electron excitations. The described procedure of
monitoring, as a function of the smooth parameter (SM),
the full appearance of the double-electron excitations in the
background signal allows for a more objective approach
compared to that used in the past for the separation of
the EXAFS from the background signal. Moreover, it is
demonstrated that the R-space fitting technique makes it
possible to further isolate the AXAFS data from the first-
shell Pt–Pt and Pt–O EXAFS contributions. The use of
non-isolated AXAFS data for monitoring metal–support ef-
fects can lead to problems, since the first-shell Pt–Pt and
Pt–O Fourier transform EXAFS data have tails in the R
region of the AXAFS peak. The isolation of the AXAFS
data as described in this paper is a prerequisite for the use
of AXAFS spectroscopy to study the influence of the sup-
port and adsorbates on the electronic structure of supported
metal particles.

4.2. Effect of hydrogen chemisorption

Hydrogen chemisorption on the surface of the supported
metal particles leads to an average net increase in the
AXAFS signal (see figure 6). Moreover, a large shift
to lower values of R is observed for the centroid of the
AXAFS peak. This can be explained by realising that the
effect of hydrogen chemisorption is averaged over all atoms
present in the metal cluster. The through-space field effect
on the Pt surface atoms will increase the amplitude of the
FT-AXAFS peak. However, it is possible that the bulk and
interfacial Pt atoms exhibit a larger inductive effect than the
Pt surface atoms. This will lower the Vint (or Vcut) value
in the particle, which leads to a shift of the centroid of
the Fourier transform AXAFS peak to lower values of R.
Preliminary results of AXAFS calulations using the FEFF7
code indeed show the occurrence of these effects.

4.3. A new model for metal–support interaction

The results presented here and those published pre-
viously [14,17,18] indicate that AXAFS is a powerful
new tool for obtaining unprecedented detail on the nature
of the metal–support interaction. The results of prelimi-
nary calulations with the FEFF7 code by simply chang-
ing the charge on the support O atoms reproduce re-
markably well the experimentally observed changes in
the AXAFS data as a function of the support proper-
ties.

The new model is presented in figure 8 (a) and (b). In
figure 8(a), the field effect of a neutral O “support” atom
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Figure 8. Schematic potential curves for the interaction of Pt with a neutral
(δ0) oxygen and an oxygen with less negative charge (δ+). Note that the
O atom with the δ+ charged is shown with a longer range Coulomb po-
tential at an higher binding energy (more negative potential). The hatched
areas on the right side illustrate the expected FT of the AXAFS for the
neutral support. The dark shaded area is proportional to Ufree −Uemb for
the neutral support. Its energy position is taken as a reference (indicated
by Ref). The transparent area reflects the ∆U area for the acidic sup-
port: its intensity is higher and the centroid is shifted to lower R due to

increased “roll-over” of Uemb and lowering of Vcut.

is shown. For the neutral O atom, the field effect is very
short ranged, so no polarisation of the cluster occurs. The
black area represents ∆U , the difference between Ufree and
Uemb, which represents the FT-AXAFS. The position of Vcut

is taken as a reference (REF) for the energy scale. The
hatched area on the right side of figure 8(a) is a “blow-up”
of the black area on the left and represents the expected
amplitude and shape of the FT-AXAFS. As positive charge
is added to the oxygen in figure 8(b) (as occurs for an
acidic support), the field effect induced by the extra positive
charge now becomes longer range so that Pt atoms across
the cluster each feel a different field. Since the cluster may
be partially metallic, charge may flow toward the support O
until the potential across the cluster is the same. The final
potential of the cluster is “pulled down” in comparison to
the reference value defined in figure 8(a). This leads to
higher amplitude of FT-AXAFS and a shift of the centroid
of this peak to lower R values.

The pulled down potential results in a shift of the va-
lence d-orbitals to higher binding energies (more negative
potential), thus leading to a change in electronic proper-
ties of the Pt particles. Consequently, the new model pre-
dicts that one of the most important aspects of the metal–
support interaction is a change in the ionisation potential
of the Pt particle brought about by polarisation induced by
by the support oxygen ions. The FEFF7 calculations not
shown here indicate that the electronic properties of the
platinum surface atoms representing the catalytically active
sites are directly influenced by a change in the charge den-
sity on the support oxygen ions. This is the essence of
the metal–support interaction: a change in catalytic prop-
erties of the supported metal particles directly induced by
the support.

As mentioned in section 1, several previous mod-
els have been proposed for the metal–support interac-
tion. One model proposes the formation of a metal–proton
adduct [5,8] to account for electron-deficient metal parti-
cles observed in acidic zeolites. The protons are thought
to be delocalised over the metal particle and withdraw
electron density from the surface atoms. However, such
adducts cannot account for an increase in electron density
for metal particles on alkaline supports. Alternatively, it
is suggested that the electronegativity of the support oxy-
gen atoms increases with rising zeolite alkalinity [10,11].
Charge transfer [9] between the support oxygen atoms and
the close-by metal particles is thought to cause higher elec-
tron density on the metal particles in alkaline zeolites. These
two models are similar in that they both propose a trans-
fer of electron density from (or to) the metal particles due
to the metal–support interaction. The only difference be-
tween the models is that in the former the metal trans-
fers electron density to the support protons, while in the
latter the transfer is thought to occur between the metal
and the oxide ions. A third explanation is based on the
polarisation of a metal cluster by nearby cations [12,13].
Calculations indicate that metal atoms near cations attract
electrons, thus resulting in electron-deficient metal atoms
situated at the opposite side of the cluster. In this model,
there is no net change in the total electron density of the
cluster, however polarisation of the electron density leaves
those atoms that participate in the catalysis electron defi-
cient.

As discussed in [14], a real charge transfer of the metal
particle to the support would leave the centroid of the FT-
AXAFS peak unchanged, whereas a shift is observed ex-
perimentally. This fact, and other important arguments put
forward by Ponec and Bond [33], make the charge trans-
fer model very unrealistic. Also polarisation by cations is
thought not very likely to occur. As discussed in [14], po-
larisation of the metal particle can indeed occur, the mag-
nitude depending on the particle morphology. However,
in the current model, this polarisation is not due to the
presence of cations, but induced by the support oxygen
ions.

The current model is also consistent with other data.
The shift to higher binding energy of the valence orbitals
for platinum particles on acidic supports, as deduced from
our AXAFS study, is entirely consistent with the IR data
for CO adsorbed on Pt/LTL. The shift increases the en-
ergy difference between the interacting d-orbital and the
CO 2π∗ orbital, which lowers the back-donation of plat-
inum to CO. The FTIR CO data show an increased ratio of
linear/bridged bonded CO in the case of an acidic support,
consistent with the greater difficulty for the charge transfer
required in the bridged CO configuration [34]. Finally Pd
3d XPS data reveals an increased binding energy for palla-
dium particles on acidic supports. The polarisation of the
palladium electron charge towards the interfacial region, in-
duced by a less negative oxygen charge will indeed result in
less screening of the core hole in the XPS final state. This
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causes a larger binding energy of the valence electrons of
metal particles on acidic supports. All of this data point to
a cluster on acidic supports acting as if it were less metal-
lic, even though no net charge has been removed from the
cluster. This is consistent with an increased binding energy
of the d-valence electrons [34]. The subsequent paper will
present an analysis of the Pt–H shape resonances, which
reveal a similar reduction in charge transfer to the H atoms
chemisorbed on the surface of platinum particles dispersed
on acidic supports.

5. Conclusions

AXAFS has proven to be a powerful new tool to examine
the electronic structure of supported noble metal clusters. It
suggests strongly that the metal–support interaction results
primarily from the “through-space” field interaction, which
increases the binding energy of the valence electrons of
metal particles dispersed on acidic supports. Further work
on larger clusters supported on amorphous supports is in
progress to deeper study the turn off of this metal–support
interaction. The investigation towards the role of promoter
atoms is also under way. Finally, much more work is re-
quired for other supported metals, oxides and sulfides to de-
termine the general applicability of the findings presented
here. Nevertheless, it is anticipated that the results and
ideas presented in this work will not change radically for
these other systems.
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