APPLIED
CATALYSIS

a3liddv

A: GENERAL

LSEVIER Applied Catalysis A: General 191 (2000) 205220

www.elsevier.com/locate/apcata

The metal-support interaction in Pt/Y zeolite: evidence for a shift in
energy of metal d-valence orbitals by Pt—H shape resonance and atomic
XAFS spectroscopy

D.C. Koningsberget*, J. de Graat, B.L. Mojet?®!, D.E. Ramake?, J.T. Miller®

a Department of Inorganic Chemistry and Catalysis, Debye Institute, Utrecht University, P.O. Box 80083, 3508 TB Utrecht, The Netherlands
b Chemistry Department, George Washington University, Washington, DC 20052, USA
¢ BP Amoco Research Center, E-1F, 150 W. Warrenville Rd., Naperville, IL 60563, USA

Received 29 June 1999; received in revised form 5 July 1999; accepted 6 July 1999

Abstract

The turnover frequency (TOF) for conversion of neo-pentane was determined for Ptin Y zeolite with different numbers of
protons and L&3 ions, different Si/Al ratios and with non-framework Al being present. Comparing Pt/NaY to Pt/H-NaY and
Pt/K-USY with Pt/H-USY, respectively, shows an increase in the In (TOF) which is proportional to the number of protons.
Compared to NaY, the TOF of Ptin non-acidic NaLaY zeolite is about 25 times higher, which indicates also a strong influence
on the charge of the cations on the TOF of Pt. The 20 times increase in the Pt TOF for K-USY compared to NaY is attributed
to the effect of a higher Si/Al ratio and non-framework Al in the K-USY.

EXAFS data collected on Pt/NaY and Pt/H-USY showed platinum particles consisting of 14—20 atoms on an average. These
results were confirmed by HRTEM, which also showed that the Pt particles were dispersed inside the zeolite. The EXAFS
data indicate that the metal particles are in contact with the oxygen ions of the support. The peak in the Fourier transform of
the atomic XAFS (AXAFS) spectrum of the Pt/H-USY is larger in intensity than the corresponding peak of the Pt/Na-Y data.
A detailed analysis of thedand the I3 X-ray absorption near edge structure revealed a shape resonance due to the Pt—H
anti-bonding state (AS) induced by chemisorption of hydrogen on the surface of the platinum metal particles. The difference
in energy Eres between the AS and the Fermi-levek] is 4.7 eV larger for Pt/H-USY than for Pt/NaY. Both the AXAFS
spectra and the shape resonances of the Pt-NaY and the Pt/H-USY catalysts provide direct experimental evidence of how the
support properties determine the electronic structure of the platinum metal particles.

Previous AXAFS and shape resonance work lead to a model in which the position in energy of the Pt valence orbitals is
directly influenced by changes in the potential (i.e. electron charge) of the oxygen ions of the support and how the proton
density affects this oxygen charge. This work shows that the potential of the oxygen ions is also a function of the Si/Al ratio
of the support and the polarisation power of the charge compensating catibnigH, La3t and extra-framework Al); the
metal particles experience an interaction which is determined by several properties of the support. The data further reveal how
the change in the Pt electronic structure directly influences the catalytic properties of the catalyst.

While the TOF is dependent on the metal—-support interaction, the hydrogenolysis selectivity is determined by the Pt particle
size, and increases linearly with increasing dispersion, or decreasing particle size. ©2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Supported noble metal catalysts are used in a
large number of commercially important applications,
including hydrogenation, dehydrogenation, naphtha
reforming, isomerisation, hydrocracking, oxidation,
automotive exhaust catalysts and fuel cells [1]. While
platinum is by far the most common catalytic metal,
palladium, rhodium, iridium, and ruthenium are used
in certain applications. A general review on supported
metal clusters has recently been published [2].

Since the early work of Dalla Betta and Boudart
[3], numerous studies have reported enhancements in
the specific reaction rates for benzene hydrogenation
[4,5], propane hydrogenolysis [6,7] and neo-pentane
hydrogenolysis and isomerisation [3,7-9] on acidic
supports compared to neutral supports. These dif-
ferences were believed to be due to an interaction
between the metal particles and the support. The
metal-support interaction has been shown as not only

zeolites. However, such adducts cannot account
for an increase in electron density on the metal
clusters in alkaline zeolites.

Charge transfer between the metal atoms and
the nearest neighbour zeolite oxygen atoms
[10-12,15]. It has been suggested that the Sander-
son electronegativity of the nearby support oxy-
gen atoms increases with increasing zeolite al-
kalinity [10,11]. The change in electronegativity
of these support oxygen atoms would result in
a charge transfer from or to the metal particles.
However, Ponec et al. [17] argued that charge
transfer is very unlikely.

Polarisation of the metal particles by nearby
cations[18,19]. Calculations indicate that metal
atoms near cations attract electrons, thus resulting
in electron deficient metal atoms on the opposite
side of the cluster. However, experiments under-
lying the theoretical calculations are lacking.
Systematic studies of Mojet et al. [13,20] have

2.

3.

altering the catalytic behaviour. There are indications shown that the catalytic activity and spectroscopic
that the metal-support interaction also changes the properties of supported noble metal catalysts are
electronic properties of the supported metal cluster. greatly affected by the charge compensating cations
Considering the catalytic results for competitive hy- (H™, K¥) in LTL zeolite. As the K" content of the
drogenation of benzene/toluene, Larsen and Haller support increases, the turnover frequency (TOF) of
suggested a decreased electron density on the platthe metal particles for neo-pentane hydrogenolysis
inum as the LTL zeolite acidity increased by cation decreases. At the same time, there is a decrease in
exchange [10]. de Mallman and Barthomeuf proposed the (Pd) XPS binding energy and a shift from lin-
that the shift to lower frequency in the infrared spectra ear to bridge bonded CO in the FTIR spectra of Pd
of adsorbed CO was due to a higher electron den- and Pt. The XPS and the FTIR results are a strong
sity of Pt on alkaline Y zeolite [11,12]. Finally, XPS indication of a direct influence of the support on the
data suggest that zeolite supported Pt and Pd clusterselectronic properties of the metal particles. These ef-
are electron deficient [13,14] on acidic supports and fects were found to be independent of the metal (Pd
electron rich on alkaline supports [13,15]. or Pt). Although the influence of the support proper-
Several explanations for the metal—-support interac- ties on the catalytic properties of the metal particles
tion have been proposed in the literature. The exper- has been established, the nature of this interaction is
imental basis of most explanations contains a lot of still uncertain.
deficiencies and some explanations are more feasible Recently, we have developed new analysis meth-
than others: ods for the interpretation of two phenomena, which

1. Formation of a metal-proton addu¢8,16]. The
formation of positively charged Pd+Hadducts
for Pd in Y zeolite was proposed to account for
the electron deficient particles observed in acidic

have been found to be present in X-ray absorption fine
structure data of small platinum clusters dispersed in
LTL zeolite: atomic XAFS (AXAFS) [21] and a shape

resonance [22] due to the anti-bonding state (AS) of
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the Pt—H interaction. The AXAFS spectra and shape of the catalytic and XAFS studies (including EXAFS,
resonances are found to be sensitive to changes iInAXAFS and Pt—H shape resonances) strongly support
the binding energy of the Pt electrons. The AXAFS the model for the metal-support interaction as put for-
spectra reflect the average of all atoms present in theward by Mojet et al. [24]. The electron charge of the
metal particles. However, the AS shape resonance re-oxygen atoms is not only determined by the presence
flects only on the platinum atoms present on the sur- of H* versus K™ on the support but also by the Si/Al
face of the metal particles and is, therefore, directly ratio and the polarisation by multivalent cations and
related to the electronic properties of the catalytic ac- extra-framework aluminum.

tive sites. Mojet et al. applied these Pt—H shape reso-

nance [23] and the AXAFS techniques [24] to study

the meta_ll—support interaction in the PYLTL zeolites 5 Experimental

as described above. The AXAFS and shape resonance

data were strongly dependent on th&é bhd K™ con-
tents of the LTL support. The results were explained
by a Coulomb interaction between the metal parti-
cles and interfacial support oxygen ions, which affects
the metal electron binding energies. This interaction

causes a shift in the energy of the metal valence or- .
o L 4 . levels of exchangeable ions, nearly all NHand
bitals: the ionisation potential of the metal particles 3; - . . .
: L . La°* ions were incorporated into the zeolite. Thus,
increases with increasing charge on the support oxy- . - i
for partial exchange, limited quantities of reagents

T e s e e o v e . Commercal H-USY (12Y.64,UOP) s
plicitly " ion-exchanged with excess KNQo obtain K-USY.

The model can account for all observed changes in . .
. : . Each support was washed and dried two times, and
the catalytic, electronic and structural properties of the .
subsequently, calcined at 3@ for 3 h.

;upported metal particles that are induced by changes Platinum was added to each support by ion-exchange
in the charge of the support oxygen brought about by with [Pt(NHs)s(NOs), at 80C. Exchange of

. . . i
dlfferer_lt charge compe_nsatlng c_atlons*(H_( ): NH4USY was performed in the presence of N3
In this paper, the validity of this model is explored . ; L

. . . . . with ammonium as a competitive ion. After thorough

further for platinum particles dispersed in Y zeolite. : :
: : . " washing, the catalysts were dried at 160and cal-
Expanding on the earlier work that examined the in- . : .
fluence of H versus K", we also study the influence cined at 250C and reduced in flowing hydrogen at
' 250°C. The elemental analysis is given in Table 1. Pt

of multivalent cations (L&), the Si/Al ratio and ex- ; . : ;
tra framework aluminum on both catalytic and elec- dispersion was determined by hydrogen chemisorp-
y tion and is given in Table 2.

tronic properties of the platinum particles. The results

2.1. Catalyst preparation
All  supports were prepared from commer-

cially available zeolites. NaY (LZY-54, UOP) was
ion-exchanged with La(N§)s or NH4sNO3. At low

2.2. Temperature programmed desorption (TPD) of

Table 1
Elemental analysis of Pt/Y catalysts NH3
Catalyst wt.% Al wt.% Na wt.% La wt.% Pt . i i

The number of acid sites was determined by TPD
PYNaY 1.1 10.1 - 2.0 (heating rate 10min—1 to 600°C for 1 h) for catalysts
Pt/H-NaY 115 5.2 - 2.0 N~ . ;
PUK-USY 121 01 (62% K) — 19 containing only chemisorbed NfHApproximately 1 g
Pt/H-USYe 11.9 0.1 _ 20 of catalyst was saturated in a flow of 5% Rj/N>
Pt/NaLaY (2%) 10.4 6.2 2.2 1.8 at room temperature. In order to remove physisorbed
EXAFS samples NHs, the c_atalyst was Wa_\shed three times i_n 50 gDH
Pt/NaY 11.1 10.1 - 0.9 at 80°C, filtered and dried at 10C overnight. The
Pt/H-USY° 11.9 0.1 - 0.6 guantity of desorbed Niwas determined by titration

aprepared by Pt exchange from H-USY. with a standard solution (0.1 M) of HCI. The number
bPrepared by Pt exchange from HHJSY. of protons was calculated based on the assumption that
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Table 2

Number of acid sites, Pt dispersion, TOF and hydrogenolysis selectivity for the conversion of neo-pentane by Pt/Y catalysts
Catalyst Acid sites (mmolg) Pt dispersion TOE Hydrogenolysis selectivify
Pt/NaY 0.15 0.56 51075 0.56

Pt/H-NaY 1.96 0.36 5.6 10°* 0.46

PtY/K-USY 0.16 0.40 1.x10°3 0.62

PY/H-USY 1.61 0.23 7.%10°3 0.20

Pt/NaLaY (2%) 0.22 0.66 15103 0.93

aTOF =molecules per second surface Pt atom determined &C2%0atm and with 1% neo-pentane inp.H
bselectivity extrapolated to zero conversion and deactivation.

one NH; chemisorbed per acid site and the results are For small platinum clusters, 3g is believed to be

given in Table 2. completely filled due to band narrowing relative to
platinum bulk; therefore, there is no Pt d valence band
2.3. Neo-pentane hydrogenolysis (AVB) contribution to the L edge [22].

Hydrogen chemisorption induces a bonding and an
anti-bonding orbital as reported by Hammer et al. [27]
(see Fig. 2). The partially occupied ‘dangling’ plat-
inum surface orbitals form a bond with the hydro-
gen 1s orbital producing the bonding and anti-bonding
Pt—H orbitals. Since the Pt—H bonding orbital is pri-
marily localised on the H atom, and the AS is lo-
calised more on the surface Pt atoms, thg/sdom-

Neo-pentane hydrogenolysis was conducted in
a fixed bed reactor at 25Q, using 0.99vol.%
neo-pentane in p The catalysts were pre-reduced at
500°C for 1 h, and conversion was adjusted to values
between 0.5 and 2.0% by varying space velocity. The
initial conversion and selectivity were determined by
extrapolation to time zero. The TOF (at time zero) X i
was calculated based o ldhemisorption. Selectivi- ~ Ponent of the AS state is also assumed to shift be-
ties were calculated on a molar basis as the percent of O the Fermi level. However, the transition of the
neo-pentane converted to iso-pentane (isomerisation)©Utg0ing electron to the empty anti-bonding orbital
and iso-butane plus methane (hydrogenolysis) extrap- Should be evident in the near edge spectrum of e L
olated to zero conversion and deactivation. The anal- X-fay absorption edge (see Fig. 1). The AS can be
ysis of the reaction products was carried out using the Viewed as a localised state degenerate with a contin-
Delplot method [25], which gives, by extrapolation to  UUM state, here, described by the Pt—H EXAFS final

zero conversion, the primary product distribution. state wave function. The outgoing electron will reside
temporarily in the potential well determined by the

AS state and can escape undergoing a resonance with
the Pt—H EXAFS final state wave function. This one

. . electron process causes a shape resonance with the
2.4.1. Analysis of the platinungland L, X-ray well known Fano-like resonance line shape. Its effect
absorption edges on the scattering cross sectioifE) can be related to

The analysis method of the;land Ls white line 55 ExXAFS functiony (E) via the normal expression
areas is based upon several theoretical concepts, WhlchU(E) = 1(E)(1 + % (E)). It can be shown [22] that
are schematically viewed in Fig. 1 [22]. The spin—orbit

interaction in both core and valence levels introduces 1 . 1—gqe

differences between thesl(2ps/» — 5052, 5dsj2) and X (E) = AsIn® [m] @

Lo (2p12 — 503/2) edges, both in shape and intensity

(the 2p,2—2py/2 splitting is around 1709eV, and the with A being an amplitude factorg=cot® and
505,250/ splitting around is 1.5-2.5eV [26]). The ¢=(E—-Erg/T. ® can be related to the usual total
L3 edge reflects the empty valence levetsVB) of phase found in EXAFS containing thé&r2term and
both d,> and &/ bands, weighted ass@/ds/» =6 the phase from the absorber and back-scatterés.
[26]; however, the k edge reflects only thesg level. the normalised energy scale relative to the resonance

2.4. XAFS spectroscopy
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Fig. 1. lllustration of spin—orbital coupling effects in the X-ray absorptigmsledge spectra and 5d valence band. REfetlge used as
reference, AS: Pt—-H ASAVB: empty valence d-orbitals. The energy levels (2p and 5d) do not have the same scale.

AS
Pt

Fig. 2. Molecular orbital (MO) picture showing the formation of
bonding and anti-bonding orbitals derived form a surface Pt orbital
and the H 1s orbital.

Table 3

Main information present in the Ptsland L, near edge spectra
Sample I3 edge o edge

H-Pt REF+AXAFS +AVB +AS REF +AXAFS
Pt REF+AVB REF

energy Ereg), Whereby ' represents the resonance
width. A fit to the experimentally observed AS line-
shape gives values fdes, I', A and .

tion. The Ly spectrum for the H-Pt sample is different
from the REF spectrum because of changes in geome-
try of the cluster induced by chemisorption of hydro-
gen (changes in XAFS scatteringXAFS). Finally,
the Lg spectrum for the H-Pt sample contains both
the geometric AXAFS) and electronic VB + AS)
changes from the reference [22].

Before the different contributionsA(VB, AXAFS,
AS) can be separated from the X-ray absorption spec-
tra, the edges have to be aligned in order to account
for initial and final state effects. All spectra are aligned
relative to the reference, the;ledge spectrum be-
ing for clean Pt clusters. A detailed description of the
physical principles that form the basis of the alignment
procedure and a further discussion of the assumptions
used in the analysis method described here are given
in [22]. In short, both k. edges were aligned at 0.6
step height, whereas bothy(H-Pt) and I3(Pt) edges
were aligned with the help of the EXAFS oscillations
relative to the L edges.

2.4.2. AXAFS
In the last few years, several research groups [28,29]

Table 3 summarises the important contributions that have reported on the oscillatory structure detected in

will be visible in the four X-ray absorption edges of

platinum in Pt/LTL catalysts, based on the assump-

tions and theory described above. Theddge spec-

trum for ‘clean’ Pt clusters can be used as the refer-
ence (REF), since this spectrum arises from the ‘free’

atom absorption and the EXAFS contributions. The L

spectrum of the clean Pt cluster contains, in addition,

the electronic (empty valence bandlVB) contribu-

the atomic backgroung that is removed from the
raw absorption data. It was first shown by Holland et
al. [28] that po(K) = piree(K)(1 +x ax (K), With wiree
being the free atomic background apdx (k) being

a fine structure attributed to AXAFS. As was pointed
out by Rehr et al. [29], the AXAFS contribution will
be visible as a peak in the Fourier transform at an
unphysically short distance, often less than 1.5A.
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Absorber

Fig. 3. (a) lllustration of the muffin-tin approximation to the inter-
atomic potentials showing locations ¥f;; andEg. (b) Schematic
illustration of the shape and intensity of the Fourier transform of
the AXAFS (black shaded area betwe®gy, and the free atom
potential, Viree) and belowVe as defined in the text.
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whereas the embedded potential reflects the electron
distribution after embedding the free atom into its
chemical environment and allowing interaction with
its neighbors. Eq. (2) then reveals that the FT directly
reflects this change in the chemical environment. More
specifically, the shape and intensity of {td| can be
represented by the black area betw¥egs andVemp

and belowVyt (Veut =2 x Vint + |EF|) as illustrated in

Fig. 3b.

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 photo-
electron is equal to the kinetic energy of the bound
electron. On going upward aboW in Fig. 3b, the
linear kinetic energy of the photoelectron increases,
while on going downward belowijy;, the orbital ki-
netic energy of the valence electrons localised on a
single atom increases. The photoelectron at the ab-
sorption edge already has a kinetic energy equikto
minus Vint. The electrons in the conduction band are

Ramaker et al. [21] have recently discussed the ori- not effective for scattering because they have a kinetic
gin and the parameters determining the AXAFS. The energy well below that of this photoelectron even at
AXAFS is caused by the scattering of the photoelec- the threshold. Moreover, the electrons abdyg have
tron off the deep valence electrons in the periphery of insufficient orbital kinetic energy. Thus, only electrons
the absorbing atom. From a more physical point of belowVcy (i.e. with higher binding energy) will be ef-
view, the photoelectron scatters against the embeddedfective in scattering photoelectrons with kinetic energy
atom potential barrier. The well known muffin-tin  well above the threshold. Only thdeeper localised
approximation can be used to approximate the em- valence band electrons give rise to AXAFS scattering.

bedded atom potential. As illustrated in Fig. 3a, the
muffin-tin approximation ‘clips’ the exact potential
at the muffin-tin radiusRy,; and sets it equal to the
interstitial potentialViy [21]. Inside Ry, the poten-
tial is assumed to be spherical, and outdrig, it is

2.4.3. XAFS data collection
X-ray absorption spectra have been collected at sta-
tion 9.2 of the Daresbury SRS. The station is equipped

assumed to be flat and zero (i.e. no forces are exertedwith a double crystal monochromator with Si (220)

on the particle in the interstitial regionYn; is de-
termined by averaging the potential Rt of all the

crystals. Higher harmonic radiation was removed from
the incoming radiation by detuning the monochroma-

atoms in the cluster, and this determines the zero of tor to 50% of the incoming intensity at a photon energy

energy or the effective bottom of the conduction band.
A phase corrected ardveighted Fourier transform
of xax(K) leads to [21]
FT(ke 2P yax)| ~ AV x T 2)
where AV =Vemp—VT1EA With Vemp being the embed-
ded atom potentialVTra the truncated free atom po-
tential, andI’ a broadening function due to the lim-

ited Fourier transform range. The free atom poten-
tial reflects the electron distribution in the free atom,

of 11564 eV (Pt I3 edge). The spectra were collected
in transmission mode, using two ion chambers filled
with a gas mixture of Ar and He so that the total ab-
sorbance in the first chamber was 20% and that in the
second chamber 80%. The samples were pressed into
self-supporting wafers with a calculated thickness so
that the total absorbangey, was 2.5 with an edge step
of Aux~0.2. The samples were then mounted in an
in-situ cell equipped with Be windows [30]. The EX-
AFS samples Pt/NaY and Pt/H-USY were reduced in
flowing hydrogen at 400 (heating rate C min—1)
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for 1h. The samples were cooled under 1atm. H to a lower limit of about 2.5AL. The previously
XAFS spectra were recorded at liquid nitrogen tem- extracted and used experimental references were only
perature. Subsequently, the samples were evacuatedisable fork>3.5A-1 due to Fourier filtering errors.

at 200C for 1 h and XAFS spectra were recorded at The gain at lowk is important for the analysis of the
liquid nitrogen temperature, maintaining a vacuum of AXAFS phenomenon since the amplitude of the

better than 2« 10~°Pa. AXAFS oscillations decreases rapidly with increasing
k. The result is a better isolation of the AXAFS peak
at lowR.

2.4.4, XAFS data analysis methods The XAFS data has been analysed using the pro-

The absorption data was background subtracted us-gram XDAP [36]. Fitting is done ifR-space, without
ing standard procedures. The pre-edge backgroundFourier filtering of the data. This will result in more
was approximated by a modified Victoreen and re- reliable first shell information since no higher order
moved from the raw data. The post-edge background shells have to be included in the fitting procedure. To
was removed using a cubic-spline approximation [31] analyze the metal-oxygen contribution to the spectra,
and the spectra were normalised on the absorptionthe difference file technique was used. In general, the
edge step height at 50eV past the absorption edge.experimental EXAFS spectrum is given as the sum of
The isolation of the AXAFS and EXAFS signals from  n individual absorber—backscatterer contributions

the smooth free atom background (the post-edge back- n
ground removal) is important for a proper analysis of yexp = le'
both AXAFS and EXAFS phenomena. We have pre- i=1

viously defined new criteria [21,32] for background
removal based on the procedure first outlined by Cook
and Sayers [31]. Three criteria are defined for the .
Fourier transform spectra: Xj = XEXP — Z Xi

and therefore, the contribution due to fftle shell

1. Diminish as much as possible the contribution at i=Li#j
R=0.3A. After subtracting the first metal-metal and
2. Make sure that the EXAFS intensity 1.5 A metal—oxygen contributions, the remaining signal will
is unchanged. be the AXAFS together with the higher order shells.
3. Check bothk! andk® weighted spectra, for dif- It is now possible to isolate the AXAFS signal by
ferentk ranges, including lovk values. Fourier filtering the data, which removes all higher

By using the above given criteria, the smooth atomic order contributions. The importance of the use of the
background and multi electron excitations are isolated low k part of the XAFS spectrum has to be stressed
from the AXAFS and EXAFS contributions to the again since it allows a better isolation of the AXAFS
spectrum. contribution from the raw data.

Theoretical phase and backscattering amplitudes
for the Pt—Pt and Pt—O scattering pairs were gen-
erated utilising the FEFF7 [33] code. The potential 3. Results
type, the real and imaginary contributions to the po-
tential, S3 and the Debye—Waller factor were varied 3.1. Catalysis
until the generated references fitted optimally the
first co-ordination shell of the experimental, back- The results for the conversion of neo-pentane at
ground subtracted XAFS spectra for Pt foil [34] and 250°C are given in Table 2. NaY zeolite was progres-
NagPt(OH) [35] for the Pt—Pt and Pt-O references, sively NH;™ exchanged to reduce the weight percent
respectively. More details on generating the theoret- Na from 10 to 1%. At Na levels of less than about
ical references can be found in [32]. The theoretical 3wt.%, the zeolite was thermally unstable and lost
references that we have generated can be used over arystallinity upon calcination. Thus, stable zeolite
significantly lowerk-range than the previously used supports were obtained with only about half the Na
experimental references. We were able to fit ghe replaced with protons.
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H-NaY is 8.5 times higher than that in NaY. H-USY
was exchanged with Kions reducing the number of
acid sites. As observed for NaY and H-NaY, the TOF
of Ptin H-USY is 6.5 times higher than that in K-USY.

NaY was exchanged partially to give 2wt.% La.
Compared to NaY, incorporation of La results in an
increase in the TOF of about 25 times (see Table 4).
No protons are present in NaLaY. This shows that not
only protons but also increasing charge on the cations
leads to enhanced activity.

In the absence of protons, the TOF of K-USY is 15.4
0 02 04 06 08 times higher than that in Na-Y. Moreover, having about

Pt Dispersion the same number of protons, the TOF of Pt/H-USY

is 20 times higher than in Pt/H-NaY (see Table 4).
This large increase in the Pt TOF of K-USY compared
to NaY demonstrates that an increase in Si/Al ratio
and/or the presence of extra-framework Al also leads
to an increase in the Pt TOF.

0.9 4

0.8 4

0.7

0.6 4

0.5 4

0.4 4

0.3 4

Hydrogenolysis Selectivity

0.2 4

0.1+

Fig. 4. Hydrogenolysis selectivity vs. the Pt dispersion.

3.1.1. Hydrogenolysis selectivity

Analysis of reaction products by the Delplot method
indicated that methane, iso-butane (hydrogenolysis),
and iso-pentane (isomerisation) were the primary 3.2. EXAFS and AXAES
products. The hydrogenolysis selectivities are re-
ported in Table 2. Fig. 4 shows that the hydrogenol-
ysis selectivity increases linearly with Pt dispersion
(decreasing particle size), and appears to be inde-
pendent of the TOF or composition of the support.
Thus, neither the number of protons, 3tta Si/Al
ratio nor the non-framework Al strongly affects the
hydrogenolysis/isomerisation selectivity.

In Fig. 5a, the raw EXAFS dat&{ weighted), and
in Fig. 5b, the corresponding Fourier transforrk$,
Ak=2.5-14 A1) of the Pt/NaY sample are shown
(measured under hydrogen (solid line) and in vac-
uum (dotted line). It can clearly be seen from the
shift to lower R-values of the imaginary part of the
Fourier transform that evacuation causes a shorten-
ing of the Pt—Pt bond length. The shoulders at both
3.1.2. TOF the low and highR sides of the first Pt—Pt peak in

Neo-pentane hydrogenolysis is a mono-functional the Fourier transform are due to the non-linear Pt—Pt
probe reaction, dependent only on the catalytic activ- phase shift and thk dependence of the backscatter-
ity of the metal [37,38] as is confirmed by the primary ing amplitude [43]. Fitting of the experimental spec-
reaction products: methane, iso-butane (hydrogenoly- tra was done irR-space over the range=1.6-3.1 A
sis), and iso-pentane (isomerisation). Neo-pentane canusing ak? weighted Fourier transform over the range
not undergo a bifunctional mechanism because the k=2.5-14.0 K. As an example, the Fourier trans-
neo-pentane molecule can not form an alkene interme-forms ?, Ak=2.5-14.0 K1) of the total fit (dotted
diate. Moreover, neo-pentane does not undergo pro-line) and raw data (solid line) are shown for the Pt/NaY
tolytic cracking at the temperatures used for the cat- sample after reduction (Fig. 5¢). The differences visi-
alytic reaction (250C). Therefore, the changes in the ble from 0.5 A< R< 1.6 A are due to the contributions
TOF can not be ascribed to bifunctional mechanism. of AXAFS in the raw data. The coordination param-

The effects of protons, cation charge, Si/Al ratio eters as obtained from the EXAFS data analysis are
and/or extraframework Al results are summarised in given in Table 5. The other samples have been anal-
Table 4. As observed previously, increasing the num- ysed using the same procedure as described for the
ber of protons by replacing Nain the support results ~ Pt/NaY sample after evacuation. The results are also
in an increase in the Pt TOF for neo-pentane con- given in Table 5. It can be seen that, after evacuation,
version [3,9-11,13,20,39,40-42]. The TOF of Pt in the Pt—Pt distance contracts by about 0.1A. For the
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Table 4
Effect of protons, cation charge, Si/Al ratio and/or extra-framework Agfhlon TOF
Effect Pt/NaY Pt/H-NaY Pt/NaLaY Pt/K-USY Pt/H-USY
Protons 1 8.5 1 6.5
Cation charge 1 25.4
Si/Al and/or Aleg 1 1 20 15.4
0.15 0.6
Pt/NaY PUNaY
0.10[
03[
0.05 A o i "
x AE 1y [V B .0 KBS
X H LA w 3
= 000 HHENE /\ YT
| | vaw
¥ \\/ 03
0.08 ¢ Reduction Reduced
------- Evacuation -++=-=- Evacuated
-0.10 - : : : -0.6
2 4 6 8 10 12 14 0 1 2 3 4 5
k (A) R(A)
0.6
Pt/NaY Reduced
<
=
'S

Experiment
Fit

R (A)

Fig. 5. (a)k! weighted EXAFS for PtNaY after reduction in,Hat 400C (solid line) and after evacuation at 2@ (dotted line). (b)
Fourier transform k2 weighted, 2.5 A1 < k< 14 A1) of the data in (a). (c) Fourier transforrk®(weighted, 2.5 A1 <k < 14 A1) of the
raw EXAFS data of Pt/NaY after reduction at 4@ (solid line) and of the model EXAFS (Pt—Pt+ Pt-O) obtainedRsgpace fitting

(1.6<R<3.1) (dotted line).

Pt-HUSY sample, a small sintering is observed after [43—45], is due to the presence of chemisorbed hydro-
evacuation; the Pt—Pt coordination number increasesgen in the metal-support interface. After evacuation,
from 5.6 to 6.7. Both after reduction and evacuation, the Pt—O distance is shortened to 2.24 A for Pt/H-USY
a Pt-O coordination is observed. A long Pt—-O coor- and to 2.28 A for Pt/NaY due to the removal of the
dination distance of 2.65A is observed after reduc- chemisorbed hydrogen from the metal—support inter-
tion, which, according to other studies of our group face [44,45]. HRTEM data collected on the EXAFS
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Table 5
Fit results for the Pt/NaY and Pt/H-USY samples. All fittings were doneRispace,k? weighting, with 1.6A<R<3.1A and
2.5A"1 <k<14.0 A-1. The Debye-Waller factors are relative to the calibrated theoretical references

Coordination Pt-Pt Pt-O

EXAFS parameters N R (A) Ac? (R?) Eo (eV) N R (A) Ac? (R?) Eo (eV)
Pt/NaY (reduction) 5.4 2.75 0.004 3.3 0.4 2.65 —0.002 -3.0
Pt/NaY (evacuation) 55 2.64 0.005 4.4 0.6 2.24 .008 53
Pt/H-USY (reduction) 5.6 2.75 0.002 1.9 11 2.65 01D 12
Pt/H-USY (evacuation) 6.7 2.66 0.007 2.9 0.3 2.28 .008 -33

samples have shown that the Pt particles are dispersed ~ %%°

inside the zeolite with a particle size distribution of
8-15A in diameter, which corresponds with the co- 0015 - —
ordination numbers as obtained with the EXAFS data N -
analysis. HRTEM studies on the samples used for 4
the catalytic experiments show bi-modal distributions
with part of the metal particles outside the zeolite crys-
tals, which explains the lower dispersions. Realising
that the smaller Pt particles contribute most to the cat- -0.015
alytic active surface, special XAFS model catalysts PUHUSY
using the same zeolite material as support (see also | v PUNaY
Table 1) were prepared with all Pt particles dispersed ~ *%®%0 02 04 06 08 10 12 14 16 18 20
inside the zeolite. R (A)

The AXAFS contribution has been isolated by sub- Fig. 6. Comparison of the Fourier transfornk! (weighted
tracting the calculated Pt=Pt and Pt-O COﬂtI’IbUtIOI:lS 2.5 A-L < k<8A~1) of the AXAFS for PYH-USY (solid line) and
from the raw EXAFS data. The a_mp!ltude of the AX- pynay (dotted line).

AFS function decreases fast with increasikgal-

ues and is within the noise level fér>8A~1. The

k! weighted Fourier transform of the difference file
is, therefore, taken from 2.5 to 8A (see Fig. 6). It
can be seen that the amplitude of the AXAFS peak in
the Fourier transform is larger for Pt/H-USY than for
Pt/NaY. Moreover, the peak maximum shifts to lower
R values for the Pt/H-USY sample.

Position of centroids

0.000 [—

F.T. (A

50-400eV are aligned for bothsland L, edges. This
procedure removes the effects of the initial and final
states as is further explained in detail in [22]. It can be
seen in Fig. 7 that chemisorption of hydrogen changes
the shape and intensity of the near edge spectra of both
L, and L3 edges.

The AS shape resonance can be isolated by using
3.3. Shape resonance the subtraction procedure as has been discussed ex-

tensively in [22,23]. The results are displayed in Fig.

In Fig. 7, the normalised4.and Ly edges, respec- 8 for Pt/H-USY and Pt/NaY, respectively. Both the
tively, of the Pt/NaY sample after reduction (solid line) position and the shape of the AS resonance are very
and after evacuation (dotted line) are shown. The sam- different for both samples. The shape resonance can
ple after reduction is further denoted by H-Pt and after be fitted using the expression as given in Eq. (1) for a
evacuation by Pt. The energy scale in Fig. 7 is relative Fano-type line shape. The fits are shown in Fig. 8 with
to the edge set at 0.6 times the step height of the Ptdotted lines. The values for the parameters, which de-
sample. The k edge of H-Pt was aligned with theL  scribe the Fano-type line shape, are given in Table 6.
edge of Pt. The § edges of H—Pt and Pt were shifted It can be seen that the value Bfs, which is the dif-
so that the EXAFS oscillations in the energy range ference in energy between the AS state and the Fermi
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Fig. 7. Comparison of the Land Lz X-ray absorption edges (aligned as described in the text) for Pt/NaY after reduction (H-HPt)

and after evacuation (Pt).

Fig. 8. Comparison of the AS shape resonance extracted from the experimental data as described in the text with the fit of the Fano profile
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level, changed by 4.7 eV for these samples. With this with the number of protons is similar in both zeolites.
large difference irEes, the phase factob changes by

approximatelyr/2, so that the Fano profile changes

by a factor of approximately-1.

4. Discussion

4.1. Catalysis

Like protons, incorporation of polyvalent cations also
leads to an enhancement in the Pt TOF. In order to
determine the effect of polyvalent cations on the TOF,
it is necessary to compare catalysts with an equiva-
lent number of protons since the TOF is dependent
on the number of protons. Previously, Ca and La ions
were reported to increase the TOF of Pt in Y [46].
It is well known, however, that La ion exchange also
leads to the introduction of protons [47,48]. Thus, the

The increase in TOF of Ptin NaY and K-USY with  previously reported higher activities could be due to
increasing number of protons (and decreasing num- the presence of protons, rather than due to polyvalent
ber of Na"/K™) is in agreement with other studies cations. Fig. 9 compares the TOF of Ptin NaY, K-USY
[3,9-13,20,35-38]. Although the TOF of Ptin H-USY and 2wt.% LaY. Each zeolite has very few protons,
is higher than that in H-Y, the enhancement in the TOF ca. 0.2 mmol g'. As seen in Fig. 9, the TOF of Pt in
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Table 6

Fit parameters obtained from the non-linear least squares fit of Fano profile to the hydrogen induced shape resonance in experimental

D.C. Koningsberger et al./Applied Catalysis A: General 191 (2000) 205-220

spectra: the expressieh=« + SEes with « =—0.3 andg =0.38 was utilised to reduce the number of parameters [21]. Applied experimental

width: Gaussian, 5eV

Catalyst A (£0.03% Eres (V)P (£0.3) WidthT" (eV) (£0.4) ® (calculated) £0.1)
H-Pt/NaY 0.47 —-3.62 5.0 -17
H-Pt/H-USY 0.37 1.1 5.0 0.1
aEstimated uncertainty in each case.
b Relative to the k absorption edge.
164 non-framework Al cations [52]. More work is required
1.4 1 to confirm whether some of the non-framework Al in
1.2 4 USY is present as a polyvalent cations. However, it is
o 101 clear that, in the absence of support acidity, an increas-
* 084 ing Si/Al ratio and/or the presence of non-framework
o) o6 Al results in an increase in the Pt TOF similar in mag-
R nitude to that of L& ions.
0.4 -
0.2 1 4.2. Structure of Pt particles
0.0 E— } !
PtINaY PUK-USY Pt/NaLaY

Fig. 9. Comparison of experimentally determined hydrogenolysis
TOF's for Pt/NaY, Pt/NaLaY and Pt/K-USY (all samples have the
same number of protons).

NaY is significantly lower than the other zeolites. As
with LaY, there is a large increase in the TOF of Pt in
K-USY compared to that in NaY. Since neither has a
significant number of protons, it suggests that an in-
creasing Si/Al ratio and/or non-framework Al in USY
has a similar effect on the Pt TOF as La ions.

It has previously been proposed that a fraction of the
non-framework Al is cationic and present on ion ex-
change sites in H-USY [49]. AINMR of LaY and USY
is consistent with this proposal. In LaY, as the cation
level increases, the intensity of the 30 ppm peak in the
Al NMR increases [50]. Two-dimensional (2D) and
multiple quantum (MQ) NMR indicate that the 30 ppm
peak is due to a quadrapolar distortion of the tetrahe-
dral resonance of a (lattice) Al exchanged by &tLa
ion [51]. Similarly, in USY, the 30 ppm Al NMR reso-
nance may be due to a fraction of the non-framework
Al present as cations with sufficient charge to distort
the tetrahedral NMR resonance. In addition to NMR,
comparison of the number of framework Al deter-
mined by XRD with the number of acid sites by TPD
of NH3 indicates that approximately 30% of the lat-
tice Al in H-USY is non-acidic, i.e. exchanged by

The metal particles in both Pt/NaY and Pt/H-USY
catalysts are small with first shell Pt—Pt co-ordination
numbers around 5.5; i.e. the average metal particle
consists of approximately 15 atoms. In the presence of
chemisorbed hydrogen, the Pt—Pt distance of 2.75 A is
characteristic of metallic Pt. Under vacuum, the Pt—Pt
distance contracts due to rehybridisation of the metal
spd orbitals [53,54]. Oxygen ions in these small Pt par-
ticles are detected within the first co-ordination sphere,
but neither sodium, silicon, nor aluminium ions were
found within 3 A of the platinum particles for either
catalyst. Since the Pt particles in both catalysts have
the same structural properties, we conclude that the
change in the catalytic properties of the metal parti-
cles is due to a change in the electronic properties on
the oxygen ions of the support.

4.3. AXAFS and Pt—H anti-bonding shape resonance

For Ptin H-USY zeolite, the intensity of the AXAFS
peak is larger and the centroid is shifted to lovirer
in comparison with Pt/NaY (see Fig. 6). Comparison
of the fitting parameters in Table 6 indicates tBais
in Pt/NaY is 4.7 eV lower than in Pt/H-USY, where
Eres is the difference in energy between the Fermi
level and the Pt—H anti-bonding orbital. Comparing
Pt/NaY to Pt/H-USY, it is seen that two of the three
parameters discussed in Table 4 (proton density, Si/Al
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ratio and/or extra-framework Al) have changed. The Neutral support
results published by Mojet et al. [23,24] for Pt/LTL a Vfree\,..- /V‘”‘

catalysts showed that the AXAFS intensity and the \/v\
: L : . % Ve
Eres increased with increasing proton density. These Ve o
results are consistent with the results presented here.

However, based upon the TOF results presented in
Table 4, it is very likely that the increase in Si/Al ratio

Pt

> &| Acidic support (polarisation)
and/or the presence of extra-framework Al in H-USY ] '
may also be responsible for increasing the AXAFS b —~— o~
intensity andges Strong support for this comes from £ \ / )/,,/
the increase in the Al AXAFS intensity detected on & o+ ///////////////
the framework Al in H-USY [55] in comparison with Pt
H-NaY, which was attributed to the increase in Si/Al

ratio and/or extra-framework Al. As will be shown Acidic support (charge transfer)
below, the increase in the AXAFS arifles reflect .

the same effect; namely the increase in charge of the
oxygen ions of the support.

4.4. Madelung potential of zeolite support P+

Several studies have shown that exchange of NaY Fig..lo. Schematic po.tential cu.rve's appropriate for a neutral and an
by La3+ or Ht ions results in an increase in the O acidic support assuming polarisation of the cluster by the support

g .. . (Fig. 10b) or actual charge transfer from the cluster to the support
Si and Al XPS blndlng energies [56’57]' Recemly’ a (Fig. 10c). Note that the O or Pt atom with thé charge is shown

theoretical study presented evidence that the origin of with a longer range Coulomb potential. The hatched area on the
these shifts to higher binding energy lies in the changes right-hand side illustrates the expected FT of the AXAFS for the
in Madelung potential [57], rather than in a charge neutral' support in all cases. The dark shadgd area is proportional to
transfer between the ions of the zeolite lattice. Cal- Vires MinusVempfor the neutral support and is taken as a reference.
. . . In Fig. 10b, all Pt energy levels are at a higher binding energy.
culations of the Madelung potential predict that there As shown, a shift to loweR of the centroid is expected assuming
is an increase in the O, Si, and Al binding energies polarisation of the cluster by the support; no shift assuming charge
in zeolites with increasing Si/Al ratio similar to the transfer.
experimentally determined values. Generally, the sup-
port composition determines the Madelung potential.
The Madelung potential determines the surface poten-
tial of the oxide ions. The consequence of the model
put forward by Mojet et al. [23], and our new results
here, is that the influence of NaH*, Lat, extra
framework Al ions and changing Si/Al ratio leads to
a change in the electron distribution or charge on the
support oxygen ions.

port oxygen ions. It will be shown here, discussed in
terms somewhat different from that published previ-
ously [21-23], how the charge of the support oxygen
atoms influences the electronic structure of the Pt
particles as well as how the Pt—H bonding is affected.
Fig. 10a and b compare the difference in the Pt-O
interatomic potential as the charge on the oxygen ion
increases. Increasing the charge on oxygen will change
the shape of the potential of platinum since the interac-
4.5. Evidence for the nature of the metal-support  tion with oxygen will move platinum electrons nearer
interaction to oxygen. This is illustrated in Fig. 10b by the larger
Coulomb tail on the O atom with increased charge,
As shown above, the AXAFS and the Pt-H and hence, more ‘roll over’ of the interatomic poten-
anti-bonding shape resonance depend on the supportial and the lowering oV This causes a larger dif-
properties. Further, the support properties determine ference betweekemnpand the free atom potential, i.e.
through the Madelung potential the charge on the sup- increase in the amplitude of the Fourier transform of
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on the oxygen ions does not occur. This is illustrated
in Fig. 10c, where, assuming that such a charge trans-
fer does occur, the oxygen potential is the same as in
Fig. 10a. The charge on Pt now creates the long range
\ .‘ Coulomb tail on the Pt atom. This results in no change
— \ — in the position of the maximum in the AXAFS, in con-
\ trast to that found experimentally. Thus, the AXAFS
Increasing Oxygen Charge {y)'a_,f results are in agreement with other_arguments given
> by Ponec et al. [17] according to which charge trans-

_ _ _ , fer is very unlikely.
Fig. 11. Molecular orbital (MO) scheme of Pt—H interaction show- Previously. it has been proposed that cations induce
ing changes as a function of support oxygen charge. As the O Y: prop

charge increases, the Pt ionisation potential increases (as indicated® Polarisation of the metal cluster, implying move-
by the AXAFS) and the Pt 5d band narrows. This causes the Pt-H ment of charge within the cluster, which results in an
bond to become less ionic (or more covalent) with a corresponding electronic dipole across the cluster [18,19]. This is il-
increase irEres lustrated in Fig. 12a, where O polarisation produces a
net increase in the final electron binding energy of the
cluster. For the monolayer configuration of Pt atoms
as given in Fig. 12b, no such dipole across the cluster
is induced. The AXAFS cannot distinguish between
these two extreme cases since it gives the average over
all Pt atoms. Therefore, the AXAFS cannot exclude
polarisation of the cluster by the O support atoms, and
for larger metallic clusters, such polarisation is ex-
pected. Thus, the AXAFS results for large metal parti-
cles (50 atoms) on flat amorphous supports [58] (sim-
ilar to the case in Fig. 12a), smaller particles dispersed
in Y zeolite reported here, and very small particles
(four to six atoms) dispersed in zeolite LTL [23,24]
(the case in Fig. 12b), all show similar trends with in-
creasing charge densitg¥) on the support oxygen
ions. Therefore, the essence of the metal-support in-
teraction is not the inducement of a dipole across the
metal particle, but the increase in average d-orbital

|
/ A f 1\
/ %i [ | |

ABiaug Buipuig Buiseasou|

the AXAFS oscillations and a shift of the maximum
intensity to lowerR values. At the same time, the plat-
inum valence d orbitals are moved to higher binding
energy; i.e. the ionisation potential of Pt is increased.
Moreover, the Pt d-orbitals are radially contracted and
the width of the d-band is reduced, resulting in less
‘metallic’ character. This is also reflected in the XPS
3d core level shift of Pd particles dispersed in LTL
[13] and in the increase in the linear/bridge ratio of
the CO FTIR spectra of Pd/LTL, PY/LTL and Pt/SiO
[20].

Fig. 11 illustrates how these changes in the Pt elec-
tron distribution (both energy and spatial) influence the
Pt—H bonding. The energy of the H 1s orbital is lower
than the energy of the Pt valence orbitals [27] and does
not change with catalyst composition. The more sim-

!Iar the energy of the Pt a_nd H orbitals with increas- binding energy of the metal particle with increasing
ing charge on the oxygen ions, the more covalent and charge §+) on the support oxygen ions

stronger the Pt—H bond becomes, and the greater the
difference in energy between the Pt—H anti-bonding
orbital and the Fermi level, i.e. largéfes (see Fig.

11). The implication from the shape resonance analy-
sis is that the energy of the Pt valence d-orbitals affects
the chemisorption energy of the adsorbate.

5. Conclusions

Previously, the combined interpretation of the cat-
alytic activity, EXAFS structural analysis, XPS, FTIR
of chemisorbed CO, XANES shape resonance and
4.6. Comparison with previously proposed models  AXAFS in Pt/LTL led to the proposal of a new model
for the metal-support interaction describing the metal-support interaction in supported

noble metal catalysts [23,24]. It was suggested that

The model for the metal-support interaction as dis- the metal ionisation potential decreases with increas-
cussed above indicates that an actual charge transfeling alkalinity of the support. The primary interaction
from the metal to the support with increasing charge is a Coulomb attraction between the metal particles
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Fig. 12. Schematic showing the polarisation of the Pt atoms by the support O atoms, and the response of the cluster to this polarisation.
The top portion illustrates movement of charge from the outer Pt atoms towards the O atom assuming the cluster is metallic, similar to
that suggested by van Santen [17,18]. The bottom portion shows the case when little interatomic movement of charge occurs because the
thickness of the cluster is small compared to the potential change. AXAFS cannot differentiate between these two cases because it reflects
the average increase in ionisation potential for the cluster, which will be significantly larger in the latter case.

and support oxygen ions. The support interaction leads ports and with catalytic promoters, the oxygen bind-
to a change in the interatomic potential of metal va- ing energy is determined by the charge on the metal
lence orbitals, resulting in a higher metal binding en- ion and the number of oxygen neighbors. By control
ergy in acidic supported catalysts, for example. This of the compositions of oxide support, it is expected
shift in energy of the valence orbitals directly affects that the catalytic properties can be tailored to give new
the chemisorption energy of adsorbates, resulting in catalysts with improved properties.
changes in the catalytic and spectroscopic properties.
This interatomic potential model explicitly excludes
the need for electron transfer.

In the previous study [23], the electronic structure

of the Pt particles was altered by changing the acid- e Jike to acknowledge the EU large scale facilities

ity/alkalinity of the LTL zeolite. The results from the  programme, which makes the XAFS experiments at
current study demonstrate that the oxygen binding en- the SRS, Daresbury possible.

ergy, and hence, the catalytic and spectroscopic prop-

erties of the metal particles, can also be changed by al-

tering other properties of the support, such as the Si/Al References
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atoms. In the absence of Brgnsted acid sites, exchange [1] P. Well, Oil and Gas Journal Data Book, Tulsa, 1994.

with polyvalent cations in zeolites leads to an increase |2] g.c. Gates, Supported metal clusters: synthesis, structure and
in the metal TOF. More generally, in amorphous sup- catalysis, Chem. Rev. 95 (1995) 511.

Acknowledgements



220

[3] R.A. Dalla Betta, M. Boudart, in: J.W. Hightower (Ed.), Proc.
5th Int. Cong. Catal.,, 20-20 August 1972, Miami Beach,
Florida, vol. 2, North Holland, Amsterdam, 1973, p. 1329.

[4] F. Figuera, J.R. Gomex, M. Primet, Adv. Chem. Ser. 121
(1973) 480.

[5] S.D. Lin, M.A. Vannice, J. Catal. 143 (1993) 539.

[6] M. Vaarkamp, J.T. Miller, F.S. Modica, G.S. Lane, D.C.
Koningsberger, in: Proc. 10th Int. Cong. on Catal., Budapest,
1992, p. 809.

[7] 3.T. Miller, F.S. Modica, B.L. Meyers, D.C. Koningsberger,
Prep. ACS Div. Petr. Chem. 38 (1993) 825.

[8] Z. Karpinski, S.N. Gandhi, W.M.H. Sachtler, J. Catal. 141
(1993) 337.

[9] S.T. Homeyer, Z. Harpinski, W.M.H. Sachtler, J. Catal. 123
(1990) 60.

[10] G. Larsen, G.L. Haller, Catal. Lett. 3 (1989) 103.

[11] A. de Mallmann, D. Barthoumeuf, J. Chem. Phys. 87 (1990)
535.

[12] A. de Mallmann, D. Barthoumeuf, Stud. Surf. Sci. Catal. 46
(1989) 429.

[13] B.L. Mojet, M.J. Kappers, J.C. Meyers, J.W. Niemant-
sverdriet, J.T. Miller, F.S. Modica, D.C. Koningsberger, Stud.
Surf. Sci. Catal. 84 (1994) 909.

[14] AY. Stakheev, W.M.H. Sachtler, J. Chem. Soc., Faraday
Trans. 87 (1991) 3703.

[15] M. Sugimoto, H. Katsuno, T. Hayasaka, N. Ishikawa, K.
Hirasawa, Appl. J Catal. A., Gen. 102 (1993) 167.

[16] Z. Zhang, T.T. Wong, W.M.H. Sachtler, J. Catal. 128 (1991)
13.

[17] V. Ponec, G.C. Bond, Catalysis by metals and alloys, Stud.
Surf. Sci. Catal. 95 (1995) 234.

[18] A.P. Jansen, R.A. van Santen, J. Phys. Chem. 94 (1990) 6764.

[19] E. Sanchez-Marcos, A.P.J. Jansen, R.A. van Santen, Chem.
Phys. Lett. 16 (1990) 399.

[20] B.L. Mojet, M.J. Kappers, J.T. Miller, D.C. Koningsberger,
in: Proc. 15th Int. Cong. Catal., Baltimore, MD, 1996.

[21] D.E. Ramaker, B.L. Mojet, D.C. Koningsberger, W.E.
O’Grady, J. Phys.: Condens. Matter 10 (1998) 8753.

[22] D.E. Ramaker, B.L. Mojet, M.T. Garriga Oostenbrink, J.T.
Miller, D.C. Koningsberger, Phys. Chem. Chem. Phys. 1
(1999) 2293.

[23] B.L. Mojet, D.E. Ramaker, J.T. Miller, D.C. Koningsberger,
Catal. Lett. 62 (1999) 15.

[24] B.L. Mojet, J.T. Miller, D.E. Ramaker, D.C. Koningsberger,
J. Catal. 186 (1999) 373.

[25] N.A. Bhore, M.T. Klein, K.B. Bischoff, Ind. Eng. Chem. Res.
29 (1990) 313.

[26] L.F. Mattheiss, R.E. Dietz, Phys. Rev. B 22 (1980) 1663.

[27] B. Hammer, J.K. Ngrskov, Nature 376 (1995) 238.

[28] B.W. Holland, J.B. Pendry, R.F. Pettifer, J. Bordas, J. Phys.
C: Solid State Phys. 11 (1978) 633.

[29] J.J. Rehr, C.H. Booth, F. Bridges, S.l. Zabinsky, Phys. Rev.
B 49 (1994) 12347.

[30] M. Vaarkamp, B.L. Mojet, F.S. Modica, J.T. Miller, D.C.
Koningsberger, J. Phys. Chem. 99 (1995) 16067.

D.C. Koningsberger et al./Applied Catalysis A: General 191 (2000) 205-220

[31] J.W. Cook, D.E. Sayers, J. Appl. Phys. 52 (1981) 5024.

[32] G.E. van Dorssen, D.E. Ramaker, D.C. Koningsberger, Phys.
Rev. B, submitted for publication.

[33] S.I. Zabinsky, J.J. Rehr, A. Ankudinov, R.C. Albers, M.J.
Eller, Phys. Rev. B 52 (1995) 2995.

[34] R.W.G. Wyckoff, Crystal Structures, 2nd ed., vol. 1, Wiley,
New York, 1963.

[35] M. Tromel, E. Lupprich, Z. Anorg. Chem. 160 (1975) 414.

[36] M. Vaarkamp, J.C. Linders, D.C. Koningsberger, Physica B
208/209 (1995) 159.

[37] S.M. Davis, G.A. Somorijai, in: D.A. King, D.P. Woodruff
(Eds.), The Chemical Physics of Solid Surfaces and
Heterogeneous Catalysts, vol. 4, Elsevier, Amsterdam, 1982,
p. 271.

[38] J.R. Anderson, N.R. Avery, J. Catal. 16 (1967) 315.

[39] W.M.H. Schachtler, A.Y. Stakheev, Catal. Today 12 (1992)
283.

[40] D.L. Shawn, M.A. Vannice, J. Catal. 143 (1993) 539.

[41] D.L. Shawn, M.A. Vannice, J. Catal. 143 (1993) 554.

[42] J.T. Miller, D.C. Koningsberger, J. Catal. 162 (1996) 209.

[43] M. Vaarkamp, F.S. Modica, J.T. Miller, D.C. Koningsberger,
J. Catal. 144 (1993) 611.

[44] M. Vaarkamp, F.S. Modica, J.T. Miller, D.C. Koningsberger,
J. Catal. 163 (1996) 294.

[45] D.C. Koningsberger, F.B.M. van Zon, M. Vaarkamp, A.
Mufoz-Paez, in: Y. lwasawa (Ed.), X-ray Absorption Fine
Structure for Catalysts and Surfaces, Series on Synchrotron
Radiation Techniques and Applications, vol. 2, World
Scientific, Singapore, 1996, p. 257.

[46] K. Foger, J.R. Anderson, J. Catal. 54 (1978) 318.

[47] J.W. Ward, J. Catal. 10 (1968) 34.

[48] A.P. Bolton, J. Catal. 22 (1971) 9.

[49] F. Lonyi, J.H. Lunsford, J. Catal. 136 (1992) 566.

[50] H. Klein, H. Fuess, M. Hunger, J. Chem. Soc., Faraday Trans.
91 (1995) 1813.

[51] J.A. van Bokhoven, A.L. Roest, A.P.M. Kentgens, D.C.
Koningsberger, in: M.M.J. Treacy, B.K. Marcus, M.E. Bisher,
J.B. Higgins (Eds.), Proc. 12th Int. Zeolite Conference, vol.
4, Baltimore, 1999, p. 2515.

[52] M.A. Kuehne, H.H. Kung, J.T. Miller, J. Catal. 171 (1997)
293.

[53] B. Delly, D.E. Ellis, A.J. Freeman, E.J. Baerends, D. Post,
Phys. Rev. B 27 (1983) 2132.

[54] A. Balerna, S. Mobilio, Phys. Rev. B 34 (1986) 2293.

[55] D.C. Koningsberger, J.A. van Bokhoven, J. de Graaf, D.E.
Ramaker, submitted for publication.

[56] Y. Okamoto, M. Ogawa, A. Maezawa, T. Imanaka, J. Catal.
112 (1988) 427.

[57] W. Grunert, M. Muhler, K.-P. Schroder, J. Sauer, R. Schlogl,
J. Phys. Chem. 98 (1994) 10920.

[58] M.K. Oudenhuijzen, J.T. Miller, D.E. Ramaker,
Koningsberger, submitted for publication.

D.C.



