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Abstract

The turnover frequency (TOF) for conversion of neo-pentane was determined for Pt in Y zeolite with different numbers of
protons and La+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 ln (TOF) which is proportional to the number of protons.
Compared to NaY, the TOF of Pt in 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 the L2 and the L3 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-level (EF) 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 cations (H+, Na+, La3+ 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
altering the catalytic behaviour. There are indications
that the metal–support interaction also changes the
electronic properties of the supported metal cluster.
Considering the catalytic results for competitive hy-
drogenation of benzene/toluene, Larsen and Haller
suggested a decreased electron density on the plat-
inum as the LTL zeolite acidity increased by cation
exchange [10]. de Mallman and Barthomeuf proposed
that the shift to lower frequency in the infrared spectra
of adsorbed CO was due to a higher electron den-
sity of Pt on alkaline Y zeolite [11,12]. Finally, XPS
data suggest that zeolite supported Pt and Pd clusters
are electron deficient [13,14] on acidic supports and
electron rich on alkaline supports [13,15].

Several explanations for the metal–support interac-
tion have been proposed in the literature. The exper-
imental basis of most explanations contains a lot of
deficiencies and some explanations are more feasible
than others:
1. Formation of a metal–proton adduct[8,16]. The

formation of positively charged Pd–H+ adducts
for Pd in Y zeolite was proposed to account for
the electron deficient particles observed in acidic

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

2. 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.

3. 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
shown that the catalytic activity and spectroscopic
properties of supported noble metal catalysts are
greatly affected by the charge compensating cations
(H+, K+) in LTL zeolite. As the K+ content of the
support increases, the turnover frequency (TOF) of
the metal particles for neo-pentane hydrogenolysis
decreases. At the same time, there is a decrease in
the (Pd) XPS binding energy and a shift from lin-
ear to bridge bonded CO in the FTIR spectra of Pd
and Pt. The XPS and the FTIR results are a strong
indication of 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). Although the influence of the support proper-
ties on the catalytic properties of the metal particles
has been established, the nature of this interaction is
still uncertain.

Recently, we have developed new analysis meth-
ods for the interpretation of two phenomena, which
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



D.C. Koningsberger et al. / Applied Catalysis A: General 191 (2000) 205–220 207

the Pt–H interaction. The AXAFS spectra and shape
resonances are found to be sensitive to changes in
the binding energy of the Pt electrons. The AXAFS
spectra reflect the average of all atoms present in the
metal particles. However, the AS shape resonance re-
flects only on the platinum atoms present on the sur-
face of the metal particles and is, therefore, directly
related to the electronic properties of the catalytic ac-
tive sites. Mojet et al. applied these Pt–H shape reso-
nance [23] and the AXAFS techniques [24] to study
the metal–support interaction in the Pt/LTL zeolites
as described above. The AXAFS and shape resonance
data were strongly dependent on the H+ and 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-
bitals: the ionisation potential of the metal particles
increases with increasing charge on the support oxy-
gen atoms. This model for the metal–support interac-
tion explicitly excludes the need for electron transfer.
The model can account for all observed changes in
the catalytic, electronic and structural properties of the
supported metal particles that are induced by changes
in the charge of the support oxygen brought about by
different charge compensating cations (H+, K+).

In this paper, the validity of this model is explored
further for platinum particles dispersed in Y zeolite.
Expanding on the earlier work that examined the in-
fluence of H+ versus K+, we also study the influence
of multivalent cations (La3+), the Si/Al ratio and ex-
tra framework aluminum on both catalytic and elec-
tronic properties of the platinum particles. The results

Table 1
Elemental analysis of Pt/Y catalysts

Catalyst wt.% Al wt.% Na wt.% La wt.% Pt

Pt/NaY 11.1 10.1 – 2.0
Pt/H-NaY 11.5 5.2 – 2.0
Pt/K-USY 12.1 0.1 (6.2% K) – 1.9
Pt/H-USYa 11.9 0.1 – 2.0
Pt/NaLaY (2%) 10.4 6.2 2.2 1.8

EXAFS samples
Pt/NaY 11.1 10.1 – 0.9
Pt/H-USYb 11.9 0.1 – 0.6

aPrepared by Pt exchange from H-USY.
bPrepared by Pt exchange from NH4-USY.

of the catalytic and XAFS studies (including EXAFS,
AXAFS and Pt–H shape resonances) strongly support
the model for the metal–support interaction as put for-
ward by Mojet et al. [24]. The electron charge of the
oxygen atoms is not only determined by the presence
of H+ versus K+ on the support but also by the Si/Al
ratio and the polarisation by multivalent cations and
extra-framework aluminum.

2. Experimental

2.1. Catalyst preparation

All supports were prepared from commer-
cially available zeolites. NaY (LZY-54, UOP) was
ion-exchanged with La(NO3)3 or NH4NO3. At low
levels of exchangeable ions, nearly all NH4

+ and
La3+ ions were incorporated into the zeolite. Thus,
for partial exchange, limited quantities of reagents
were added. Commercial H-USY (LZY-84, UOP) was
ion-exchanged with excess KNO3 to obtain K-USY.
Each support was washed and dried two times, and
subsequently, calcined at 300◦C for 3 h.

Platinum was added to each support by ion-exchange
with [Pt(NH3)4](NO3)2 at 80◦C. Exchange of
NH4USY was performed in the presence of NH4NO3
with ammonium as a competitive ion. After thorough
washing, the catalysts were dried at 150◦C and cal-
cined at 250◦C and reduced in flowing hydrogen at
250◦C. The elemental analysis is given in Table 1. Pt
dispersion was determined by hydrogen chemisorp-
tion and is given in Table 2.

2.2. Temperature programmed desorption (TPD) of
NH3

The number of acid sites was determined by TPD
(heating rate 10◦ min−1 to 600◦C for 1 h) for catalysts
containing only chemisorbed NH3. Approximately 1 g
of catalyst was saturated in a flow of 5% NH3/N2
at room temperature. In order to remove physisorbed
NH3, the catalyst was washed three times in 50 ml H2O
at 80◦C, filtered and dried at 100◦C overnight. The
quantity of desorbed NH3 was determined by titration
with a standard solution (0.1 M) of HCl. The number
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 (mmol g−1) Pt dispersion TOFa Hydrogenolysis selectivityb

Pt/NaY 0.15 0.56 5.9× 10−5 0.56
Pt/H-NaY 1.96 0.36 5.0× 10−4 0.46
Pt/K-USY 0.16 0.40 1.2× 10−3 0.62
Pt/H-USY 1.61 0.23 7.7× 10−3 0.20
Pt/NaLaY (2%) 0.22 0.66 1.5× 10−3 0.93

aTOF = molecules per second surface Pt atom determined at 250◦C, 1 atm and with 1% neo-pentane in H2.
bSelectivity extrapolated to zero conversion and deactivation.

one NH3 chemisorbed per acid site and the results are
given in Table 2.

2.3. Neo-pentane hydrogenolysis

Neo-pentane hydrogenolysis was conducted in
a fixed bed reactor at 250◦C, using 0.99 vol.%
neo-pentane in H2. 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)
was calculated based on H2 chemisorption. Selectivi-
ties were calculated on a molar basis as the percent of
neo-pentane converted to iso-pentane (isomerisation)
and iso-butane plus methane (hydrogenolysis) extrap-
olated to zero conversion and deactivation. The anal-
ysis of the reaction products was carried out using the
Delplot method [25], which gives, by extrapolation to
zero conversion, the primary product distribution.

2.4. XAFS spectroscopy

2.4.1. Analysis of the platinum L3 and L2 X-ray
absorption edges

The analysis method of the L2 and L3 white line
areas is based upon several theoretical concepts, which
are schematically viewed in Fig. 1 [22]. The spin–orbit
interaction in both core and valence levels introduces
differences between the L3 (2p3/2 → 5d5/2, 5d3/2) and
L2 (2p1/2 → 5d3/2) edges, both in shape and intensity
(the 2p3/2–2p1/2 splitting is around 1709 eV, and the
5d5/2–5d3/2 splitting around is 1.5–2.5 eV [26]). The
L3 edge reflects the empty valence levels (1VB) of
both d5/2 and d3/2 bands, weighted as d5/2/d3/2 = 6
[26]; however, the L2 edge reflects only the d3/2 level.

For small platinum clusters, 5d3/2 is believed to be
completely filled due to band narrowing relative to
platinum bulk; therefore, there is no Pt d valence band
(1VB) contribution to the L2 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, the 5d3/2 com-
ponent of the AS state is also assumed to shift be-
low the Fermi level. However, the transition of the
outgoing electron to the empty anti-bonding orbital
should be evident in the near edge spectrum of the L3
X-ray absorption edge (see Fig. 1). The AS can be
viewed as a localised state degenerate with a contin-
uum state, here, described by the Pt–H EXAFS final
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
well known Fano-like resonance line shape. Its effect
on the scattering cross sectionσ (E) can be related to
an EXAFS functionχ (E) via the normal expression
σ (E) =µ(E)(1 +χ (E)). It can be shown [22] that

χ(E) = 1

k
Asin8

[
1 − qε

1 + ε2

]
(1)

with A being an amplitude factor,q= cot8 and
ε = (E–Eres)/0. 8 can be related to the usual total
phase found in EXAFS containing the 2kr term and
the phase from the absorber and back-scatterer.ε is
the normalised energy scale relative to the resonance
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Fig. 1. Illustration of spin–orbital coupling effects in the X-ray absorption L2/3 edge spectra and 5d valence band. REF: L2 edge used as
reference, AS: Pt–H AS,1VB: empty valence d-orbitals. The energy levels (2p and 5d) do not have the same scale.

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 Pt L3 and L2 near edge spectra

Sample L3 edge L2 edge

H–Pt REF +1XAFS +1VB + AS REF +1XAFS
Pt REF +1VB REF

energy (Eres), whereby0 represents the resonance
width. A fit to the experimentally observed AS line-
shape gives values forEres, 0, A and8.

Table 3 summarises the important contributions that
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. The L2 edge 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 L3
spectrum of the clean Pt cluster contains, in addition,
the electronic (empty valence band:1VB) contribu-

tion. The L2 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 scattering:1XAFS). Finally,
the L3 spectrum for the H–Pt sample contains both
the geometric (1XAFS) and electronic (1VB + AS)
changes from the reference [22].

Before the different contributions (1VB, 1XAFS,
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 L2 edge 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 L2 edges were aligned at 0.6
step height, whereas both L3(H–Pt) and L3(Pt) edges
were aligned with the help of the EXAFS oscillations
relative to the L2 edges.

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

have reported on the oscillatory structure detected in
the atomic backgroundµ0 that is removed from the
raw absorption data. It was first shown by Holland et
al. [28] that µ0(k) =µfree(k)(1 +χAX (k)), with µfree
being the free atomic background andχAX (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 1.5 Å.
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Fig. 3. (a) Illustration of the muffin-tin approximation to the inter-
atomic potentials showing locations ofVint andEF. (b) Schematic
illustration of the shape and intensity of the Fourier transform of
the AXAFS (black shaded area betweenVemb and the free atom
potential,Vfree) and belowVcut as defined in the text.

Ramaker et al. [21] have recently discussed the ori-
gin and the parameters determining the AXAFS. The
AXAFS is caused by the scattering of the photoelec-
tron off the deep valence electrons in the periphery of
the absorbing atom. From a more physical point of
view, the photoelectron scatters against the embedded
atom potential barrier. The well known muffin-tin
approximation can be used to approximate the em-
bedded atom potential. As illustrated in Fig. 3a, the
muffin-tin approximation ‘clips’ the exact potential
at the muffin-tin radiusRmt and sets it equal to the
interstitial potentialVint [21]. InsideRmt, the poten-
tial is assumed to be spherical, and outsideRmt, it is
assumed to be flat and zero (i.e. no forces are exerted
on the particle in the interstitial region).Vint is de-
termined by averaging the potential atRmt of all the
atoms in the cluster, and this determines the zero of
energy or the effective bottom of the conduction band.

A phase corrected andk weighted Fourier transform
of χAX (k) leads to [21]
∣∣∣FT(ke−2iδχAX )

∣∣∣ ≈ 1V × 0 (2)

where1V= Vemb–VTFA with Vemb being the embed-
ded atom potential,VTFA the truncated free atom po-
tential, and0 a broadening function due to the lim-
ited Fourier transform range. The free atom poten-
tial reflects the electron distribution in the free atom,

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 the|FT| can be
represented by the black area betweenVTFA andVemb
and belowVcut (Vcut = 2× 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 aboveEF in Fig. 3b, the
linear kinetic energy of the photoelectron increases,
while on going downward belowVint, 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 equal toEF
minusVint. The electrons in the conduction band are
not effective for scattering because they have a kinetic
energy well below that of this photoelectron even at
the threshold. Moreover, the electrons aboveVcut have
insufficient orbital kinetic energy. Thus, only electrons
belowVcut (i.e. with higher binding energy) will be ef-
fective in scattering photoelectrons with kinetic energy
well above the threshold. Only thedeeper localised
valence band electrons give rise to AXAFS scattering.

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
with a double crystal monochromator with Si (2 2 0)
crystals. Higher harmonic radiation was removed from
the incoming radiation by detuning the monochroma-
tor to 50% of the incoming intensity at a photon energy
of 11564 eV (Pt L3 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 absorbance,µx, was 2.5 with an edge step
of 1µx≈ 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◦C (heating rate 5◦C min−1)
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for 1 h. The samples were cooled under 1 atm. H2.
XAFS spectra were recorded at liquid nitrogen tem-
perature. Subsequently, the samples were evacuated
at 200◦C for 1 h and XAFS spectra were recorded at
liquid nitrogen temperature, maintaining a vacuum of
better than 2× 10−5 Pa.

2.4.4. XAFS data analysis methods
The absorption data was background subtracted us-

ing standard procedures. The pre-edge background
was approximated by a modified Victoreen and re-
moved from the raw data. The post-edge background
was removed using a cubic-spline approximation [31]
and the spectra were normalised on the absorption
edge step height at 50 eV past the absorption edge.
The isolation of the AXAFS and EXAFS signals from
the smooth free atom background (the post-edge back-
ground removal) is important for a proper analysis of
both AXAFS and EXAFS phenomena. We have pre-
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:
1. Diminish as much as possible the contribution at

R= 0.3 Å.
2. Make sure that the EXAFS intensity atR> 1.5 Å

is unchanged.
3. Check bothk1 and k3 weighted spectra, for dif-

ferentk ranges, including lowk values.
By using the above given criteria, the smooth atomic
background and multi electron excitations are isolated
from the AXAFS and EXAFS contributions to the
spectrum.

Theoretical phase and backscattering amplitudes
for the Pt–Pt and Pt–O scattering pairs were gen-
erated utilising the FEFF7 [33] code. The potential
type, the real and imaginary contributions to the po-
tential, S2

0 and the Debye–Waller factor were varied
until the generated references fitted optimally the
first co-ordination shell of the experimental, back-
ground subtracted XAFS spectra for Pt foil [34] and
Na2Pt(OH)6 [35] for the Pt–Pt and Pt–O references,
respectively. More details on generating the theoret-
ical references can be found in [32]. The theoretical
references that we have generated can be used over a
significantly lowerk-range than the previously used
experimental references. We were able to fit theχEX

to a lower limit of about 2.5 Å−1. The previously
extracted and used experimental references were only
usable fork> 3.5 Å−1 due to Fourier filtering errors.
The gain at lowk is important for the analysis of the
AXAFS phenomenon since the amplitude of the
AXAFS oscillations decreases rapidly with increasing
k. The result is a better isolation of the AXAFS peak
at low R.

The XAFS data has been analysed using the pro-
gram XDAP [36]. Fitting is done inR-space, without
Fourier filtering of the data. This will result in more
reliable first shell information since no higher order
shells have to be included in the fitting procedure. To
analyze the metal–oxygen contribution to the spectra,
the difference file technique was used. In general, the
experimental EXAFS spectrum is given as the sum of
n individual absorber–backscatterer contributions

χEXP =
n∑

i=1

χi

and therefore, the contribution due to thejth shell

χj = χEXP −
n∑

i=1,i 6=j

χi

After subtracting the first metal–metal and
metal–oxygen contributions, the remaining signal will
be the AXAFS together with the higher order shells.
It is now possible to isolate the AXAFS signal by
Fourier filtering the data, which removes all higher
order contributions. The importance of the use of the
low k part of the XAFS spectrum has to be stressed
again since it allows a better isolation of the AXAFS
contribution from the raw data.

3. Results

3.1. Catalysis

The results for the conversion of neo-pentane at
250◦C are given in Table 2. NaY zeolite was progres-
sively NH4

+ exchanged to reduce the weight percent
Na from 10 to 1%. At Na levels of less than about
3 wt.%, the zeolite was thermally unstable and lost
crystallinity upon calcination. Thus, stable zeolite
supports were obtained with only about half the Na
replaced with protons.
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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
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, La3+, Si/Al
ratio nor the non-framework Al strongly affects the
hydrogenolysis/isomerisation selectivity.

3.1.2. TOF
Neo-pentane hydrogenolysis is a mono-functional

probe reaction, dependent only on the catalytic activ-
ity of the metal [37,38] as is confirmed by the primary
reaction products: methane, iso-butane (hydrogenoly-
sis), and iso-pentane (isomerisation). Neo-pentane can
not undergo a bifunctional mechanism because the
neo-pentane molecule can not form an alkene interme-
diate. Moreover, neo-pentane does not undergo pro-
tolytic cracking at the temperatures used for the cat-
alytic reaction (250◦C). Therefore, the changes in the
TOF can not be ascribed to bifunctional mechanism.

The effects of protons, cation charge, Si/Al ratio
and/or extraframework Al results are summarised in
Table 4. As observed previously, increasing the num-
ber of protons by replacing Na+ in the support results
in an increase in the Pt TOF for neo-pentane con-
version [3,9–11,13,20,39,40–42]. The TOF of Pt in

H-NaY is 8.5 times higher than that in NaY. H-USY
was exchanged with K+ ions reducing the number of
acid sites. As observed for NaY and H-NaY, the TOF
of Pt in H-USY is 6.5 times higher than that in K-USY.

NaY was exchanged partially to give 2 wt.% 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
times higher than that in Na-Y. Moreover, having about
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.

3.2. EXAFS and AXAFS

In Fig. 5a, the raw EXAFS data (k1 weighted), and
in Fig. 5b, the corresponding Fourier transforms (k2,
1k= 2.5–14 Å−1) 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
the low and highR sides of the first Pt–Pt peak in
the Fourier transform are due to the non-linear Pt–Pt
phase shift and thek dependence of the backscatter-
ing amplitude [43]. Fitting of the experimental spec-
tra was done inR-space over the rangeR= 1.6–3.1 Å
using ak2 weighted Fourier transform over the range
k= 2.5–14.0 Å−1. As an example, the Fourier trans-
forms (k2, 1k= 2.5–14.0 Å−1) of the total fit (dotted
line) and raw data (solid line) are shown for the Pt/NaY
sample after reduction (Fig. 5c). The differences visi-
ble from 0.5 Å< R< 1.6 Å are due to the contributions
of AXAFS in the raw data. The coordination param-
eters as obtained from the EXAFS data analysis are
given in Table 5. The other samples have been anal-
ysed using the same procedure as described for the
Pt/NaY sample after evacuation. The results are also
given in Table 5. It can be seen that, after evacuation,
the Pt–Pt distance contracts by about 0.1 Å. For the
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Table 4
Effect of protons, cation charge, Si/Al ratio and/or extra-framework Al (AlEF) on 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 AlEF 1 1 20 15.4

Fig. 5. (a) k1 weighted EXAFS for PtNaY after reduction in H2 at 400◦C (solid line) and after evacuation at 200◦C (dotted line). (b)
Fourier transform (k2 weighted, 2.5 Å−1 < k< 14 Å−1) of the data in (a). (c) Fourier transform (k2 weighted, 2.5 Å−1 < k< 14 Å−1) of the
raw EXAFS data of Pt/NaY after reduction at 400◦C (solid line) and of the model EXAFS (Pt–Pt + Pt–O) obtained byR-space fitting
(1.6< R< 3.1) (dotted line).

Pt-HUSY sample, a small sintering is observed after
evacuation; the Pt–Pt coordination number increases
from 5.6 to 6.7. Both after reduction and evacuation,
a Pt–O coordination is observed. A long Pt–O coor-
dination distance of 2.65 Å is observed after reduc-
tion, which, according to other studies of our group

[43–45], is due to the presence of chemisorbed hydro-
gen in the metal–support interface. After evacuation,
the Pt–O distance is shortened to 2.24 Å for Pt/H-USY
and to 2.28 Å for Pt/NaY due to the removal of the
chemisorbed hydrogen from the metal–support inter-
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 done inR-space, k2 weighting, with 1.6 Å<R< 3.1 Å and
2.5 Å−1 <k< 14.0 Å−1. The Debye–Waller factors are relative to the calibrated theoretical references

Coordination Pt–Pt Pt–O

EXAFS parameters N R (Å) 1σ 2 (Å2) E0 (eV) N R (Å) 1σ 2 (Å2) E0 (eV)

Pt/NaY (reduction) 5.4 2.75 0.004 3.3 0.4 2.65 −0.002 −3.0
Pt/NaY (evacuation) 5.5 2.64 0.005 4.4 0.6 2.24 0.008 5.3

Pt/H-USY (reduction) 5.6 2.75 0.002 1.9 1.1 2.65 0.010 1.2
Pt/H-USY (evacuation) 6.7 2.66 0.007 2.9 0.3 2.28 0.008 −3.3

samples have shown that the Pt particles are dispersed
inside the zeolite with a particle size distribution of
8–15 Å in diameter, which corresponds with the co-
ordination numbers as obtained with the EXAFS data
analysis. HRTEM studies on the samples used for
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-
alytic active surface, special XAFS model catalysts
using the same zeolite material as support (see also
Table 1) were prepared with all Pt particles dispersed
inside the zeolite.

The AXAFS contribution has been isolated by sub-
tracting the calculated Pt–Pt and Pt–O contributions
from the raw EXAFS data. The amplitude of the AX-
AFS function decreases fast with increasingk val-
ues and is within the noise level fork> 8 Å−1. The
k1 weighted Fourier transform of the difference file
is, therefore, taken from 2.5 to 8 Å−1 (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.

3.3. Shape resonance

In Fig. 7, the normalised L3 and L2 edges, respec-
tively, of the Pt/NaY sample after reduction (solid line)
and after evacuation (dotted line) are shown. The sam-
ple after reduction is further denoted by H–Pt and after
evacuation by Pt. The energy scale in Fig. 7 is relative
to the edge set at 0.6 times the step height of the Pt
sample. The L2 edge of H–Pt was aligned with the L2
edge of Pt. The L3 edges of H–Pt and Pt were shifted
so that the EXAFS oscillations in the energy range

Fig. 6. Comparison of the Fourier transform (k1 weighted,
2.5 Å−1 < k< 8 Å−1) of the AXAFS for Pt/H-USY (solid line) and
Pt/NaY (dotted line).

50–400 eV are aligned for both L3 and L2 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
L2 and L3 edges.

The AS shape resonance can be isolated by using
the subtraction procedure as has been discussed ex-
tensively in [22,23]. The results are displayed in Fig.
8 for Pt/H-USY and Pt/NaY, respectively. Both the
position and the shape of the AS resonance are very
different for both samples. The shape resonance can
be fitted using the expression as given in Eq. (1) for a
Fano-type line shape. The fits are shown in Fig. 8 with
dotted lines. The values for the parameters, which de-
scribe the Fano-type line shape, are given in Table 6.
It can be seen that the value ofEres, which is the dif-
ference in energy between the AS state and the Fermi
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Fig. 7. Comparison of the L2 and L3 X-ray absorption edges (aligned as described in the text) for Pt/NaY after reduction in H2 (H–Pt)
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
(Eq. (1)) for Pt/HUSY and Pt/NaY.

level, changed by 4.7 eV for these samples. With this
large difference inEres, the phase factor8 changes by
approximatelyπ /2, so that the Fano profile changes
by a factor of approximately−1.

4. Discussion

4.1. Catalysis

The increase in TOF of Pt in NaY and K-USY with
increasing number of protons (and decreasing num-
ber of Na+/K+) is in agreement with other studies
[3,9–13,20,35–38]. Although the TOF of Pt in H-USY
is higher than that in H-Y, the enhancement in the TOF

with the number of protons is similar in both zeolites.
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
previously reported higher activities could be due to
the presence of protons, rather than due to polyvalent
cations. Fig. 9 compares the TOF of Pt in NaY, K-USY
and 2 wt.% LaY. Each zeolite has very few protons,
ca. 0.2 mmol g−1. 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
spectra: the expression8 =α +βEres with α =−0.3 andβ = 0.38 was utilised to reduce the number of parameters [21]. Applied experimental
width: Gaussian, 5 eV

Catalyst A (±0.03)a Eres (eV)b (±0.3) Width 0 (eV) (±0.4) 8 (calculated) (±0.1)

H-Pt/NaY 0.47 −3.62 5.0 −1.7
H-Pt/H-USY 0.37 1.1 5.0 0.1

a Estimated uncertainty in each case.
b Relative to the L2 absorption edge.

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]. Al NMR 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 a La3+
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

non-framework Al cations [52]. More work is required
to confirm whether some of the non-framework Al in
USY is present as a polyvalent cations. However, it is
clear that, in the absence of support acidity, an increas-
ing Si/Al ratio and/or the presence of non-framework
Al results in an increase in the Pt TOF similar in mag-
nitude to that of La3+ ions.

4.2. Structure of Pt particles

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 Å 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 Å 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 Pt in H-USY zeolite, the intensity of the AXAFS
peak is larger and the centroid is shifted to lowerR
in comparison with Pt/NaY (see Fig. 6). Comparison
of the fitting parameters in Table 6 indicates thatEres
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
results published by Mojet et al. [23,24] for Pt/LTL
catalysts showed that the AXAFS intensity and the
Eres increased with increasing proton density. These
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
and/or the presence of extra-framework Al in H-USY
may also be responsible for increasing the AXAFS
intensity andEres. Strong support for this comes from
the increase in the Al AXAFS intensity detected on
the framework Al in H-USY [55] in comparison with
H-NaY, which was attributed to the increase in Si/Al
ratio and/or extra-framework Al. As will be shown
below, the increase in the AXAFS andEres reflect
the same effect; namely the increase in charge of the
oxygen ions of the support.

4.4. Madelung potential of zeolite support

Several studies have shown that exchange of NaY
by La3+ or H+ ions results in an increase in the O,
Si and Al XPS binding energies [56,57]. Recently, a
theoretical study presented evidence that the origin of
these shifts to higher binding energy lies in the changes
in Madelung potential [57], rather than in a charge
transfer between the ions of the zeolite lattice. Cal-
culations of the Madelung potential predict that there
is an increase in the O, Si, and Al binding energies
in zeolites with increasing Si/Al ratio similar to the
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 Na+, H+, La3+, extra
framework Al ions and changing Si/Al ratio leads to
a change in the electron distribution or charge on the
support oxygen ions.

4.5. Evidence for the nature of the metal–support
interaction

As shown above, the AXAFS and the Pt–H
anti-bonding shape resonance depend on the support
properties. Further, the support properties determine
through the Madelung potential the charge on the sup-

Fig. 10. Schematic potential curves appropriate for a neutral and an
acidic support assuming polarisation of the cluster by the support
(Fig. 10b) or actual charge transfer from the cluster to the support
(Fig. 10c). Note that the O or Pt atom with theδ+ charge is shown
with a longer range Coulomb potential. The hatched area on the
right-hand side illustrates the expected FT of the AXAFS for the
neutral support in all cases. The dark shaded area is proportional to
Vfree minusVemb for the neutral support and is taken as a reference.
In Fig. 10b, all Pt energy levels are at a higher binding energy.
As shown, a shift to lowerR of the centroid is expected assuming
polarisation of the cluster by the support; no shift assuming charge
transfer.

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-
tion with oxygen will move platinum electrons nearer
to oxygen. This is illustrated in Fig. 10b by the larger
Coulomb tail on the O atom with increased charge,
and hence, more ‘roll over’ of the interatomic poten-
tial and the lowering ofVcut. This causes a larger dif-
ference betweenVemb and the free atom potential, i.e.
increase in the amplitude of the Fourier transform of
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Fig. 11. Molecular orbital (MO) scheme of Pt–H interaction show-
ing changes as a function of support oxygen charge. As the O
charge increases, the Pt ionisation potential increases (as indicated
by the AXAFS) and the Pt 5d band narrows. This causes the Pt–H
bond to become less ionic (or more covalent) with a corresponding
increase inEres.

the AXAFS oscillations and a shift of the maximum
intensity to lowerRvalues. 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, Pt/LTL and Pt/SiO2
[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-
ilar the energy of the Pt and H orbitals with increas-
ing charge on the oxygen ions, the more covalent and
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. largerEres (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.

4.6. Comparison with previously proposed models
for the metal–support interaction

The model for the metal–support interaction as dis-
cussed above indicates that an actual charge transfer
from the metal to the support with increasing charge

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
results are in agreement with other arguments given
by Ponec et al. [17] according to which charge trans-
fer is very unlikely.

Previously, it has been proposed that cations induce
a polarisation of the metal cluster, implying move-
ment of charge within the cluster, which results in an
electronic dipole across the cluster [18,19]. This is il-
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 density (δ+) 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
binding energy of the metal particle with increasing
charge (δ+) on the support oxygen ions.

5. Conclusions

Previously, the combined interpretation of the cat-
alytic activity, EXAFS structural analysis, XPS, FTIR
of chemisorbed CO, XANES shape resonance and
AXAFS in Pt/LTL led to the proposal of a new model
describing the metal–support interaction in supported
noble metal catalysts [23,24]. It was suggested that
the metal ionisation potential decreases with increas-
ing alkalinity of the support. The primary interaction
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
to a change in the interatomic potential of metal va-
lence orbitals, resulting in a higher metal binding en-
ergy in acidic supported catalysts, for example. This
shift in energy of the valence orbitals directly affects
the chemisorption energy of adsorbates, resulting in
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-
ity/alkalinity of the LTL zeolite. The results from the
current study demonstrate that the oxygen binding en-
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
ratio, polyvalent cations, and non-framework promoter
atoms. In the absence of Brønsted acid sites, exchange
with polyvalent cations in zeolites leads to an increase
in the metal TOF. More generally, in amorphous sup-

ports and with catalytic promoters, the oxygen bind-
ing energy is determined by the charge on the metal
ion and the number of oxygen neighbors. By control
of the compositions of oxide support, it is expected
that the catalytic properties can be tailored to give new
catalysts with improved properties.
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