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The electronic and geometric e†ects induced by hydrogen chemisorption on small platinum particles
supported on high surface-area saponite clay and zeolite LTL were studied by near edge X-ray absorption Ðne
structure (XAFS) spectroscopy. A new subtraction procedure was developed to separate the electronic from
geometric e†ects. A signiÐcant PtÈH extended X-ray absorption Ðne structure (EXAFS) scattering (structural
e†ect) was found for energy values between 0 and 20 eV. In addition, the PtÈH antibonding state (electronic
e†ect) was found to produce a shape-resonance and was isolated from the near edge of the X-rayL3
absorption spectrum. Moreover, for Pt/LTL the shape and energy of the shape-resonance was found to
strongly depend on the acidity/alkalinity of the support material, implying a direct inÑuence of the support on
the electronic properties of the platinum particles. The results of the study of the resonance state and the PtÈH
EXAFS scattering demonstrate the potential of these techniques for characterization of hydrogen
chemisorption, metal-promoter, and metal-support e†ects in catalysis research.

Introduction

The chemical reactivity of small supported metal particles is of
considerable fundamental as well as practical interest. Since
hydrogen is a reactant in many catalytic processes, under-
standing the role of hydrogen is critical to obtaining insight
into the behaviour of dispersed noble metal catalysts. Unfor-
tunately, the direct observation of H atoms with X-ray di†rac-
tion (XRD) or X-ray absorption Ðne structure (XAFS)
spectroscopy is extremely difficult because of the small back-
scattering cross section for hydrogen. However, it is well
known that hydrogen signiÐcantly a†ects the near-edge region
of the Pt X-ray absorption edges. Mansour et al.1L2,3observed that the areas of the Pt white lines increasedL2,3with exposure to in comparison to Pt foil and developed aH2quantitative technique for determination of the number of
unoccupied d-electron states. Lytle et al.2 observed signiÐcant
changes in white line shape and intensity of the Pt edgesL2,3for heated in vs. He and as a function of tem-Pt/SiO2 H2perature. Samant and Boudart3 noted similar changes in H/Pt
vs. He/Pt clusters dispersed in Y zeolite. Vaarkamp et al.4,5
showed an e†ect of interfacial hydrogen between the platinum
cluster and the support on the Pt white line in an attemptL2,3to explain the di†erence in reactivity of supported Ptc-Al2O3particles as a function of reduction temperature. By compar-
ing experimental data with multiple scattering calculations,
Soldatov et al.6 found that H introduced a multiple scattering
state in the Pd white lines of Asakura et al.7 andL3 PdH0.6 .
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Reifsnyder et al.8 suggested a new PtÈH resonance state
visible in XAFS data after hydrogen adsorption on supported
Pt particles. Finally, Boyanov and Morison9 observed two
features in the H/Pt minus Pt foil di†erence spectra of PtL2,3clusters supported on zeolite Y and interpreted them as spinÈ
orbit doublets.

Recent ab initio electronic structure calculations10 on noble
metal hydrides have elucidated the bonding and antibonding
states expected for PtÈH bonding. This does not greatly sim-
plify the interpretation of the Pt near-edge XAFS dataL2,3since many other variables besides hydrogen a†ect the near
edge X-ray absorption spectrum. Hydrocarbon reactants11
and hybridisation12,13 (a†ected by metal cluster size) inÑuence
the white line. Very recently,14 it has been shown in our labor-
atory that the acidÈbase properties of the support also inÑu-
ence the near edge spectra of the and absorptionL3 L2 X-ray
edges.

The work described in this paper reveals that the obser-
vations noted above originate from electronic as well as geo-
metric e†ects contributing to the near edge X-rayL2,3absorption spectra of platinum. The ability to distinguish
between these e†ects, both induced by hydrogen chemisorp-
tion, is critical to understanding the geometric and electronic
properties of supported noble metal catalysts. In this work the
electronic e†ects will be separated from the geometric e†ects
by using a novel alignment and di†erence-spectrum technique
based upon subtracting white lines measured on Pt with and
without chemisorbed hydrogen. As a result it can be con-
cluded that signiÐcant PtÈH extended X-ray absorption Ðne
structure (EXAFS) (dominated by normal H single scattering
and exhibiting geometric structure information) is present in
the near edge spectra after chemisorption of hydrogen onL2,3
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the platinum particles. In addition, a PtÈH shape resonance
(dominated by multiple scattering and exhibiting the bonding
and electronic structure) is visible in the near edge region of
the X-ray absorption edge of platinum. More importantly,L3by application of this new procedure, it will be shown for
Pt/LTL catalysts that the shape and energy position of this
PtÈH shape-resonance is related to the acidity/alkalinity of
the support.

The experimental results presented in this paper are the Ðrst
data to show directly that the support a†ects the electronic
properties of the platinum metal particles. It has been shown
previously by our group15,16 that the catalytic activity of the
Pt/LTL, Pd/LTL and catalysts in the hydrogenolysisPt/SiO2of neopentane is also strongly dependent on the support
acidity/alkalinity. The results of this study, therefore, imply
that the changes in catalytic activity with support acidity/
alkalinity are the result of changes in the electronic structure
of the platinum particles brought about by the support.

Experimental
Catalyst preparation

The saponite support with the composition
(Si/Al ratio of 5.7)H1.2[Mg6][Si6.8Al1.2]O20(OH)4 É nH2Ohas been synthesised according to Vogels et al.17 Platinum

was added by ion exchange at room temperature. First, 85.3
mg of was slowly added to the saponite[Pt(NH3)4](NO3)2(4.3 g) dispersed in 150 ml water. After 24 hrs the saponite was
Ðltrated, washed and dried at 120 ¡C. This sample will here-
after be denoted as Pt/Sap6 with 6 the approximate Si/Al
ratio.

The acidity of the LTL zeolite supports was varied by either
impregnating a commercial KÈLTL zeolite with orKNO3exchanging it with to give K/Al ratios ranging fromNH4NO30.63 to 1.25. Each LTL zeolite was calcined at 225 ¡C and
analysed for potassium and aluminium. Platinum was added
by incipient wetness impregnation with [Pt(NH3)4](NO3)2(1.0 wt.% Pt) followed by drying at 120 ¡C. The catalysts were
reduced at 300 ¡C and passivated at room temperature. The
catalysts are designated Pt/LTL(x) with x representing the
K/Al molar ratio.

XAFS data collection

The X-ray absorption spectra of the Pt and edge of theL3 L2Pt/LTL catalysts were taken at the SRS (Daresbury) Wiggler
Station 9.2, using a Si(220) double crystal monochromator.
The measurements were performed in transmission mode
using ion chambers Ðlled with Ar to have an X-ray absorb-
ance of 20% in the Ðrst and of 80% in the second ion
chamber. The monochromator was detuned to 50% maximum
intensity at 12250 eV to avoid higher harmonics present in the
X-ray beam. The absorption spectra of Pt/Sap6 were taken at
the ESRF (Grenoble) BM29 station using a Si(111) double
crystal monochromator and with ion chambers with the same
type of gas Ðllings as mentioned above. Samples were pressed
into a self-supporting wafer (calculated to have an absorbance
of 2.5) and placed in a controlled atmosphere cell.18 The
Pt/Sap6 was dried in Ñowing He at 250 ¡C (Ñow: 100 cm3
min~1, ramp: 5 ¡C min~1, hold : 1 h) prior to reduction in
Ñowing hydrogen at 400 ¡C (Ñow: 100 cm3 min~1, ramp: 5 ¡C
min~1, hold : 1 h) and measured under a hydrogen atmo-
sphere at liquid nitrogen temperature (sample denoted by HÈ
Pt/Sap6). Subsequently, the sample was evacuated at 200 ¡C (1
h) to ensure desorption of all chemisorbed hydrogen. Spectra
were taken at liquid nitrogen (LN) temperature under contin-
uous evacuation (sample denoted by Pt/Sap6).

The Pt/LTL catalysts were reduced in Ñowing hydrogen at
300 ¡C (Ñow: 100 cm3 min~1, ramp: 5 ¡C min~1, hold : 1 h)
and measured under a hydrogen atmosphere at LN tem-

perature (sample denoted by H-Pt/LTL). Following reduction,
the samples were treated in a helium Ñow at 300 ¡C (ramp:
5 ¡C min~1, hold : 1 h) to remove chemisorbed hydrogen
(sample denoted by Pt/LTL).

EXAFS data analysis

To extract the EXAFS data from the measured absorption
spectra, the pre-edge background was approximated by a
modiÐed Victoreen curve,19 normalisation was completed by
dividing by the height of the absorption edge, and the back-
ground was subtracted using cubic spline routines.20 The
EXAFS were Ðtted in RÈspace using the commercially avail-
able data analysis package XDAP.21 The Ðts were optimised
by applying the di†erence Ðle technique22 and using phase
and amplitude corrected Fourier transforms.23 The EXAFS
data were Ðt using phase and backscattering amplitudes
directly obtained from the experimental EXAFS data for
Pt-foil and via Fourier Ðltering.4,22Na2Pt(OH)6

Theoretical description of the near edge andL
2

L
3X-ray absorption spectra

The new analysis method of the and white line areas isL2 L3based upon several theoretical concepts, which are schemati-
cally viewed in Fig. 1. As illustrated in Fig. 1A the spinÈorbit
interaction in both the core and valence levels introduce large
di†erences between the andL3 (2p3@2 ] 5d5@2 , 5d3@2) L2white lines, both in shape and intensity (the(2p1@2] 5d3@2)splitting is around 1709 eV, and the2p3@2È2p1@2 5d5@2È5d3@2splitting around is 1.5È2.5 eV).24 The edge reÑects theL3empty valence band levels (*VB) of both the andd5@2 d3@2bands, weighted as however, the edge reÑectsd5@2/d3@2 \ 6, L2only the level. For small platinum clusters the isd3@2 5d3@2believed to be completely Ðlled due to band narrowing relative
to platinum bulk, therefore, it is assumed that there is no Pt d

Fig. 1 (A) Illustration of spinÈorbit coupling e†ects in the X-ray
absorption edge spectra and 5d-valence band (B) Illustration ofL2@3MO picture showing formation of bonding and antibonding orbitals
derived from a surface Pt orbital and the H 1s orbital. (C) Matrix
summarising major contributions in each absorption edge.
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valence band (*VB) contribution to the white line (seeL2further discussion of this below).
Hydrogen chemisorption induces a bonding and an anti-

bonding orbital as reported by Hammer and TheNÔrskov.10
partially occupied platinum surface orbitals pointing outward
bond to the hydrogen 1s producing the bonding and anti-
bonding PtÈH orbitals. As illustrated in Fig. 1B, the PtÈH
bonding orbital is localised more on the H atom, and the anti-
bonding state (AS) is localised more on the surface Pt atoms.
Of course, the bonding orbital is occupied so it is not visible
in XAS; however, the empty antibonding orbital should be
evident in XAS. Thus, the primary e†ect of the H bonding is
to push part of the Pt density of states (DOS) from below the
Fermi level to just above the metal Pt valence band into the
AS. Since the AS is primarily localised on the surface Pt
atoms, and Hammer and calculate its position toNÔrskov10
be approximately 1 eV above the Fermi level, the

of the AS is assumed to shift below the5d3@2 component
Fermi level.

Fig. 1C summarises the important contributions that will be
visible, based on these assumptions, in the four X-ray absorp-
tion edges : and with and without hydrogen. TheL3 L2 edges

edge spectrum for Pt clusters without chemisorbed hydro-L2gen can be used as the reference (REF), since this spectrum
arises from the ““ free ÏÏ atom absorption and the EXAFS con-
tributions. The spectrum does not contain any valenceL2band contributions as assumed above. The spectrum forL2the samples with hydrogen is di†erent from the REF spec-
trum, because of changes in geometry of the cluster induced
by chemisorption of hydrogen (*XAFS arising from any addi-
tional PtÈH scattering and changes in PtÈPt and PtÈO
scattering). The spectrum of the Pt cluster without hydro-L3gen contains in addition to REF the electronic (empty part of
the valence band : *VB) contribution. Finally the spectrumL3for the H/Pt sample contains both the geometric (*XAFS)
and electronic (*VB and the chemisorbed hydrogen AS)
changes from the reference.

Subtracting the di†erent edges from each other isolates the
di†erent contributions : *VB, *XAFS and AS (this will be
further illustrated in the discussion below). The edges,
however, have to be properly aligned in order to remove any
initial state core level shifts and Ðnal state screening e†ects
due to the chemisorption of hydrogen. Moreover, the small
di†erences in normal (PtÈPt and PtÈH) EXAFS contributions
are negligible at the onset of the X-ray absorption edge.L2Therefore, the edges of the samples with and without che-L2misorbed hydrogen have the same shape at the onset, which
allows these edges to be aligned. Generally, after alignmentL2these edges overlay each other over about 60% of the height
of the stepÈcurve with an estimated uncertainty in the align-
ment of less than 0.1 eV. In practice, the Fermi level of the
aligned edges was arbitrarily placed where the step heightL2of the absorption edges was 0.6. It should be understood that
the alignment a†ects the shapes of the di†erence spectra, the
latter placement of the Fermi level only sets the absolute
energy scale relative to the Fermi level.

Since both edges contain di†erent electronic contribu-L3tions (*VB or *VB] AS) they have di†erent onsets.
However, the and spectra of the same sample have theL3 L2same EXAFS oscillations, which can be used for alignment of
the edge relative to the edge. In summary, bothL3 L2 L2edges were aligned at 0.6 step height, whereas both the L3(H/Pt) and the (Pt) edges were aligned with the help of theL3EXAFS oscillations relative to the edges. Thus all edgesL2are aligned relative to the edge of the sample without che-L2misorbed hydrogen.

The subtraction technique allows isolation of the AS. This
is a localised state embedded in the continuum of the Pt metal
cluster. Whenever a localised or bound state (here the AS) is
degenerate with a continuum state (here the PtÈH EXAFS

wave), the well-known Fano-like spectra proÐle can be
expected due to the auto-ionising probability of this state.25
The shape resonance, and its e†ect on the scattering cross-
section p, can be described by the Fano expression :

p(E) \ 1/kA@ sin2(d ] dr)

\ 1/kA@ sin2d [e [ q@]2/[1 ] e2], (1)

where e is the normalised energy scale rela-[e \ (E[ Eres)/C]
tive to the resonance energy, with resonance width C,Eres , dris the resonant phase shift equal to tan~1( [ 1/e), q Ï is the
well-known ““shapeÏÏ parameter which accounts for the inter-
ference between the resonant and non-resonant waves
[q@\ cot d], d is the total phase of the non-resonant cross-
section, A@ is a normalisation constant, and k is the momen-
tum of the photoelectron. The resonant phase increases(dr)rather sharply by an amount p through the resonance width,
while the non-resonant phase (d) and the other parameters are
assumed to remain relatively constant over this small width
(i.e. a few eV).

The total cross-section can be related to the s(E) measured
in EXAFS via the normal relation p(E) \ko(E)[1] s(E)].
Rearranging eqn. (1), we obtain

p(E) \ 2A@/kM1 ] 2 sin(2d)[1[ qe]/[1] e2]N (2)

allowing us to make the identiÐcation

s(E) \ 1/kA sin r [(1[ qe)/(1 ] e2)], (3)

where we have included all of the constants, the slowly
varying k(E), and the usual DebyeÈWaller and inelastic scat-
tering factors found in the usual EXAFS expression into the
constant A, and deÐned the parameter q \ cot r (related to
q@\ cot d above). Furthermore, r related to 2d above, is now
the usual phase found in EXAFS containing the 2kr term and
the phase from the absorber and back-scatterer (i.e., r\ 2kr

A least squares Ðt of eqn. 3 to the experimentally] 2da ] db).observed AS lineshape allows a characterisation of the reso-
nance in terms of the parameters r, and C.Eres

Results
EXAFS data analysis

The results of the EXAFS data analysis of Pt/Sap6 are given
in Table 1. Similar EXAFS analyses of supported Pt clusters
in LTL and on other supports have been given previously, so
that the quality of the typical Ðts to s and the data for similar
samples can be seen in this earlier work.4,12,26 After reduction
the average PtÈPt coordination number is 7.3. After evac-
uation the PtÈPt coordination number stays the same within
the limit of accuracy. The decrease in PtÈPt coordination dis-
tance by 0.06 after evacuation4 indicates that chemisorbedÓ
hydrogen indeed desorbs from the surface. The PtÈO distance
of 2.2 shows that the interfacial Pt atoms are in directÓ
contact with the saponite support oxygen atoms.4

From Table 2 it can be seen that the metal particles in the
Pt/LTL series are very small, with PtÈPt coordination
numbers less than 4.5. The long PtÈO distance of approx-
imately 2.68 is in accordance with previous studies on Pt/Ó
LTL,26 and is attributed to the presence of interfacial
hydrogen. After treatment in helium, only a small contraction
occurs in the PtÈPt and PtÈO distance for all Pt/LTL
samples. An additional short PtÈO scattering contribution at
2.26 could only be detected for Pt/LTL(0.63).Ó

Analysis of the NEXAFS data for Pt/Sap6

Fig. 2a displays the Pt and X-ray absorption edges forL2 L3HÈPt/Sap6 and Pt/Sap6 as a function of the absolute photon
energy (Pt foil data were used as an absolute energy reference).
It can be seen that the presence of chemisorbed hydrogen
induces large changes in shape and intensity of the white lines
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Table 1 Fit parameters (*k : 3.3È12.5 *R : 1.80È3.10 and variances for HÈPt/Sap6 and Pt/Sap6Ó~1, Ó)

k1-variance (%)a

N R Ó *p2/10~3 Ó2 *E0 eV Imaginary Absolute
Catalyst Scatterer (^5%) (^1%) (^5%) (^10%) part part

HÈPt/Sap6 Pt 7.3 2.77 0.004 0.3 0.6 0.3
O 0.4 2.20 0.012 [2.8

Pt/Sap6 Pt 7.5 2.71 0.007 1.8 0.5 0.2
O 0.7 2.22 0.015 [2.3

a kn-variance \ 100
/ [kn(FTmodel(R)[ FTexp(R))]2

/ [knFTexp(R)]2

and near edge spectra for HÈPt/Sap6 (reduced atFig. 2 L3 L2400 ¡C, hydrogen chemisorbed solid line) and Pt/sap6 (evacuated at
200 ¡C, dotted line). (A) As measured (upper scale lower scaleL2 ; L3)(B) alignment relative to edge.L2

of both edges as previously observed.2h5,7 The andL2 L3edges of Pt/Sap6 appear shifted to lower energies by about 0.2
eV relative to the edges of HÈPt/Sap6.

The results after the alignment procedure as discussed
above in the theoretical analysis section are shown in Fig. 2B.
The edges were aligned at 0.6 of the step height and theL2 L3edges were shifted so that the and correspondingL3 L2EXAFS oscillations were aligned in the range 50È350 eV after
the edge. The X-ray absorption edge of Pt/Sap6 is nowL3located by about 0.2 eV to the high-energy side of the corre-
sponding edge of H-Pt/Sap6. This is the opposite of that
observed in the raw data but occurs as the result of the novel
alignment procedure. The physical relevance of this shift is
further explained in the Discussion section below.

The separation of the electronic and geometric contribu-
tions to the near edge spectra of the Sap6 supported platinum
catalysts can now be realised by subtracting the di†erent
edges from each other. The di†erence spectra obtained after
subtraction for HÈPt/Sap6 are shown in Fig. 3. The L3[ L2edges isolate the electronic contributions : L3(HÈPt)

or[ L2(HÈPt) \*L3v2(HÈPt) \*VB ] AS L3(Pt)
(Fig. 3a). The di†erence seen in these two[ L2(Pt)\ *VB

di†erence spectra clearly reveals the presence of the AS contri-
bution shown in Fig. 3c.

The geometric contribution (*XAFS) as a result of hydro-
gen chemisorption is shown in Fig. 3b : *L2 \ L2(HÈPt)

(thick dashed line). Comparison of the[ L2(Pt)\ *XAFS
resulting di†erence curve with a theoretical PtÈH EXAFS
function (calculated with the FEFF7 XAFS code27 assuming a
PtÈH distance of 1.8 thin dashed line, Figure 3b) indicatesÓ;
that the *XAFS is dominated by PtÈH scattering. The small
feature between 20 to 35 eV in the *XAFS di†erence curve is
due to the change in the PtÈPt EXAFS scattering induced by
a decrease in the PtÈPt distance caused by the removal of

Table 2 Fit parameters (*k : 3.2È14.0 *R : 1.80È3.10 and variances for HÈPt/LTL and Pt/LTLÓ~1, Ó)

k1-variance (%)a

N R/Ó *p2/10~3 Ó2 *E0/eV Imaginary Absolute
Catalyst Scatterer (^5%) (^1%) (^5%) (^10%) part part

HÈPt/LTL(0.63) Pt 3.7 2.74 4.6 [2.2 0.7 0.4
O 2.1 2.69 4.8 7.3

Pt/LTL(0.63) Pt 4.2 2.72 4.4 3.1 0.6 0.3
O 1.0 2.56 2.4 10.6
O 0.3 2.26 [6.0 [2.1

HÈPt/LTL(0.96) Pt 4.2 2.74 3.5 [1.5 0.6 0.4
O 1.6 2.69 0.9 4.5

Pt/LTL(0.96) Pt 4.3 2.71 4.2 3.4 0.4 0.3
O 1.1 2.58 [1.4 11.8

HÈPt/LTL(1.25) Pt 2.3 2.72 3.3 9.3 0.3 0.1
O 3.0 2.64 10.5 5.6

Pt/LTL(1.25) Pt 2.0 2.70 2.0 6.3 0.3 0.2
O 1.3 2.61 [1.1 5.6

a kn-variance\ 100
/ [kn(FTmodel(R)[ FTexp(R))]2

/ [knFTexp(R)]2
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Fig. 3 Results of analysis of near edge spectra of HÈPt/Sap6 and
Pt/Sap6 : (a) di†erence for HÈPt (solid lines) and Pt samplesL3[ L2(dashed lines). (b) (solid line) and (thick dashed line)L3[ L3 L2[ L2di†erence spectra and PtÈH EXAFS (thin dashed line) as calculated
from FEFF7. (c) Subtraction of the di†erence spectra (solid line)
shown in either A or B and Fano proÐle Ðt (dashed line) [see eqn. (1)].
Estimated uncertainty in these di†erence spectra are about ^0.01
near E\ ^3 eV, and ^0.005 for E[ ^3 eV. These estimates are
based on the observed e†ects of shifts in the alignment by ^0.1 eV
and the noise level in these di†erence spectra observed well above
E\ 30 eV.

chemisorbed hydrogen. The combination of electronic and
geometric contributions is also shown in Fig. 3b : *L3 \

(solid line). The peakL3(HÈPt)[ L3(Pt)\ *XAFS] AS
around 2 eV in this di†erence curve again is attributed to the
AS state and the peak around 8 eV is due to the presence of
the PtÈH EXAFS.

The AS can be isolated by a further subtraction of the dif-
ference curves : *L3 [ *L2\ *L3v2 (HÈPt)[ *L3v2 (Pt)\
AS (see Fig. 3c, solid line ; the di†erence of the curves in 3a
and 3b must be identically equal). The curve representing the
solid line in Figure 3c was Ðt with the Fano proÐle given in
eqn. (3). The optimal parameters are given in Table 3
(parameters a and b are explained below). The theoretical Ðt
was broadened with a 5 eV wide Gaussian to account for
experimental and vibrational broadening (the experimental
resolution is around 3 eV and the very light H atom will
exhibit large vibrational, i.e. DebyeÈWaller type, broadening).
The resonance parameters are reasonable considering the
expected vibrational broadening and the calculated position
of the AS.10

Analysis of NEXAFS data for Pt/LTL

The same alignment and subtraction procedure was used to
isolate the geometrical and electronic contributions for the
Pt/LTL series from the absorption edge spectra. The acidity of
the LTL supports changes from acidic [Pt/LTL(0.63)] to
neutral [Pt/LTL(0.96)] to alkaline [Pt/LTL(1.25)]. Fig. 4A
shows the di†erence in and adsorption edges with andL3 L2without chemisorbed hydrogen, i.e., *L3\ *XAFS] AS
(solid line) and (dashed line). Above 5È10 eV*L2 \ *XAFS
the features in both and are similar for all edges,*L3 *L2implying that in between 5 and 20 eV single PtÈH scattering
primarily dominates the spectrum as also found for Pt on
Sap6. Below 5 eV, the di†erences in the spectra are dramatic

Fig. 4 Results of analysis of near edge spectra of HÈPt/LTL and
Pt/LTL: (A) (i.e. AS ] *XAFS) (solid line) and (i.e. *XAFS)*L3 *L2(dotted line) for Pt/LTL catalysts. (B) Shape-resonance line shape (i.e.
AS) for Pt/LTL (solid line) and best Ðt to resonant lineshape [eqn. (3)]
using parameters in Table 3. See Fig. 3 for estimated errors.

and arise from the changing AS in the edge. Furthermore,L3these large changes in the AS line shape systematically alter
with the acidic or alkaline properties of the support. The
double di†erence spectra of the absorption edges, i.e. *L3isolates the antibonding resonance state (Fig. 4B).[ *L2 ,

Eqn. (3) was again used in a non-linear least squares Ðt to
the experimental AS line shapes. Also for the Pt/LTL samples
a Gaussian broadening of 5 eV was added to account for the
experimental resolution and vibrational broadening. Since r
and C are strongly interdependent and the width is quite
uncertain because of the large broadening, r and areErescoupled utilising the relation physical sig-r\ a ] bEres (the
niÐcance of a and b are discussed below). All 4 resonant line
shapes (the 3 LTL and the Sap6 samples) are then Ðt simulta-
neously with a total of 14 parameters, i.e. C, and A forEres ,each resonance (each catalyst), plus a and b which are given in
Table 3. The dramatic reversal in line shape of the shape reso-
nance with acidity is easily reproduced by the Fano proÐle
(Fig. 4B).

Discussion
Structural information from extended and near-edge XAFS

The results obtained from the EXAFS analysis show that after
reduction and in the presence of a hydrogen atmosphere the
platinum particles inside the LTL zeolite are very small (4È6
atoms) while the platinum particles supported on Sap6 are
larger with approximately 50 atoms per particle.

The contractions of the PtÈPt distance for Pt/LTL after
handling in helium at 300 ¡C are smaller (about 0.02 thanÓ)
for Pt/Sap6 treated in vacuum at 200 ¡C (about 0.06 ForÓ).
Pt/Sap6, removal of chemisorbed hydrogen leads to coordi-
natively unsaturated platinum surface atoms and a smaller
PtÈPt Ðrst shell distance.4 However, the treatment in helium
of the Pt/LTL samples leaves He available to physisorb on the
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platinum surface, resulting in more coordinatively saturated
platinum atoms that may counteract the decrease in PtÈPt
distance upon removal of chemisorbed hydrogen. Therefore,
the smaller contractions of the PtÈPt distance in the Pt/LTL
catalysts could occur either because of the incomplete removal
of hydrogen or because of the adsorption of He after the
hydrogen is desorbed.

The PtÈO distance of 2.2 shows that after reduction theÓ
interfacial Pt atoms are in direct contact with the saponite
support oxygen atoms.4 This distance stays the same within
the limits of accuracy after evacuation at 200 ¡C. The long
PtÈO distance of approximately 2.68 on Pt/LTL is inÓ
accordance with previous studies26 and can be attributed to
the presence of interfacial hydrogen.12 For Pt/LTL(0.63) and
(0.96) the PtÈO distance decreased by about 0.12 due to theÓ
He treatment, which is also indicative of a change in the struc-
ture of the metal/support interface. However, the He treat-
ment causes a small (0.03 decrease of the PtÈO distance forÓ)
the Pt/LTL(1.25) sample. It is not clear from these obser-
vations to what extent, if any, the interfacial hydrogen is
removed for the Pt/LTL samples under the treatment in He at
300 ¡C. Probably only the chemisorbed hydrogen has been
substantially removed in this case.

The change in the shape and intensity of the and nearL3 L2edge spectra of all samples provides further experimental evi-
dence for the extent of hydrogen removal. Again, the changes
for the Pt/Sap6 sample after evacuation at 200 ¡C are much
larger than for the Pt/LTL samples after treatment in He after
300 ¡C. This suggests that the less severe conditions for
removal of chemisorbed hydrogen with the He treatment
indeed result in less hydrogen removed in the Pt/LTL case.

The presence of the interfacial hydrogen in the Pt/LTL case
may also have an e†ect on the cluster, but the interfacial
hydrogen is either present before and after the evacuation in
the case of the Pt/LTL samples, or absent both before and
after for the Pt/Sap6 sample. Thus the interfacial hydrogen
should have little e†ect on the changes we see in PtÈPt dis-
tance or the edge shapes. In any event it should have little
a†ect on the edge analysis since its e†ects on the spectra will
be eliminated during the di†erence procedure.

Analysis procedure of the near edge spectra

Explanation of alignment procedure. The outcome of the
analysis of the and near edge spectra depends criticallyL3 L2on the alignment procedures. The technique used here is dif-
ferent in two aspects from methods reported in the literature :
(i) the edge alignment procedure and (ii) the choice of refer-
ence spectrum. Generally, in previous work raw data were left
unaligned (or aligned with the help of platinum foil edge
spectra) and subtracted from the edges of platinum foil.L2,3However, this introduces both electronic and geometric con-
tributions in the di†erence spectra due to the broader d-band
and higher PtÈPt coordination number of bulk platinum. Our
alignment procedure, based upon the absence or presence(L2)of electronic structure and the use of similar clean Pt(L3)cluster data for the reference, avoids these problems. More-
over, the new alignment procedure is particularly suitable to
study systems where large shifts (initial or Ðnal state e†ects)
are expected (e.g. large promoter, metal-support e†ects and
non-metallic clusters). Fig. 5 helps to explain this alignment
procedure and illustrates the entire di†erence method.

The alignment of the EXAFS features of the and edgeL2 L3positions the inner potential, each spectrum at theE0 for
same value. The inner potential is the usual parameter used in
EXAFS analyses, and is the e†ective energy reference for the
EXAFS features in each spectrum. However, it is important to
realise that generally will be at di†erent energies in theE0 L2and spectra relative to the Fermi level, as well as rela-L3 Ef ,tive to the apparent absorption edge. The di†erent arisesEo

Fig. 5 Illustration of the alignment and di†erence procedure for
both the clean Pt cluster, and with chemisorbed hydrogen. The abscis-
sa indicates the energy relative to the Fermi level, the latter indicated
by the vertical lines marked and for each case. TheEL2

(Pt) EL2
(H/Pt)

di†erence in these energies constitutes the initial state chemical*EL2
,

shift as discussed in the text. (a) Schematic density of states showing
the continuum (assumed to be the same for the and edges) andL3 L2the ““white line ÏÏ appearing in the edge. The white line is comprisedL3of the empty valence band (*VB) contribution and the PtÈH anti-
bonding state (AS) contribution just above the *VB for the H/Pt case.
(b) The EXAFS oscillations are now added in assuming the inner
potentials are the same for the and edges. (c) The e†ects of(E0) L3 L2the core-hole interaction as present in the Ðnal state of the XAS(Ucv)transition are now included showing that the *VB is ““pulled downÏÏ
and distorted in shape, with as discussed in theUcv(Pt)[ Ucv(H/Pt)
text. The illustration shows the AS pulled down below the Fermi level
that occurs for the basic Pt supports. is assumed to be con-Ucv(AS)
siderably larger than or because the AS is a highlyUcv(Pt) Ucv(H/Pt)
localised orbital mostly on the Pt atom with the core hole. Since isE0referenced to the edge, shifts for the edge in the presence ofEo L3 Ucv ,causing the oscillations to shift also. (d) Illustration of the alignment
procedure which aligns the and EXAFS oscillations. (e) TheL2 L3di†erence recaptures the distorted *VB and AS contribu-L3[ L2tions. (f ) The di†erence H/Pt [ Pt recovers the AS state, although
pulled down in energy by the large present in the XAS ÐnalUcv(AS)
state ÏÏ. We have ignored here the interaction of the AS with the
EXAFS continuum that causes the AS to ultimately exhibit a Fano
spectral proÐle. Although not speciÐcally drawn, this schematic also
illustrates that the di†erence would containL3(H/Pt) [ L3(Pt)
*VB] *XAFS, and equals *XAFS.L2(H/Pt) [ L2(Pt)

because of the di†erence in character between the XAS Ðnal
states at these two edges. The has a white line while theL3 L2does not, making it impossible to identify the same reference
or edge point, and the positions of for the and ÐnalEo L2 L3states are actually di†erent. Furthermore, the position of E0can vary with the chemistry ; as in our case, absence or pres-
ence of chemisorbed H.

When an electron is excited from the core level at binding
energy (relative to into some Ðnal state, call it theEc Ef) Ev ,
required photon energy, hl, is where is theEc [ Ev [ Ucv Ucvcore-hole electron attraction. The core-hole electron attraction
energy enters, because the Ðnal state rule dictates that it is the
Ðnal density of states (i.e. the one with the core-hole) that is
reÑected in the spectral lineshape.28 We need to consider the
magnitude of this attraction energy for all four di†erent cases ;
namely at the and edges for clean Pt and H/Pt. At theL2 L3edges, when the electron is excited into the continuumL2involving the di†use Rydberg type orbitals, and assuming the
valence band is full, will be negligible and we have theUcvedges and as shown in Fig. 5. Consequently,EL2

(Pt) EL2
(H/Pt)

the shift in the energy required for alignment of the*EL2
L2edges can be regarded as an initial state chemical shift,
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This shift is very small since the*EL2
\ EL2

(Pt)[ EL2
(H/Pt).

core levels are hardly inÑuenced by hydrogen chemisorption
(of the order of a few tenths of eV), and therefore within
experimental error. In Fig. 5, we have assumed for conve-
nience that and are at the same position at the edges.E0 Ef L2At the edges, when the electron is excited into theL3valence band near the edge involving the more localised
valence-band orbitals, will be signiÐcant, amounting up toUcv1 eV or even more in very small clusters where the metallic
character is limited. Furthermore, this core-hole electron
interaction can change signiÐcantly with the electron density
on the Pt cluster, since the other electrons can screen this
interaction. Thus, the edges will fall atL3 EL3

(Pt)\ EL3
(Pt)

and Alignment[ Ucv(Pt) EL3
(H/Pt) \EL3

(H/Pt)[ Ucv(H/Pt).
of the spectra is accomplished by aligning the correspond-L3ing EXAFS features with the spectra. The relative shiftL2is *EL3

\ EL3
(Pt)[ EL3

(H/Pt)[ Ucv(Pt)] Ucv(H/Pt) \ *EL2The shift can be regarded as a Ðnal-state-[ *Ucv . [*Ucvscreening shift.
Since the change in the core-hole electron attraction can be

signiÐcant with chemical changes, the relative shift can*EL3be relatively larger (up to one eV) than the For Pt/*EL2
.

Sap6, the upward shift (e.g., shift to the right in Fig. 5 and 2)
of the edge for the clean Pt edge relative to the H/Pt edgeL3is 0.4 eV. This is enough to reverse the order of the edges,L3evident when comparing Fig. 2A with 2B. The relatively
smaller upward shift of the H/Pt edge is expected because the
hydrogen adsorption allows the PtÈPt distance to return to
bulk values as exhibited in the EXAFS data, and hence the
cluster becomes more metallic like. This allows more screen-
ing which reduces the core-hole electron interaction [i.e.

Furthermore, it is consistent that theUcv(Pt)[ Ucv(H/Pt)].
required for Pt/LTL is much smaller than that for Pt/*EL3Sap6. For the LTL zeolites, the ““cleanÏÏ Pt surface is believed

to have interfacial hydrogen still present as well as He (and
perhaps some remaining chemisorbed hydrogen) on its
surface, and is, therefore, more metallic-like than for the com-
pletely evacuated Pt/Sap6. This allows the PtÈPt distance to
stay relaxed to nearly bulk values before and after the chemi-
sorbed hydrogen removal (this is clearly exhibited in the
EXAFS results, which shows much smaller changes in PtÈPt
distance for the LTL). Therefore, the di†erence in the core-
hole electron interactions for the clean Pt and H/Pt cases is
also much smaller for the LTL. Finally, the order of the
experimental edge energies for a clean Pt cluster, H/Pt cluster,
and bulk Pt (clean Pt\ H/Pt \ bulk) is also consistent with
this picture since the screening should be most efficient in bulk
Pt.

Assumptions regarding Ðlled Some additional com-5d
3¿2

VB.
ments need to be made regarding the assumption of a com-
pletely Ðlled VB. First, it should be noted that by VB,5d3@2the more localised d-orbital part is indicated (this should be
clear from Fig. 2B), not the delocalised s and p part of the VB,
which surely has some part unoccupied. Calculations reported
by Matheiss and Dietz24 for bulk Pt indicate that out of 10
possible d electrons per Pt atom, only 0.34 holes exist per Pt
in the 3/2 valence band compared with 1 hole per Pt in the
5/2 band. It is well known that band narrowing occurs in the
small Pt clusters such as studied in this work, so this will
reduce the hole number even further, if not to zero. More-d3@2over, the procedure utilised here is not dependent on the
absence of empty d-states at the edge, since thenL2 L3(Pt)

would represent the di†erence in unoccupied states[ L2(Pt)
without any fundamental di†erence in interpretation.

If the AS were partially unoccupied in the case,L2then the di†erence would representL3(H/Pt)[ L2(H/Pt)
*AS] *VB, and *AS might be altered from the Fano proÐle.
However, (i) the striking similarity in the low energy part of
the edge for Pt and H/Pt, and (ii) the remarkable agree-L2

ment between the PtÈH (FEFF7) theoretical curve and the
di†erence (to be discussedL3(H/Pt)[ L2(Pt)\ *XAFS

below), points very clearly to the lack of a signiÐcant AS con-
tribution in the edge for the very small Pt clusters exam-L2ined here. Moreover, the procedure here does not become
invalid should the band not be completely Ðlled. For example,
for Ir clusters currently under study by our group, the

is not completely Ðlled, and the AS state is not Ðlledd3@2 band
at the edge, but the *AS as determined by the subtractionL2procedure still appears Fano-like.

Pt–H EXAFS and number of empty d-states (DVB)

The striking agreement between the PtÈH (FEFF7) theoretical
curve and the di†erence asL3(H/Pt)[ L2(Pt)\ *XAFS
shown in Fig. 3b strongly suggest that the peak around 5È8
eV indeed can be attributed to PtÈH EXAFS. The observation
of substantial PtÈH EXAFS scattering below 20 eV is signiÐ-
cant since it may allow the PtÈH bonding distances and coor-
dination number to be determined. The backscattering
cross-section of hydrogen is only signiÐcant at low electron
kinetic energies because scattering is primarily resonant, and
hydrogen has only the relatively low binding 1s electrons. In
the normal EXAFS analysis procedure, where the Fourier
transform of s is typically taken from k \ 3È14 thisÓ~1,
PtÈH EXAFS scattering is almost completely missed.

The width of the isolated valence band (*VB) of about 10
eV is much larger than the calculated width of the unoccupied
DOS (\1 eV). The experimentally observed width, however,
is due to (i) experimental resolution (3È5 eV) and (ii) hybrid-
isation of the d orbitals with the s, p valence orbitals. This
hybridisation should change with particle size ; indeed com-
parisons (not shown here) of *VB for bulk Pt foil with that for
the small particles in the Pt/LTL case show understandable
di†erences. However, the broadening due to resolution is too
large and the clusters are too small to allow conclusions to be
drawn about the change in *VB for the di†erent particles and
supports in this study. More systematic investigations are
necessary to fully explore the potential of the PtÈH EXAFS
and *VB to be used as new tools for structure determination.

Characteristics of the shape resonance

A shape resonance results from a bound state degenerate with
continuum states, thereby having a Ðnite lifetime. The AS
functions as a temporary bound state for photoelectrons
before they are ejected to the continuum. When the photoelec-
tron is excited to the AS in the continuum, the electron can
temporarily reside in the resonance bound state above the
Fermi level. From the scattering viewpoint this introduces
multiple scattering contributions, which add in phase at low
energy to a positive peak, while they cancel out at higher ener-
gies due to the phase di†erences resulting from the di†erent
scattering lengths. In this way, multiple scattering features can
describe an ““electronic-like ÏÏ AS in the X-ray absorption spec-
trum. The Fourier transformation of this peak will result in a
broad background like signal in the radial distribution func-
tion ; i.e., it will not yield a peak that can be attributed to a
single scattering length.

The resonance energy, systematically drops in energyEres ,from plus to minus with increasing alkalinity for the Pt/LTL
system. The negative resonance energy for the alkaline cata-
lysts with respect to the edge may in part be caused by our
initial choice of 0.6 times the step-edge of the PtE0 at L2spectrum; i.e., may not necessarily be at the actual FermiE0level of the cluster. However, much more important, the nega-
tive results because the resonance (localised primarily onEresthe Pt atom with the core hole) is pulled down below the
Fermi level by the core-hole electron attraction, as illustrated
in Fig. 5. Consistent with the Ðnal state rule,28 the values of

do not reÑect the actual energy of the AS in the groundEres
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state but in the presence of a core hole. Although the Sap6
support is believed to be considerably more acidic than
LTL(0.96), the does not fall between LTL(0.63) andEresLTL(0.96). However, the Pt particles on Sap6 are much larger
than for the LTL systems, and the nature of the PtÈH bond
may change with particle size due to the increased metallic
nature of the larger particles.

From electron scattering theory, the natural width of the
resonance (C) is determined by the magnitude of the quantum
mechanical matrix element, V , involving the Pt valence band
and the PtÈH AS, that is C\ 2pV 2. In the limit of large V , the
resonance would become invisible because of its extremely
large width, e.g., it becomes part of the continuum. In the limit
of small V , the experimental resolution and vibrational
broadening would determine its actual width. Table 3 shows a
systematic change in the width of the resonance with asEres ;

decreases, the width initially increases. This obviouslyEresoccurs because the increasing degeneracy or overlap of the
resonance with the Pt VB increases V and enables faster auto-
ionisation of the resonant electron. However, as expected, the
resonance width dramatically decreases when the AS drops
close to and below the Fermi level [for Pt/Sap6 and Pt/
LTL(1.25)], since now the electron cannot escape into the
degenerate Pt Ðlled orbitals.

The intensity factor A reÑects the magnitude of the back-
scattering factor, the DebyeÈWaller factor, the amount of 5d
Pt DOS involved in the PtÈH bonding, and the extent of
hydrogen removal. The extent of hydrogen removal is also
directly reÑected in the magnitude of the H EXAFS peak.
Therefore, the larger value of A for Sap6 is consistent with the
larger H EXAFS amplitude (0.11 compared with B0.02È0.05
for the LTL). It apparently rises because of a more complete
removal of hydrogen from the Sap6 supported platinum par-
ticles, presumably because the Sap6 sample was heated in
vacuo while the LTL zeolite was heated in He. The amplitudes
(A) are the same for LTL(0.96) and LTL(1.25) to within the
uncertainty of the data and Ðtting procedure consistent with
the similar amplitudes of the H EXAFS peaks. The larger A
value for LTL(0.63) does not reÑect a larger H removal (its H
EXAFS peak is the smallest of the 4 cases) ; therefore, it may
reÑect a number of other factors such as a smaller PtÈH dis-
tance or changed DebyeÈWaller factor, etc. ; conditions which
may be changing as the acidity of the support increases.

The background phase parameter, r, is assumed to be pro-
portional to in the expression Here b includesEres a ] bEres .the entire energy dependence of the total background phase

(the latter indicate the phase of the absorber2kR] 2da ] dsand the scatterer). FEFF7 calculations for PtÈH scattering
shows that indeed r varies linearly with energy at lower ener-
gies, giving the phase r\ [0.5] 0.37E for a PtÈH distance
of 1.8 and as shown in Fig. 3b, the FEFF7 code reproducesÓ,
the experimental PtÈH EXAFS s(E) even at these low ener-
gies. The optimal Ðt of eqn. (3) to the AS line shapes, gives
b \ 0.38^ 0.03 in excellent agreement with the FEFF7
results. The optimum a parameter at [0.3^ 0.1 is reasonable
compared to [0.5 obtained with FEFF7, since it depends on
the inner potential which is never predicted very accu-E0 ,
rately by the FEFF7 code.

The r parameter not only changes the shape of the reso-
nance through the parameter q, but also its intensity through
the sin r factor out front. Therefore, the maximum intensity,

is actuallyIFanoRes
IRes B A(sin r] 1/2 cos r) P IHvEXAFS

] [sin(a ] bEres) ] 1/2 cos(a ] bEres)] (4)

where we have assumed that the extent of H removal, as
reÑected in the intensity of the H EXAFS peak is(IHvEXAFS),the dominant factor determining A. An attractive feature, Eresvaries systematically with the acidity of the support. However,
a non-linear least squares Ðt of the Fano proÐle to the experi-
mental data is required to determine since the exactEres ,value of is not visually obvious from the line shape. ThisEresis because the line shape does not cross the axis at e \ 0
(which would give but rather at e \ 1/q. According toEres),eqn. (4), in the region of the observed resonances, Eres \ ^2
eV, the ratio should vary monotonically over aIRes/IHvEXAFS ,
rather large range. Here, is the extreme (maximum orIResminimum, depending on the line shape, around ofE[ Eo \ 0)
the resonance feature in the di†erence curve, and*L3is the maximum intensity of the PtÈH EXAFSIHvEXAFS ,
feature in the di†erence curve. For example, from Fig. 3b*L2the PtÈH EXAFS peak in the spectra has intensity 0.11*L2while the shape resonance peak in the has intensity 0.063*L3giving a ratio of 0.57 (this ratio is tabulated for all of the 4
cases in column 6 of Table 3). This ratio varies not only sys-
tematically with the acidity of the support, but over a much
larger range than and it is much more obvious from aEres ,visual inspection of the resonance line shape.

Shape resonances as reported in the literature

The analysis of the and near edge spectra of supportedL3 L2platinum catalysts with and without hydrogen can be com-
pared with those previously given in the literature (Table 4).
Asakura et al.,7 and Reifsnyder et al.8 previously assigned the
entire residue in the di†erence spectra to a PtÈH shape reso-
nance, assigning both the negative and positive going peaks to
the same resonance proÐle. Boyanov and Morrison,9 assigned
the Ðrst peak (\5 eV) to an AS; however, these authors
assigned the second peak (3È10 eV) to a second resonance
arising from the same AS (a split spinÈorbit doublet). This
assignment has several problems, already recognised by the
authors. While the second peak has a strong temperature
dependence (as shown in their work) the Ðrst peak does not. If
the two peaks form a doublet they should exhibit the same
temperature dependence. If the Ðrst peak is an antibonding
““electronic ÏÏ state, it should not have the same temperature
dependence as the H-EXAFS feature. Further, the splitting
found for the two peaks (5 eV) is too large to be caused by the
valence band d-level spinÈorbit coupling in Pt (1.5È2.5 eV) as
discussed by Boyanov and Morrison,9 Soldatov et al.6 showed
that the intensity of the Ðrst peak was sensitive to the projec-
tion of angular momentum 1, 2), which is fully consis-(ml/0,
tent with the behaviour of a highly directional AS. On the
contrary, his second peak changed very little with which isml ,consistent with a single scattering EXAFS phenomenon. Thus,

Table 3 Resonance parameters obtained from non-linear least squares Ðt of Fano proÐle expression to the hydrogen induced shape resonance in
experimental spectra utilising with optimal a \ [0.3^ 0.1 and b \ 0.38^ 0.02r\ a ] bEres :

A Eres a/eV Width, Cb/eV r (calc.) IRes/IHvEXAFSCatalyst (^0.03) (^0.3) (^0.4) (^0.1) (^.05)

HÈPt/Sap6 0.15 0.6 1.9 [0.06 0.57
HÈPt/LTL(0.63) 0.15 2.0 2.1 0.47 5.0
HÈPt/LTL(0.96) 0.04 1.1 3.4 0.10 0.42
HÈPt/LTL(1.25) 0.08 [1.2 1.2 [0.76 [0.15

a Relative to the absorption edge. b Resonance width. A 5 eV Gaussian broadening, to account for experimental resolution, was also applied.L2

2300 Phys. Chem. Chem. Phys., 1999, 1, 2293È2302



Table 4 Comparison of previous interpretations with that from this work

Ref. First feature (\5 eV) Second feature (3È10 eV)

This study Antibonding shape resonance (multiple scattering dominated) PtÈH XAFS (single scattering dominated)

7 and 8 Single antibonding resonance due to H Single antibonding resonance due to H

9 Doublet antibonding resonance due to H Doublet antibonding resonance due to H

6 Pd-density of states change Pd-H multiple scattering feature

Soldatov et al.6 did observe the proper trends in their calcu-
lations, but did not arrive at the correct interpretation.

Shape resonances in near edge X-ray absorption spectra are
very well known in molecules, for example, the antibonding n
and p intra-molecular resonances are commonly used to
determine the orientation of molecules absorbed on surfaces
(see, for example, the book by Stohr29). It has been shown
recently30 that similar resonances can be seen on the surface
of SiC; the Ðrst example of a shape resonance in NEXAFS
arising from a localised AS at a clean solid surface. Finally,
shape resonances have been identiÐed for antibonding orbitals
between a surface atom and an atomic adsorbate ; including
the metalÈH interaction as discussed immediately above. The
important aspect of the present work is the technique for
separation of the geometric and electronic e†ects of the
metalÈH bonding allowing (i) the important identiÐcation of
PtÈH EXAFS contributions, and (ii) the quantitative Ðt to a
Fano proÐle of the AS induced by hydrogen chemisorption.

Perhaps the most convincing argument for the identiÐca-
tion of the shape resonance is the systematic increase in the
magnitude of the resonant lineshape with H coverage while
keeping either the same resonant lineshape or a systematically
varying lineshape. This is seen : (i) in the data reported here,
where the LTL and Sap6 data Ðt into a systematically chang-
ing lineshape based on the acidÈbase properties of the support
in spite of the signiÐcantly di†erent amounts of H removed
and (ii) perhaps even more convincing in the data of Asakura
et al.,7 where indeed the lineshape remains constant, while the
intensity increases with H coverage on Pt particles. Further,
the fact that all of the other resonance parameters, the energy,
width, and background phase, change exactly as expected
from theory with support acidity, is very strong evidence for
the existence of the resonance.

Metal-support interaction and catalytic properties

The turnover frequency (TOF) for neopentane hydrogenolysis
for Pt/LTL, Pd/LTL and catalysts is strongly depen-Pt/SiO2dent on the acidity/alkalinity of the support.15,16 As discussed
above, the characteristics of the shape resonance are also
strongly inÑuenced by the acidÈbase properties of the support.
The change in relative positions of the Fermi level and AS for
the three LTL catalysts is consistent with observations from
XPS and FTIR spectroscopy.14,15,16 XPS on Pd/LTL showed
a decrease of the Pd 3d binding energy with increasing alka-
linity (by 1.4 eV from acidic to alkaline Pd/LTL)14,15 pointing
to an increased electron screening with alkalinity or a shift of
the Fermi level to lower binding energy. FTIR showed a sys-
tematic decrease in the linear to bridge bonded ratio of chemi-
sorbed CO with increasing alkalinity of the support, pointing
to a higher electron backdonation from the d-orbitals.31 The
decrease (from positive to negative) in with increasingEresalkalinity is also consistent with an increase in the energy of
the Pt Fermi level or decrease in Pt electronic affinity with
support alkalinity. Furthermore, since the energy of the H 1s
orbital is lower than the Pt Fermi level, the 3.2 eV decrease in

from acidic to alkaline LTL supports also suggests thatEresthe energy of the AS decreases resulting in a weaker PtÈH
bond with alkalinity. The data for the larger Pt particles on

Sap6, also suggest that the PtÈH bond should decrease in
strength with particle size. Consistently then, this work sug-
gests that the PtÈH bond strength decreases with the metallic
nature of the particle, either due to the metal support inter-
action or the particle size. In the future, determination of the
position of the resonance state for an adsorbed hydrocarbon,
such as neopentane, could give deeper insight in the precise
e†ect of the inÑuence of the metal electronic structure on the
catalytic properties as induced by the interaction with the
support.

Conclusions

In summary, the geometric (PtÈH EXAFS) and electronic (AS
resonance and *VB) e†ects of hydrogen chemisorption on Pt
clusters have been isolated utilising a novel edge subtraction
procedure. These results demonstrate the potential of the near
edge XAFS to study H adsorption, both electronic and geo-
metric a†ects. In addition, the *VB information, although not
used extensively in this work, gives new opportunities to
investigate hybridisation (cluster size) and other geometric
e†ects, perhaps those not even observable with the normal
EXAFS analysis. Perhaps most exciting, our results reveal
that the Fano proÐle parameters vary systematically with the
alkalinity of the support, revealing for the Ðrst time a direct
inÑuence of the support on the electronic properties of the
metal particles.

The techniques utilised here certainly are not limited to
hydrogen adsorption. It is anticipated that these techniques
can be used to study all types of atomic adsorption (e.g.,
oxygen, nitrogen, etc.) and even perhaps molecular adsorption
if relatively strong bonding and antibonding orbitals are
formed. It is anticipated that the resonance state, as well as
the PtÈH EXAFS scattering, can be used as new tools to
study the role of hydrogen, metal-promoter and metal-support
e†ects in noble metal catalysts. Furthermore, these techniques
are applicable to a wide array of other systems where atoms
and molecules adsorb on surfaces, such as in electrochemistry,
fuel cells, etc., and even more generally in bulk solids, where
speciÐc antibonding resonances can be identiÐed, such as in
biological systems.

No measurement can more directly reÑect the critical
metalÈadsorbate interaction, than observation of the bonding
and antibonding orbitals constituting that interaction. The
ability to detect the metalÈadsorbate antibonding orbitals and
determine the systematic variation in energy with the alkalin-
ity of the metal support, in a wide range of catalytic systems
even under reaction conditions, indicates the many potential
applications of the analysis methods presented in this paper.
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