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Observation of a hydrogen-induced shape resonance on Pt/LTL
catalysts and its relation with support acidity/akalinity
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A novel analysis method of the platinum L3 and L, X-ray absorption edges of PY/LTL cataysts indicates that chemisorbed hy-
drogen induces an antibonding resonance state just above the Fermi level a the Pt L3 edge. The difference in energy of this
antibonding state (Eres) with respect to the Fermi level is strongly influenced by the acidity/akalinity of the LTL support: Eres
decreases with increasing akalinity. The decrease in Eres can aso be correlated with the decrease of the neopentane hydrogenol-
ysis turnover frequency of PUY/LTL with increasing support akalinity. These results provide the most direct experimenta evidence
that the support acidity/alkdinity alters the actual chemical bond between the surface platinum atoms and the reacting mole-

cule.
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1. Introduction

The mechanism of the metal—support interaction and,
more precisely, how the electronic structure of the catalyt-
ically active surface metal atoms is atered by the support
is il not being solved in the literature. However, the
effects of the metal—support interaction on the catalytic
properties of noble metal particles have been found and
discussed by many authors[1-8]. The formation of ametal—
proton adduct has been proposed to account for electron-
deficient metal particles [9]. The electron deficiency was
derived from XPS data collected on Pd metal particles dis-
persed in acidic zeolites [10]. The proton was proposed to
be delocalised over the metal particle thereby withdrawing
electron density from the surface atoms. However, such
adducts cannot account for an increase in electron den-
sity for metal particles on akaline supports. In another
model, the electronegativity of the support oxygen atoms
was suggested to decrease with increasing zeolite alka-
linity [11-13]. Charge transfer between the support oxy-
gen atoms and the close by metal particles was thought
to cause higher electron density on the metal particles in
alkaline zeolites. A third model is based on the polarisa-
tion of a small metal cluster by nearby cations [14,15].
Caculations indicated that metal atoms near cations at-
tract electrons, thus resulting in electron-deficient metal
atoms situated at the opposite side of the cluster. In this
model, there is no net change in electron density of the
cluster.
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From this summary it is clear that the mechanism of
the metal—support interaction and more precisely how the
electronic structure of the catalytically active surface metal
atoms is atered by the support is still unknown. To un-
derstand the interaction involved, we have investigated the
effect of the support on the X-ray absorption edge of very
small platinum particles in zeolite LTL with and without
adsorbed hydrogen, a reactant used in many catalytic reac-
tions.

It is well known that hydrogen significantly affects the
near-edge region of the Pt and Pd L,3 X-ray absorption
edges. Mansour et al. [16] observed that the areas of the
Pt Lo 3 white lines increased with exposure to Hz in com-
parison to Pt foil and developed a quantitative technique
for determination of the number of unoccupied d-electron
states. Lytle et al. [17] observed significant changes in
white line shape and intensity of the Pt L,3 edges for
Pt/SIO;, heated in H, vs. He and as a function of temper-
ature. Samant and Boudart [18] noted similar changes in
H—Pt vs. He/Pt clusters dispersed in Y zeolite. Vaarkamp
et al. [19] showed an effect of interfacial hydrogen be-
tween the platinum cluster and the support on the Pt L3
white line in an attempt to explain the difference in reac-
tivity of v-Al,O3-supported Pt particles as a function of re-
duction temperature. By comparing experimental data with
multiple scattering calculations, Soldatov et al. [20] found
that H introduced a multiple scattering state in the Pd L3
white lines of PdHg . Asakura et a. [21] and Reifsnyder
et al. [22] suggested a new Pt—H resonance state visible in
XAFS data after hydrogen adsorption on supported Pt par-
ticles. Finally, Boyanov et al. [23] observed two featuresin
the H/Pt minus Pt foil L3 difference spectra of Pt clusters
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supported on zeolite Y and interpreted them as spin-orbit
doublets.

This paper utilises a new analysis method [24] of the
L3 and L, X-ray absorption edges of small platinum parti-
cles dispersed in LTL zeolite. The new white line analysis
method allows the isolation of an antibonding resonance
state present above the Fermi level at the L3 edge. This
antibonding state originates from chemisorption of hydro-
gen on the surface atoms of the platinum particles. The
difference in energy of the antibonding state with respect
to the Fermi level (Eies) decreases with increasing akalin-
ity of the LTL zeolite support, implying a decrease in the
strength of the Pt—H bond. The results will be discussed in
terms of a direct influence of the support on the electronic
structure of the platinum surface atoms thereby affecting
their catalytic properties.

2. Experimental
2.1. Catalyst preparation

The acidity/alkalinity of the LTL zeolite supports was
varied by either impregnating a commercial K-LTL zeolite
with KNO;3 or exchanging it with NH4NO;3; to give K/Al
ratios ranging from 0.63 to 1.25 (seetable 2). EachLTL ze-
olite was calcined at 225°C. Platinum (1 wt%) was added
by incipient wetness impregnation using an agueous solu-
tion of [Pt(NH3)4](NOs), followed by drying at 120°C.
The catalysts are designated PY/LTL (x) with x representing
the K/Al molar ratio.

2.2. Neopentane hydrogenolysis

Neopentane hydrogenolysis was carried out in a fixed-
bed reactor using 1 vol% neopentane in H,. The catalysts
were pre-reduced in H, at the reaction temperature and
conversion was adjusted to values between 0.5 and 2.0%
by varying space velocity. The turnover frequency (TOF)
is calculated based on the dispersion values obtained by
chemisorption [25].

2.3. XAFS data collection

The X-ray absorption spectra of the Pt L3 and L, edge
were taken at the SRS (Daresbury) Wiggler Station 9.2,
using a Si(220) double-crystal monochromator. The mea-
surements were done in transmission mode using ion cham-
bers filled with Ar to have an X-ray absorbance of 20% in
the first and of 80% in the second ion chamber. The mono-
chromator was detuned to 50% maximum intensity to avoid
higher harmonics present in the X-ray beam.

Samples were pressed into self-supporting wafers (cal-
culated to have an absorbance of 2.5) and placed in a
controlled atmosphere cell [26]. Spectra were recorded
at liquid-nitrogen temperature for the Pt/LTL samples af-
ter reduction in H, at 300°C (samples further denoted by
H-Pt/LTL) and subsequent treatment in a helium flow for

1 h at 300°C to remove chemisorbed hydrogen (samples
further denoted by Pt/LTL).

2.4. XAFS data analysis

The fina XAFS spectrum was obtained by averag-
ing 34 scans. The pre-edge background was approxi-
mated by a modified Victoreen curve [19], the background
was subtracted using cubic spline routines [27]. Spectra
were normalised by dividing the absorption intensity by
the height of the absorption edge at 50 €V above the
edge [19].

3. Isolation of the Pt—H antibonding shape resonance

Hydrogen chemisorption induces a bonding and an anti-
bonding orbital, as reported by Hammer et al. [28] (see fig-
ure 1). The partially occupied “dangling” platinum surface
orbitals form a bond with the hydrogen 1s orbital producing
the bonding and antibonding Pt—H orbitals. The antibond-
ing state can be viewed as alocalised state degenerate with
a continuum state, here described by the Pt-H EXAFSfinal
state wavefunction. The outgoing electron will reside tem-
porarily in the potential well determined by the AS state and
can escape undergoing a resonance with the Pt—H EXAFS
final state wavefunction. This one electron process causes a
shape resonance with the well-known Fano-like resonance
line shape. Its effect on the scattering cross section o(E)
can be related to an EXAFS function x(F) via the norma
expression o(E) = u(E)(1+ x(F)). It can be shown [24]
that

11—
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X(E) =+ 152

with A an amplitude factor, ¢ = cot® and ¢ = (£ —
Eres)/T. @ can be related to the usual total phase found
in EXAFS containing the 2kr term and the phase from
the absorber and back-scatterer. ¢ is the normalised en-
ergy scale relative to the resonance energy (Fres), Whereby
I" represents the resonance width. A fit to the experimen-
tally observed AS line shape gives values for Eres, I', A
and @.
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H

Figure 1. MO picture showing formation of bonding and antibonding
orbitals derived form a surface Pt orbital and the H 1s orbital.
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The Pt—H antibonding shape resonance can be isolated
from the experimental data using a new analysis method of
the L, and L3 white line areas, which is based upon several
theoretical concepts as previously described [24]. Table 1
summarises the important contributions that will be visible
in the four X-ray absorption edges of platinum in Pt/LTL
catalysts, based on the assumptions and theory described
in[24]. The L, edge spectrum for “clean” Pt clusters can be
used as the reference (REF), since this spectrum arises from
the “free” atom absorption and the EXAFS contributions.
The L3 spectrum of the clean Pt cluster containsin addition
the electronic (empty valence band: AVB) contribution [24].
The L, spectrum for the H-Pt sample is different from
the REF spectrum, because of changes in geometry of the
cluster induced by chemisorption of hydrogen (changes in
XAFS scattering: AXAFS). The Pt—H bonding orbital is
primarily localised on the H atom, and the antibonding state
(AS) islocalised more on the surface Pt atoms, causing the
5ds/> component of the AS state to shift below the Fermi
level. Therefore, the transition of outgoing electron to the
empty antibonding orbital should be evident only in the
near-edge spectrum of the H-Pt L3 X-ray absorption edge.
Finally, the L3 spectrum for the H—Pt sample contains both
the geometric (AXAFS) and electronic (AVB+AS) changes
from the reference.

Before the different contributions (AVB, AXAFS, AS)
can be separated from the X-ray absorption spectra, the
edges have to be aligned in order to account for initial and
fina state effects. The alignment procedure is extensively
discussed in [24].

4. Results

Table 2 reports the neopentane hydrogenolysis TOF
for the catalysts. A gradual decrease in TOF is observed
with increasing support alkalinity (i.e., higher K/AI ratio),
as reported earlier for PY/LTL, Pd/LTL and PY/SIO, cata-
lysts [25,29].

Table 1
Main information present in the Pt L3 and L, near-edge spectra
Sample L3 edge L, edge
H-Pt REF + AXAFS+ AVB + AS REF + AXAFS
Pt REF + AVB REF

Table 2
Elemental composition, dispersion, EXAFS coordination numbers and
neopentane TOF of PYLTL cataysts.

Catalyst K Al H/Pt N Neopentane TOF?
(Wi%)  (Wit%) (EXAFS)2

H-PYLTL(063) 83 95 053 37 1.8x 101

H-PYLTL(0.96) 118 85 0.89 42 3.7 x 1072

H-PULTL(1.25) 159 88 0.88 23 4.9x 10~°

aSee also [30].
b Reaction temperature: 350°C [8].

The full analysis of the EXAFS data of the Pt/LTL cat-
alysts is presented in [30]. The analysis showed that the
first-shell Pt—Pt coordination number for al three catalysts
is smaler than 4.5 (see table 2), implying platinum parti-
cles consisting of an average of 4-5 atoms. The structure
of the platinum particles is not largely influenced by He
treatment.

Figure 2(a) displays the Pt L, and L3 X-ray absorp-
tion edges for H-Pt/LTL(0.96) (solid line) and Pt/LTL (0.96)
(dashed line) after the novel alignment procedure. It can
be seen that the presence of hydrogen chemisorption in-
duces large changes in shape, intensity and position of the
white lines of both edges, as previously observed [16-19].
Furthermore, figure 2(b) shows that the near-edge platinum
data of the H-Pt/LTL catalysts are also largely affected by
the acidity/alkalinity of the LTL support. The influence of
the support on shape, intensity and position of the near-edge
features is different for al three samples.

The Pt—H antibonding shape resonace (AS) can be ob-
tained by subtracting AL, = Ly(H-Pt) — L,(Pt) from
AlL3 = Lz(H-Pt) — L3(Pt). Figure 3 shows this antibond-
ing resonance for the acidic Pt/LTL(0.63) and the basic
PY/LTL(1.25). Equation (1) was used in a non-linear least
squares fit to the experimental AS line shapes. Besides the
resonance parameters, a Gaussian broadening of 5 eV was
added to account for the experimental resolution. Since ¢
and I are strongly interdependent and the width is quite
uncertain because of the experimental broadening, ¢ and
Eres are coupled utilising the relation ¢ = o + BFEres. The
line shapes of al three samples were then fitted simultane-
oudy with a total of 11 parameters, i.e., Fres, ', and A for
each resonance, plus « and 5 which are given in table 3.
The dramatic reversal in line shape of the shape resonance
is easily reproduced by the expression in equation (1) (see
dotted lines in figure 3(b)).

5. Discussion

The Pt—H antibonding state shape resonance (AS) clearly
shows a relationship between the catalytic activity and the
position of the H-induced shape resonance as a function of
support acidity/akalinity in P/LTL catalysts. The analysis
procedure alows the isolation of the shape resonance as
induced by the chemisorption of hydrogen on the surface of
the platinum particles. Thefit of the shape resonance with a
Fano-type line shape not only confirms the interpretation in
terms of an antibonding resonance state, but also enables to
determine the difference in energy of the AS state relative
to the Fermi level.

The analysis method used is different in two aspects
from procedures reported in the literature: (i) the edge
alignment and (ii) the choice of reference spectrum as fully
disussed in [24]. In previous work, either raw data were
subtracted or all edges were aligned with the L, 3 edges of
platinum foil before subtraction. The alignment procedure
based upon the absence (L) or presence (L3) of electronic
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Figure 2. (a) L3 and L, edges of PY/LTL(0.96); solid line: chemisorbed

hydrogen (H—Pt), dashed line: He treatment at 300°C (Pt). (b) L3 and L,

edges of Pt/LTL with chemisorbed hydrogen; dashed line: K/Al = 0.63, dotted line: K/Al = 0.96, solid line: K/Al = 1.25.

structure (AS state) is critical to the success of the method.
This alignment procedure is particularly suitable to study
systems where much larger chemical shifts (initia state ef-
fects) are expected (e.g., large promoter and metal—support
effects). Previoudly, a platinum foil spectrum was used
as the reference in most work. However, this introduces
both electronic and geometric contributions in the differ-
ence spectra due to the broader d-band and higher Pt—Pt
coordination number of bulk platinum. Using the spec-
trum of the clean Pt cluster as a reference minimises the
unwanted contributions in the spectra.

It should be pointed out that the differences between
H-Pt and Pt are not a change in the unoccupied density
of states due the chemisorption of hydrogen. A convinc-
ing argument for this is that the Fano profile of the Pt—H
shape resonance does not change its shape, but only its
amplitude with varying amounts of hydrogen coverage, as
observed by Asakura et al. [21]. Such a systematic change
in amplitude without a change in shape would not be ex-
pected if the differences were due to the change in den-
sity of states. The procedure of taking the direct differ-
ence with increasing amounts of hydrogen as applied by
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Figure 3. Pt—H antibonding shape resonance (AS) for PY/LTL (0.63) and
(1.25) (solid lines) and best fits (dotted lines) using equation (1) with the
parameters as given in table 3.

Table 3
Fit parameters obtained from non-linear least squares fit of Fano-type line
shape expression to the hydrogen-induced shape resonance in experimental

spectra.@
Catalyst A Eres? Width q
(eV) (eV)
H-PYLTL(0.63) 0.154+0.2 152401 186403 0.61
H-PYLTL(0.96) 0.07+0.4 0.76+01 1.164+0.8 0.16
H-PYLTL(1.25) 0.06+02 —0.99+03 1.8+09 —0.89

a8a = —0.3; 8 =0.6inq = a + BEres. Applied experimental width:
Gaussian, 5 eV.
b Relative to the L, absorption edge.

Asakura et al. [21] is straightforward since only the ampli-
tude of the AS and AXAFS (= Pt—H EXAFYS) is chang-
ing. This simple method cannot be applied if the acid-
ity/akalinity (as in this work) and/or Pt particle size are
different, since then the line shape of the AS and AVB are
changing.

The present study towards metal—support effects demon-
strates that the difference in energy of the antibonding state
with respect to the Fermi level (Fres) decreases with in-

creasing alkalinity of the LTL zeolite support. The ¢ para-
meter, which is proportional to Eyes, also shows the same
effect. At the same time, the TOF of the neopentane hy-
drogenolysis reaction decreases several orders in magni-
tude with increasing akalinity of the support (table 2).
Since the neopentane hydrogenolysis is a monofunctional
reaction catalysed by the meta [4,11,31,32], the results
presented here can be discussed in terms of a direct influ-
ence of the support on the electronic structure of the plat-
inum surface atoms thereby affecting their catalytic prop-
erties.

The decrease of FEyes With increasing akalinity of the
LTL zeolite support implies a decrease in the strength of
the Pt—H bond. These results are also in agreement with ob-
servations from XPS and FTIR spectroscopy. XPS showed
a decrease of the Pd 3d orbital binding energy with increas-
ing alkalinity. FTIR showed an enhanced metal to adsor-
bate CO r-backdonation with increasing alkalinity of the
support. This results in a decrease of the linear to bridge
bonded CO [33], which occurs due to a closer position (bet-
ter overlap) of the donating d-orbital to the antibonding 27*
CO orbital. A decreasein energy position (to lower binding
energy) of the d-orbital interacting with the 1s orbital of hy-
drogen implies a larger energy difference between the two
interacting orbitals, which according to MO theory leads to
a weaker Pt—H bonding.

These results imply that the electronic structure of the
platinum surface atoms is influenced by the support through
a potential induced by the support and felt by the whole
metal particle. The potential alters the energy position of
the metal d-orbitals, which consequently changes the bond-
ing properties of the platinum surface atoms. This has a
direct influence on the catalytic properties of the metal par-
ticles. In forthcoming papers [30,34,35] we will show that
direct information about the change in orbital energy po-
sition of the metal particles can be obtained from atomic
XAFS. Even small changes in charge density (+0.02 elec-
tron) of the support-oxygen ions produce the effects without
the need for electron transfer [35].

6. Conclusion

This study provides the most direct experimental evi-
dence to date to support recently reported theoretical calcu-
lations concerning the nature of noble metal—atomic adsor-
bate bonding and its relationship to catalytic activity. This
work is the first to demonstrate that the Pt—H resonance
above the Fermi level can be observed, and that its energy
and spectral line shape vary systematically with the alkalin-
ity of the Pt cluster support. Generalisation to other metal—
atomic adsorbate and, hopefully, even molecular bonding
is anticipated. No measurement can more directly reflect
the critical metal—adsorbate interaction, than observation
of the bonding and antibonding orbitals constituting that
interaction. The ability to watch the metal—adsorbate anti-
bonding orbitals systematically vary with the alkalinity of
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the support provides a major new tool for understanding
the fundamental mechanism of the metal—support interac-
tion and its effects on the electronic structure and activity
of the catalysts.
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