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Abstract

The catalytic and spectroscopic properties of Pt supported on LTL zeolite are greatly affected by the acidity/alkalinity
of the support. The turnover frequency (TOF) for neopentane hydrogenolysis and isomerization decreases from acidic to
neutral to alkaline. In addition, in the infrared spectra, there is a decrease in the linear to bridging ratio of adsorbed CO which
parallels the catalytic activity, indicating that the changes in TOF are due to a modification of the electronic properties of the
Pt particles resulting from the metal-support interaction. The local structure of the Pt particles has also been determined by
EXAFS spectroscopy. The Pt atoms are in contact with the oxygen ions of the support. None of the Al, Si or K ions are within
bonding distance of the Pt. In addition, analysis of the &nd L, near-edge spectra suggest that, contrary to the generally
accepted model, the number of electrons in the valence band is unchanged by the support interaction. Furthermore, at the
Ly edge in the presence of chemisorbed hydrogen, a Pt—H antibonding orbital is observed near the Fermi level. Isolation of
this shape resonance indicates that the energy difference between the antibonding orbital and the Fermi level increases with
increasing acidity of the support and correlates with the TOF. Based on the analysis of the Pt—H shape resonance, a new model
for the metal—support interaction is proposed where the binding energy of the Pt valence orbitals increase as the charge of the
support oxide ion becomes more positive, i.e., becomes more acidic. The catalytic and spectroscopic properties are discussed
in the context of this new model. © 2000 Elsevier Science B.V. All rights reserved.

Keywords:Metal-support interaction; Shape resonance; Pt XANES; Pt EXAFS; P/LTL catalysts; Neopentane hydrogenolysis; Infrared
spectra of CO on Pt

1. Introduction tomotive exhaust catalysts and fuel cells. It is known
that the support influences the catalytic properties of

Supported noble metal catalysts are used in a large noble metal particles, resulting in an increase in the
number of commercially important processes, includ- turnover frequency (TOF) on acidic supports [1-11]
ing hydrogenation, naphtha reforming, oxidation, au- and a decrease on alkaline supports [9—-11]. Further,
metal particles on acidic supports are more sulfur re-
sistant [12—-20]. These changes in catalytic properties
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suggest that metals are electron deficient on acidic sup-contribution to the near-edge spectra are small and
ports and electron rich on alkaline supports. Similarly, do not correlate with the changes in the support com-
shifts in the binding energy in the photoelectron spec- position, TOF or infrared spectra. In the presence
tra [6,9,24] are consistent with the proposal that acidic of chemisorbed hydrogen, at thg,Ledge a Pt-H
supports withdraw electron density from the metal, antibonding orbital is observed near the Fermi level.
while alkaline supports donate electron density to the Isolation of this shape resonance indicates that the
metal. The general interpretation for the metal-support energy difference between the antibonding orbital and
interaction, therefore, is that changes in catalytic and Fermi level is affected by the acidity/alkalinity of the
spectroscopic properties result from a change in the support. Based on the near edge analysis, a new model
number of electrons in the valence orbitals. for the metal-support interaction is proposed where

Several electronic models for the metal-support in- the change in the charge density of the support oxide
teraction have previously been proposed. Based on aions induces a shift in the energy of the Pt valence or-
correlation of the TOF with the calculated charge on bitals, rather than a change in the number of valence
the oxide ions of the support [4], one model proposes electrons. The catalytic and spectroscopic properties
that there is a partial electron transfer between the are discussed in the context of this new model.
metal and the oxygen [4,9,11]. Acidic supports are
thought to withdraw electron density resulting in elec-
tron deficient metal particles. An alterngtive model o Experimental
proposes that support protons interact with the metal
parti.cles formipg metal—proton adducts .[5,6]. The pro- 5 4. Catalyst preparation
ton is delocalized over the metal particle and with-
draws electron density from the surface atoms. As in
the previous model, the increase in TOF on acidic
supports is due to electron deficient metal particles.
These two models are similar in that they both pro-
pose that there is a transfer of electron density due
to the metal-support interaction. The difference in the
models is that in the former the transfer is thought to
occur between the metal and the oxide ions, while in
the latter the metal transfers electron density to the
support protons. Finally, a third model based on theo-
retical calculations proposes that in small metal clus-
ters highly charged cations of the support attract elec-
trons of nearby metal atoms [25,26]. As a result, the
electron density of the atoms near the support surface2.2. Neopentane hydrogenolysis
increases, while the atoms on the opposite side of the
cluster, i.e., those that participate in the catalysis, are Catalytic activities and selectivities were deter-
electron deficient. In this model, there is no net change mined in a 1.25cm ID, quartz, plug-flow microreactor
in electron density of the cluster; however, polariza- at atmospheric pressure. An internal thermocouple
tion of the electron density leaves those atoms which was positioned in the center of the catalyst bed, and
participate in the catalysis electron deficient. the reaction temperature was 380 The gas com-

In this paper, the TOFs and infrared spectra of position was 0.99% neopentane in hydrogen, and the
adsorbed CO have been determined for a seriesflow rate was controlled by Brooks 5872 mass flow
of PULTL zeolite catalysts with differing acidity/ controller. Catalyst loadings between 0.1 and 0.59g
alkalinity. The local structure of the Pt particles has (100 mesh and diluted with 2 chof a-alumina) were
also been determined by EXAFS spectroscopy. More- pre-reduced in flowing hydrogen at the reaction tem-
over, a new analysis of thej L and L, near-edge perature for 1 h. The flow rate was adjusted to keep
spectra is presented. Changes in the valence bandhe conversion below 5%, and the outlet composition

The acidity/alkalinity of the LTL zeolite supports
was varied by impregnating a commercial K-LTL
zeolite (from UOP) with KNQ@, or exchanging with
NH4NOg, to give K/AI ratios ranging from 0.63 to
1.45. Each LTL zeolite was calcined at 225 Plat-
inum was added by incipient wetness impregnation
using an aqueous solution of [Pt(NH](NO3),, fol-
lowed by drying at 125C. The catalysts are designated
by Pt/LTL (X) with x representing the K/Al molar
ratio. The elemental analysis and platinum dispersion
determined by K chemisorption are given in Table 1.
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Table 1

Elemental analysis, Pt dispersion and neopentane conversion

Pt/LTL catalys? Al (Wt.%) K (wt.%) Dispersiof TOF Hydrogenolysis selectivity
LTL (0.63) 9.1 8.3 0.53 2x101 0.89

LTL (0.83) 8.5 10.2 0.81 Dx10t 0.80

LTL (0.93) 8.6 11.6 0.86 Dx 101 0.84

LTL (0.96) 8.5 11.8 0.89 B x 102 0.77

LTL (1.16) 9.1 15.3 1.14 Bx 1073 0.71

LTL (1.25) 8.8 15.9 0.88 2x10° 0.68

LTL (1.45) 8.6 18.1 0.43 ®x10°° ND

2Values in brackets represent K/Al molar ratio.

b Determined by volumetric §chemisorption assuming one H/Pt atom.

¢Molecules per secondary surface Pt atom, TOF of Pt/LTL (1.45) was determined ‘& 4n8 estimated at 335G by comparison
with PY/LTL (1.25).

was analyzed by gas chromatography equipped with sity at 12 250 eV to avoid higher harmonics present in
an FID detector. The selectivity was calculated on a the X-ray beam.

molar basis as the fraction of neopentane converted Samples were pressed into a self-supporting
to isopentane (isomerization), or methane plus isobu- wafer (calculated to have an absorbance of 2.5) and
tane (hydrogenolysis). The TOFs and hydrogenolysis placed in a controlled atmosphere cell. The cata-
selectivities are also given in Table 1. Control ex- lysts were reduced in flowing hydrogen at 300
periments with a-alumina showed no measurable (flow: 100cn? min~t, ramp: C min~1, hold: 1h),
conversion. and measured under a hydrogen atmosphere at lig-
uid nitrogen temperature. Samples measured in the
presence of chemisorbed hydrogen are designated
(H2) PULTL. Additionally, chemisorbed hydrogen
o was desorbed from the reduced catalyst at*80fbr
Transmission infrared spectra were recorded on a q j in flowing He. Spectra were taken at liquid nitro-

Perkin-Elmer 1720-X Fourier Transform spectrome- gen temperature under continuous evacuation. These
ter with a spectral resolution of 4 cth. The catalysts samples are designated PYLTL.

were pressed into thin self-supporting wafers and
placed in an in situ transmission infrared cell. The cat-
alyst was reduced in Hat 300°C and cooled to room
temperature. Subsequently, the sample was purged
with He for 10 min followed by flowing 20% CO in Standard procedures were used to_extract the EX-
He gas for 10 min, after which the CO absorbance AFS data from the measured ab;orptlon spectra._T_he
spectrum was collected. The spectra were corrected Pre-€dge background was approximated by a modified

for the absorption of the support and gas phase CO. Victoreen curve, and the background was subtracted
using cubic spline routines [27]. The data were nor-

malized by dividing by the height of the absorption
2.4. X-ray absorption spectroscopy edge. The EXAFS data were fit R-space using the

commercially available data analysis package XDAP

The X-ray absorption spectra of Pt at thg land [28]. The fits were optimized by application of the dif-

L, edges were taken at Daresbury Wiggler Station 9.2, ference file technique with phase and amplitude cor-
using a Si (22 0) double crystal monochromator. The rected Fourier transforms [29,30]. The EXAFS data
measurements were done in transmission mode usingfor the PY/LTL catalysts were fit using Pt—Pt and Pt—O
ion chambers filled with Ar to haveax of 20% in the phase functions and backscattering amplitudes calcu-
first and aux of 80% in the second ion chamber. The lated with the FEFF7 code. The theoretical references
monochromator was detuned to 50% maximum inten- were calibrated with the experimental EXAFS data for

2.3. Infrared spectroscopy

2.5. EXAFS data analysis
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Fig. 1. (A) Contributions to the Ptj. and L near-edge X-ray adsorption spectra, including the allowed transitions, the effect of spin—orbit
coupling and chemisorbed hydrogen. (B) lllustration of the bonding and antibonding (AS) molecular orbitals of Pt valence orbitals with
H 1s orbital.

Pt-foil and NaPt(OH). The errors in the calculated there is no Pt d valence bandYB) contribution at

parameters were 5% in coordination numBed% in the L edge.
distanceR, 5% in Debye Waller factono?, and 10% Hydrogen chemisorption induces a bonding and an-
in the inner potential shifAEg. tibonding orbital [33]. As illustrated in Fig. 1B, the

Pt—H bonding orbital is primarily localized on the H

atom and the antibonding state (AS) is localized on
2.6. Theoretical analysis of the Py L and Ly; the surface Pt atoms. The energy of the AS has been
near-edge X-ray absorption spectra calculated to be approximately 1 eV higher in energy

than that of the valence band. Therefore, the AS at the

Analysis of the ly and L near-edge absorption L, absorption edge is above the Fermi level and will

spectra is based upon the theoretical concepts whichbe observed in the near-edge spectrum, while at the
are schematically shown in Fig. 1 [31]. The spin—orbit L; absorption edge the AS is below the Fermi level
interaction in both the core and valence levels intro- and will not be observed.
duces large differences between thg I(2ps» — The antibonding orbital can be viewed as a localized
5052, 53/2) and Ly (2py2 — 5d3/2) edges both state degenerate with the continuum, here described by
in shape and intensity [32]. The 2p—2pi/> split- the Pt—H EXAFS final-state wave function. At thg L
ting is around 1709 eV and the $6-5c,, splitting edge, the outgoing electron will reside temporarily in
is around 1.5-2.5eV. Theyl edge reflects the empty  the potential well determined by the AS state and can
valence levels4AVB) of both the @/, and &, bands, escape, undergoing a resonance with the Pt—H EXAFS
weighted as €,/d3/2 = 6, however, the |, edge re- final-state wave function. This one-electron process
flects only the g> level. For small platinum clusters, causes a shape resonance with a Fano resonance line
the 5@/, band is believed to be completely filled due shape [34]. Its effect on the scattering cross section,
to band narrowing relative to bulk platinum; therefore, o (E), can be related to an EXAFS functiop(E),
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Table 2 ;
Contributions to the Pt 4 and L, near-edge X-ray absorption P:(;:g.?:telge(ot?lseeﬂvggg;gsb\?vgrs_acl)lg:;nee\({i I\?Vf:r;lr?f\:\(/-} dsiti;?))
spectra '
height was 0.6. Since both;l_edges contain different
Sample  ly edge lu edge electronic contributionsAVB and/or AS), they have
(Hy) Pt REF4 AXAFS + AVB + AS REF+ AXAFS different onsets. Final-state effects determine these on-
Pt REF+ AVB REF sets. The |y and Ly spectra of the same sample have
the same EXAFS oscillations, however, which can be
used for alignment of the . edge relative to the L
via the normal expression,(E) = n(E)(1+ x (E)). edge. Thus, all edges are aligned relative to the refer-
It can be shown that ence, i.e., k without chemisorbed hydrogen.

(E) = Asing | L—9¢
X N 1+ g2

) ] 3. Results
whereA is the amplitude factoly = cot® ande =

(E — Ew9/I". @ can be related to the usual total
phase found in EXAFS containing thkrzerm and the
phase from the absorbing and backscattering atems;
is the normalized energy scale relative to the resonance
energy Ereg, andI” represents the resonance width.
A fit to the experimentally observed AS line shape
gives values foEes, I', Aand @.

Table 2 summarizes the contributions to the four
X-ray absorption edges in the Pt/LTL catalysts with
and without chemisorbed hydrogen. Theg ledge
spectrum for the Pt clusters without chemisorbed
hydrogen will be used as the reference (REF) since
this spectrum arises from the “free” atom absorption .
and the EXAFS contributions. TheyL spectrum of support acidity.

. . . The TOF for neopentane conversion is also given
Pt without chemisorbed hydrogen also contains an . : i
. I . : in Table 1. The TOF increases as the composition of
electronic contribution due to the partially filled va-

ence band V). I e presence o chemisosea 22 BP0 Shees tom aaine 0 el e
hydrogen, there are changes in the XAFS scattering P T 9

: . ; level results in a large decrease in the TOF, while in-
(AXAFS) resulting from geometric changes in the . :
. . creasing number of support protons results in a smaller
Pt—Pt distance and scattering from hydrogen atoms.

. : ; increase in the TOF. For example, after exchange of
Finally, the Ly spectrum of Pt with chemisorbed 500" 1110 1 ions with protons, the TOF of Pt/LTL
hydrogen contains contributions to the scattering . :

: . (0.63) is about four times greater than that of Pt/LTL
from the geometric AXAFS) and electronic AVB) ; : .
changes plus the antibonding Pt-H state (AS) (0.96). By contrast, following a 30% increase in the
ges p . 9 ™ i number of K ions, the TOF of Pt/LTL (1.25) is more
Before the different contributionsA(VB, AXAFS, .
. than 600 times lower than that of Pt/LTL (0.96). The
AS) can be separated from the X-ray absorption spec- .

. . TOF increases by aboutd10* as the support compo-
tra, the edges have to be aligned in order to account sition changes from highly alkaline to highly acidic
for initial and final state effects. The small differences 9 gnly gnly '
in normal EXAFS contributions are negligible at the
onset of the i X-ray absorption edge. Therefore, the 3.2. Infrared spectroscopy
L, edges of Pt/LTL with and without chemisorbed hy-
drogen have the same shape at the onset. This allows The Fourier transform infrared spectra of the Pt/LTL
the Ly edges to be aligned in order to remove any ini- (0.63), Pt/LTL (0.93) and Pt/LTL (1.25) catalysts
tial state core level shifts due to the chemisorption of are displayed in Fig. 2 and are typical for supported

3.1. Neopentane hydrogenolysis

The reaction products for neopentane conversions
between 0.5 and 5.0% were analyzed by the Delplot
method [35] and indicate that methane, isobutane
(hydrogenolysis) and isopentane (isomerization) are
primary products typical of mono-functional, metal-
catalyzed reactions. Methane and isobutane are
produced in nearly equimolar amounts. The hydro-
genolysis selectivities are given in Table 1. At 360
the hydrogenolysis selectivity of all catalysts is greater
than 0.7 and, generally, increases with increasing
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03 T the metal structure. Since the bands are broad and the
particle size is not exactly the same, the frequency
025 + X ) R .
/ shifts are not a reliable indication of a change in
02 | electronic properties.
Theoretical calculations have shown that the ratio of
bridge-bonded CO increases at the expense of linear
bonding when the binding energy of the metal elec-
0.1 + trons is located closer, i.e., at lower binding energy, to
the energy of the CO+2* orbital [38]. As the binding

0.15 +

Absorbance

0.05 1 energy of the metal orbital decreases, there is a better
0 . ‘ ‘ overlap between the d and* orbitals, resulting in a
2200 2100 2000 1900 1800 1700 back donation towards CO. The integrated intensity ra-

tio of linear/bridged-bonded CO, therefore, is a direct
measure of the overlap of the metal valence orbitals
Fig. 2. Transmission FT-IR spectra of CO adsorbed on PyLTL With the COw* orbitals. As shown in Fig. 2, there is a
catalysts: (thin) PYLTL (0.63); (medium) PULTL (0.96); (bold)  shift from linear to bridge-bonded CO as the alkalinity
PYLTL (1.25). of the support increases. The infrared spectra indicate
that there are changes in the electronic properties of

Pt. Two regions can be assigned: linearly adsorbed the metal particle due to a metal-support interaction.
CO at higher wave number and bridge-bonded CO

at lower wave number. Both adsorption bands shift 3.3. EXAFS structural analysis

to lower wave number as the support composition

changes from acidic to neutral to alkaline. Shifts in The details of the XAFS analysis are given else-
the CO stretching frequency are generally interpreted where [39]. A summary of the EXAFS parameters is
as evidence of changes in the electronic properties of given in Table 3. The metal particles in the Pt/LTL cat-
supported metals [22,23]. The exact frequency of the alysts are very small with first shell Pt—Pt coordination
absorption bands, however, depends on particle sizenumbers less than about 4, i.e., the average metal par-
[36], surface coverage [37] and electronic changes in ticle consists of approximately six atoms. The Pt—Pt

Wavenumber (cm-1)

Table 3

Fit parameters of (b) PULTL and PULTL EXAFS spectraAk = 3.2-14A 1 AR = 1.8-31A"H)

Catalyst Scatterer N R (A) Ao? (1073 A2?) AEg (eV)

(H2) PULTL (0.63) Pt 3.7 2.74 4.6 22
o 2.1 2.69 4.8 7.3

(H2) PULTL (0.96) Pt 4.2 2.74 3.5 ~15
o 1.6 2.69 0.9 45

(Ha) PULTL (1.25f Pt 2.3 2.72 3.3 9.3
o 3.0 2.64 10.5 5.6

PYLTL (0.63) Pt 4.2 2.72 4.4 3.1
o 1.0 2.56 2.4 10.6
o 0.3 2.26 ~6.0 21

PYLTL (0.96) Pt 4.3 2.71 4.2 3.4
o 1.1 2.58 ~14 11.8

PYLTL (1.25) Pt 2.0 2.70 2.0 6.3
o 1.3 2.61 ~11 5.6

ANk = 3.2—110A_1, due to low signal to noise ratio as only one spectrum was available.
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distance of 2.7 A is characteristic of metallic Pt. The 0.06 -
Pt—O distance of approximately 2.68 A is longer than
the sum of the atomic radii and has previously been 0.03 ¢
attributed to the presence of hydrogen between the
metal particle and the support. No potassium, silicon
or aluminum ions were detected near the platinum
particles in any sample. Loss of chemisorbed hydrogen 003 |
resulted in very small differences in these coordination
numbers and distances.

A XAFS
o

-0.06

-20 10 0 10 20
3.4. Analysis of the near-edge absorption spectra E-E, (eV)

F|g 3 disp|ays the |y and Ly X_ray absorption Fig. 4. AL; = Ly (H2—PY — L} (Pt) = AXAFS for Pt/LTL (1.25).
edges in the presence and absence of chemisorbed
hydrogen for Pt/LTL (0.96). As previously observed,
the intensity of the white line is larger in the presence
of chemisorbed hydrogen [40—-43]. In addition, in the
presence of chemisorbed hydrogen, the onset of the
L edge is shifted to higher energy by about 1 eV. The
near-edge spectra of the other catalysts (not shown)
are similar.

Isolation of the electronic and geometric contribu-
tions to the near-edge spectra can be determined by

subtracting the different edges. The geometric contri-
butions to the near-edge spectra are determined by sub-
tracting the ly edges with and without chemisorbed
hydrogen:AL; = Lj(H>—Pt) — L (Pt) = AXAFS.
Fig. 4, e.g., showsAXAFS for Pt/LTL (1.25).
Previously, comparison oAXAFS with the theo-
retical Pt-H EXAFS function (calculated with the
FEFF7 XAFS code assuming a Pt-H distance of
1.8 A) indicated thatAXAFS is dominated by Pt—H
scattering [31]. Because scattering is primarily reso-
14 A nant and hydrogen has only low binding 1s electrons,
the hydrogen backscattering cross section is only
significant at low photoelectron kinetic energies. In
the normal EXAFS analysis, the Fourier transform of
x Is typically taken fromk = 3to 14 AL At these
photoelectron energies there is almost no scattering
from the H atoms.

Subtraction of the | from the L edge (without

Normalised x p
o
[}

-50 -30 -10 10 30 50

EE (eV) chemisorbed hydrogen) gives the electronic contribu-
o tions to the near edge due to changes in the occupancy
of the valence band: .(Pt) — L;;(Pt) = AVB. The
14 B

changes in the valence band for the PY/LTL catalysts
are shown in Fig. 5. Despite the large difference in
their catalytic and spectroscopic properties, compar-
ison of the valence band spectra indicates that there
is little difference between the catalysts. In addition,
these small changes are not systematic and do not cor-
‘ . ‘ . relate with the composition of the support, TOF or
% 3 0 1 3 50 infrared spectra.

E-E V) The AS can be isolated by a double subtrac-

tion of the L and the Iy edges with and without

Fig. 3. Pt X-ray absorption edge with (dotted line) and without Chemisorbed hydrogen [31]: ji(H2—PY —Ly; (PH] —
(solid line) chemisorbed hydrogen. (AyLand (B) L. [Ly(H—=PtY — Ly (PY] = [Liy —LyJ(H2-PY —[Lyy —

12

08
06 1
04
0.2

Normalised x p
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ALy (Pt-H) - ALypy (Pt)
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s
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o
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w

Fig. 5. Lu(Ph — Ly (Pt = AVB; (thin solid) PYLTL (0.63);
(dotted) PYLTL (0.96); (bold solid) PULTL (1.25).

=AS
o <
9
)

=

Ly]J(PH = AS. The contribution to the near-edge o011
spectra from the AS is shown in Fig. 6 (solid line).

From the spectra, it is apparent that the features of the = ** T
shape resonance are highly dependent on Compositions 003 |
of the support.

H) - ALy (Pt)

The shape resonance spectra in Fig. 6 were fit with N R EE é(ev) 5 5 2
the Fano expression given above. Sideand I" are 0
strongly interdependent and the width is uncertain be-
cause of the experimental broadenifgandEes are 0.03 - C

coupled utilizing the relatiord = o + BEy s The 002 ¢
resonant line shapes were then fit with a total of 11 0.01 m
parameters, i.ekEes I', and A for each resonance 0 RVAVSY
pluse andB. The theoretical fit (dotted line in Fig. 6) Z 001l
was broadened by 5eV to account for experimental ﬁ 002 ]
and lifetime broadening (the experimental resolution & -oos |
is around 3 eV and the core hole widthis around 5eV). & 004!
The optimum non-linear, least-square fits are givenin £ .o0s .
Table 4. The dramatic reversal in line shape of the 0.06 : , , ; , . -
Pt—H antibonding orbital for the different catalysts is o M v 50 5 w0 12
reproduced by the Fano expression. E-E, (eV)

_ The _d|fference in_energy between the annbond- Fig. 6. Shape resonance (solid lin&. i (Hz—Pt — ALy (P

ing orbital and the Fermi levekes, systematically and model fit (dotted line) of the Fano line shape with fit parameters
decreases from plus to minus as the composition of from Table 4. (A) PULTL (0.63); (B) PYLTL (0.96); (C) Pt/LTL
the LTL support changes from acidic to neutral to (1.25).

alkaline. The negative resonance energy for the al-

kaline catalyst with respect to the edge may, in part,

be caused by the initial choice &y at 0.6 times because the resonance (localized primarily on the Pt
the step height of the 4.Pt spectrum sinc&p may atom with the core hole) is pulled down below the
not be at the actual Fermi level of the cluster. More Fermi level by the core hole—electron attraction. Con-
importantly, however, the negatiges likely results sistent with the final-state rule, the valuesks do

n (Pt) =AS
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Table 4
Fitting parameters for shape resonahce
Catalyst A (£0.03) Eres (eV) (£0.3) Width, I (eV) (£0.4) @ (calculated) £0.1)
Pt/LTL (0.63) 0.15 2.0 21 0.47
Pt/LTL (0.96) 0.04 11 34 0.10
Pt/LTL (1.25) 0.08 -1.2 12 —0.76

8@ = o + BEres With optimalo = —0.3+ 0.1 andg = 0.38+ 0.03.

not reflect the actual energy of the AS in the ground
state but in the presence of a core hole.

From electron scattering theory, the natural width of
the resonancel() is determined by the magnitude of
the quantum mechanical matrix elemevitinvolving

line supports [9-11]. In addition, shifts in the infrared
spectra of adsorbed CO are generally interpreted as
changes in electronic properties of the catalytically
active surface atoms [22,23]. Theoretical calculations
and experimental studies have shown that the linear
the Pt valence band and the Pt—H AS, il = 27 V2. to bridging ratio of adsorbed CO is also a good in-
Table 4 shows that the width of the resonance initially dicator of changes in the electronic properties of the
increases ages decreases. This occurs because the metal [38]. Fig. 7 shows that there is an increase in
increasing degeneracy of the resonance with the Ptthe In(TOF) for the Pt/LTL catalysts with increasing
VB increasesV and enables faster auto-ionization of linear to bridging ratio. This correlation suggests that
the resonant electron. However, the resonance widththe changes, which affect the infrared spectra, also
dramatically decreases when the AS drops below the influence the catalytic properties. Thus, the change in
Fermi level since now the electron cannot escape into TOF is due to an electronic change in the Pt particles

the degenerate, filled Pt orbitals.
The background phase parametgr,is assumed to
be proportional tdEes in the expressiom + B Eyes

induced by the metal-support interaction.
Several electronic models for the metal-support in-
teraction have been proposed. Based on infrared and

Here 8 includes the entire energy dependence of the X-ray photoelectron spectroscopy, two models sug-

total background phasekR+ 255 + &5 (the latter in-

gest that the changes in TOF result from a transfer of

dicating the phase of the absorber and the scatterer).electron density between the metal and the support,
FEFF7 calculations for Pt—-H scattering shows that where, e.g., on acidic supports the increase in TOF is
indeed® varies linearly with energy at lower ener- thought to be due to electron deficient metal particles
gies, giving the phas@ = —0.5+ 0.37Es for a [1]. Because the catalytic and spectroscopic properties
Pt—H distance of 1.8 A. The optimal fit to the AS line are widely associated with support acidity, one model

shapes, giveg = 0.38+ 0.03 in excellent agreement  proposes that hydrogen ions are delocalized over the
with the FEFF7 results. The optimumparameter of metal surface, transferring metal electron density to

—0.3+ 0.1 is in reasonable agreement compared to the proton adduct [5,6]. An alternative model suggests
—0.5 obtain with FEFF7 since depends on the inner  that the electronic properties of the metal particles in-

potentialEg, which is not accurately predicted by the teract with the support oxide ions [4,9,11]. The magni-

FEFF7 code. tude and direction of change in the catalytic properties
are determined by the charge on the oxide ion [4].

If the electron transfer models were correct, the
intensity of the valence band in the near-edge spec-
tra would decrease in the order/PTL(0.63) >

Metal-support interactions are well known to af- Pt/LTL(0.93) > Pt/LTL (1.25). However, the differ-
fect the activity of Pt and Pd catalysts for benzene ences in the valence band spectra are small and do
hydrogenation [7,8,44,45], and propane [43] and not correlate with the TOF or the infrared spectra. For
neopentane hydrogenolysis [1,5,9-11,46]. Several example, the VB spectra of Pt/LTL (0.63) and Pt/LTL
studies have demonstrated that the TOF is higher on (1.25) are nearly identical suggesting there is little
acidic supports [1-11,43—-46] and decreases on alka-difference in the number of valence electrons. The

4. Discussion
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Fig. 7. Relationship between the(TFOF) and the infrared linear to bridging ratio of adsorbed CO.

change in catalytic activity and spectroscopic proper- orbital is strongly influenced by the acidic or alkaline
ties therefore do not appear to result from a transfer properties of the support [31]. Comparison of the fit-
of electron density between the metal and support.  ting parameters in Table 4 indicates that there is a sys-
Based on theoretical calculations, a polarization tematic decrease iByesin the order PALTL (0.63) >
model has also been proposed to account for the Pt/LTL (0.93) > Pt/LTL (1.25). Eres is the difference
metal-support interaction [25,26]. The model sug- in energy between the Fermilevel and the antibonding
gests that highly charged cations of the support attract orbital.
electrons of nearby metal atoms. As a result, the The energy of the H 1s orbital is lower than the en-
electron density of the atoms near the support surface ergy of the Pt valence orbitals. Since the energy of the
increases while the atoms on the opposite side of H 1s bonding orbital does not change with catalyst
the cluster are electron deficient. In this model, there composition, we conclude that changeBps results
is no net change in electron density for the cluster; from a shift in the energy of the Pt valence orbitals
however, polarization of the electron density leaves due to the interaction with the support. The more sim-
those atoms, which participate in the catalysis elec- ilar the energy of the Pt and H orbitals, the stronger
tron deficient. While this model is consistent with the is the bond and the greater is the difference in energy
catalysis, IR and valence band spectra, this model between the Pt—H antibonding orbital and the Fermi
is not consistent with the EXAFS structural deter- level, i.e., there is a largéfes(see Fig. 8). The largest
mination. The results of this and previous EXAFS Egesof Pt/LTL (0.63) indicates the strongest overlap of
structural studies indicate that the Pt particles are in the bonding orbitals and a shift to higher binding en-
direct contact with the support oxide and there is no ergy of the Pt valence orbitals. The implication from
evidence that cation or (support) metal ions interact the shape resonance analysis is that the support alters
with the Pt atoms. We conclude, therefore, that the the energy of the Pt orbitals at the Fermi level af-
polarization model is incorrect. fecting the chemisorption energies of adsorbates. The
electronic basis of this model does not depend on the
4.1. A new model for the metal-support interaction  transfer of electron density between the metal particle
and the support, but a shift in the Pt 5d valence band.
While the results of the valence band spectra Based on the EXAFS results, we also conclude that
indicate little difference between the Pt/LTL cata- the shifts in the energy of the valence orbitals result
lysts, the shape resonance of the Pt—H antibonding from an interaction of the metal with the support oxide
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Fig. 8. Molecular orbital diagram of the bonding and antibonding orbitals for the Pt valence and the H 1s orbitals with changing support
composition.

ions. While the metal—support interaction is generally tent with the IR and XPS spectroscopies. For exam-
described in terms of the support acidity or alkalinity, ple, the Pd XPS binding energies in Pd/LTL catalysts
it is more correct to describe the interaction in terms decreases as the composition of the support changes
of the charge on the oxide ions. The higher the nega- from acidic to neutral to alkaline [9]. The Madelung
tive charge on the oxygen, the smaller is the decreasepotential model suggests that the energy of the valence
in energy (lower binding energy) of the Pt valence or- orbitals decreases in the same order. The lower energy
bitals [47]. of the Pd Fermi level on alkaline support would result
Several studies have shown that exchange of NaY in a lower binding energy as observed. Similarly, the
by La** or H ions results in an increase in the O, new model is consistent with IR spectroscopy of ad-
Si and Al XPS binding energies [48-50]. Recently, a sorbed CO: there is a shift to lower frequency and a
theoretical study presented evidence that the origin of decrease in the linear to bridging ratio as the alkalinity
these shifts are due to changes in Madelung potential, of the support increases. For CO, the energy ofithe
rather than to a change in charge transfer betweenorbitals is above the Pt Fermi level energy. A decrease
the ions of the zeolite lattice [50]. The consequence in the binding energy of the Pt valence orbitals would
of the Madelung potential model is that the influence resultin a better overlap of the @* orbitals, this lead-
of H*, La®" and Na ions are similar in origin. ing to moren™ electron density, a weaker C—O bond
Generally, the support composition determines the and a shift in the IR bands to lower energy. Likewise,
Madelung potential and the surface potential interacts the theoretical calculations predict a shift from linear
with the metal particles influencing the energy of their to bridge-bonded CO when there is a better overlap of
valence orbitals. While the energy of the 5d valence the d-«* orbitals.
band increases to higher binding energy with increas- In summary, we propose a new model for the
ing support acidity, the number of 5d and 6s valence metal-support interaction where a Coulombic inter-
electrons does not change appreciably. Although all action between the interatomic surface potential and
ions of the support contribute to the surface potential, the metal atomic potential results in a shift in the en-
because the metal atoms are in contact with the oxide ergy of the valence orbitals at the Fermi level [47]. As
surface, the atomic potential of the oxide ions has the the electron density of the support oxide decreases or
largest effect on the energy of the valence orbitals.  becomes more acidic, the binding energy of the metal
While the new model of the metal-support inter- valence orbitals increases. The shift in the energy of
action correlates with the TOF and is consistent with the Fermi level affects the chemisorption energies of
the analysis of the shape resonance and valence banddsorbates and is consistent with the known catalytic
of the near-edge absorption spectra, it is also consis-and spectroscopic properties.
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LZ*Z)'eeitane TOF for Pt on amorohous SUboort catalysts. Also shown in Table 5, the TOF decreases
P P pports by a factor of about 20 with increasing amounts of al-
1.5% Pt catalyst TOF kali in the order alumina- alumina0.25wt% K) >
SiO—Al,03 27 x 102 alumina0.75wt.% K). This latter effect is more prop-
Zr0, 1.4 x 1072 erly described as a promoter effect, rather than a true
Al20g 56 1ff_2 support effect, i.e., the catalytic activity of Pt is modi-
z'eca ;‘2“; 1873 fied by a small addition of a non-catalytic component.
K—Al,03 (0.25Wt.% K) 15 x 10-3 Promoter effects, however, are not limited to the
K—Al,03 (0.75wt.% K) 25 x 104 alkali elements. Table 6 shows the effect of several
MgO-Al,03 53x 10°° promoters for Pt on silica and alumina. For Pt/silica,

as observed with alumina, the TOF decreases with
increasing amounts of alkali. Addition of aluminum,
however, leads to an increase in TOF. For these cat-
4.2. Implications for catalyst development alysts, the shifts in the IR frequency of adsorbed CO,
the changes in the linear/bridging ratio and the corre-
A complete discussion of all the issues of cata- lation with the TOF are similar to those of the Pt/LTL
lyst development are beyond the scope of the cur- catalysts above [11,47]. The results for the Pt/alumina
rent paper. However, a few examples of how the catalysts show that, in addition to alkali metals, al-
metal-support interaction can be used to modify the kaline earth and rare earth oxides also modify the
performance of catalysts will be given. While this and activity of Pt. The magnitude of the effect is con-
many previous studies have shown that the degree ofsistent with the proposed Madelung potential model.
ion exchange can affect the TOF of metals in zeolites, At an equivalent number of moles of promoter, the
the effect is not limited to the number of protons and largest effect is observed for alkali ions, which are
alkali content on zeolite supports. Table 5 gives the most basic, while the decrease in TOF for lanthanum
Pt TOF for neopentane hydrogenolysis for a number oxide is comparatively small. The higher the negative
of amorphous supports. For most supports, the Pt dis- charge on the oxide, the greater the shift in the energy
persion was nearly constant at 0.6. As with zeolites, of the Pt valence orbitals and the larger the change
the TOF increases by about 500 times and, generally,in the TOF. Each of the above series of catalysts is
parallels the acidic/basic properties of the support. currently under more extensive characterization.
For example, the Pt TOF decreases in the order While support and promoter effects on the TOF are
silica—alumina> alumina > magnesia—alumina. Pt important, Pt on acidic supports is also more sulfur tol-
on zirconium oxide also has a very high TOF and is of- erant than Pt on neutral and alkaline supports [12—20].
ten observed to give high activity for supported metal lon exchange of Pt into acidic zeolites, rather than

aDetermined at 32%C.

Table 6

Elemental analysis, dispersion and neopentane TOF for Bt/&iQ Pt/AbOs

1.5% Pt catalyst Al (wt.%) M (wt.%) K (wt.%) TOF TOP
SiO,—Al (0.10) 0.10 - - 3 x 102 -

SiO, - - - 55 x 1073 -

SiOx—K (0.39) - - 0.39 &Hx 104 -

SiO—K (0.77) - - 0.77 2x104 -

SiOx—K (1.14) - - 1.14 ®x 1073 -

Al,O3 - - - - 64 x 103
Cs-AhLOs3 - 2.9 - - 06 x 1073
Sr—Al, O3 - 3.2 - - 35 x 1073
La—Al,O3 - 3.6 - - 53 x 1073

aDetermined at 39CC.
b Determined at 35@C.
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supported on the alumina matrix, has in recent years
resulted in more sulfur tolerant paraffin isomerization
catalysts [12]. Similarly, exchange of Pt and Pd into
Y zeolite has lead to development of noble metal cat-
alysts for saturation of aromatic distillate fuels, which
contain high levels of sulfur [51-54].

In a previous study of sulfur tolerance of Pt/LTL
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with the oxygen ions of the support, while there is no
interaction with the Al, Si and K ions. The electronic
and geometric contributions to the near-edge X-ray
absorption spectra can be isolated by subtraction of
the L and Ly, edges with and without hydrogen, and
suggest that the number of electrons in the valence
band is unchanged by the support interaction. In ad-

catalysts, it was shown that upon exposure &¥SH dition, at the ly near-edge spectra, the resonance
the surfaces of both acidic and alkaline catalysts were energy, which is the difference in energy between
nearly saturated by Pt—S bonds resulting in large de- the Fermi level and the Pt—H antibonding orbital, is
creases in the initial activities (per gram), although the strongly dependent on the composition of the sup-
TOFs were nearly unchanged [20]. For Pt on acidic port and decreases in the order acidicneutral >
supports, however, the S to Pt ratios were lower. As a alkaline. Based on the above characterizations, a new
result, the rate of deactivation due to coke formation electronic model for the metal-support interaction is
was lower than that for Pt on alkaline supports. The proposed where the energy of the metal valence or-

increased sulfur tolerance of acidic-supported noble
metal catalysts appears to result primarily from the
higher intrinsic TOF, and its resistance to coke deac-
tivation due to the lower surface coverage of sulfur.

Although acidic-supported metal catalysts are more
sulfur tolerant, for many processes acid-catalyzed
reactions are undesirable, leading to yield loss and
deactivation. Development of non-acidic sulfur toler-
ant metal catalysts, therefore, is highly desirable for
these applications. If the metal-support interaction
determines the catalytic properties, the sulfur toler-
ance will parallel the TOF. Recently it was shown
that in the absence of support acidity, exchange of
NaY by polyvalent cations results in an increase in
the TOF similar to that in HY [55]. We are investigat-
ing the potential for development of sulfur resistant
catalysts which contain no acid sites. In the future, it
is expected that catalysts which are highly resistant
to sulfur poisoning can be developed by optimization
of the metal-support interaction.

5. Conclusions

The TOFs of noble metal catalysts are strongly
dependent on the composition of the support and the
presence of non-catalytic promoters, and the activities
decrease in the order acidic neutral> alkaline. In
addition, the correlation of TOF) with the linear to
bridging ratio of adsorbed CO in the infrared spectra
indicates that these changes are due to a modification
of the electronic properties in the metal particles.
From EXAFS spectroscopy, the Pt atoms interact

bitals shifts due to the interaction with the Madelung
potential of the support. Shifts in the energy of the
Fermi level affects the chemisorption energy of ad-
sorbates and is responsible for changes in the TOF.
The metal-support interaction is widely applicable to
many metals and supports and can be used to optimize
the performance of the catalysts.
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