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I. Introduction

A key issue in catalytic research is the relationship
among the atomic structure, composition, and elec-
tronic properties of a surface and catalytic activity/
selectivity. Over the last several decades, a myriad
of ultrahigh vacuum (UHV) surface techniques has
become available to precisely define surfaces at the
atomic level. Accordingly, considerable effort has
been invested in applying these UHV methods to
basic catalytic problems. Most surely an approach,
to catalytic research that combines modern surface
techniques with traditional methods will enhance
significantly our understanding of a broad range of
phenomena that occur at surfaces with respect to
catalytic reactivity and selectivity.

UHV surface science offers many new opportunities
in catalytic research in that a variety of modern
spectroscopies are available to study the detailed
structure and composition of surfaces and to identify
stable surface species. However, a criticism that has
been made frequently of the UHV approach is that
it is too far removed from reality, since catalytic
reactions typically are carried out under quite dif-
ferent conditions, namely, at atmospheric (or higher)
pressures and with far more complex surfaces than
the single-crystal surfaces most frequently used in
vacuum surface science studies. These disparities
between the two areas have been referred to fre-
quently as the “pressure and material gaps”.

The so-called “pressure gap” separating UHV and
technical catalytic investigations has been bridged
in recent years by combining in a single apparatus
the ability to measure kinetics at elevated pressures
on single-crystal catalysts with the capabilities of
carrying out surface analytical measurements.!~ In
these high-pressure/surface analytical studies a well-
defined, single-crystal plane is used to model a site
or set of sites expected to exist on practical high-
surface-area catalysts. This approach has allowed a
direct comparison of reaction rates measured on
single-crystal surfaces with those measured on more
realistic catalysts.” These combined methods have
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also provided detailed studies of structure sensitivity,
the effects of promoters/inhibitors on catalytic activ-
ity, and, in certain cases, the identification of reaction
intermediates by post-reaction surface analysis.”®
These kinds of studies have established the validity
of using single-crystal surfaces for a variety of
reaction categories to model the more complex tech-
nical catalysts.

Despite these successes in modeling catalysts with
single crystals, there is a clear need to develop models
with higher levels of complexity to address those
important issues specifically related to very small
metal particles and to interactions between the metal
particle and the support.? That is, in addition to
bridging the “pressure gap”, we need as well to bridge
the “material gap”.

This article begins with a discussion of selected
examples of single-crystal work and concludes with
a description of recent efforts to simulate oxide-
supported metal systems. These examples illustrate
the wide range of opportunities offered by model
systems for studying complex issues of catalysis such
as structure sensitivity/insensitivity and metal-sup-
port interactions. In the latter case, by using a model
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oxide-supported metal catalyst, the nuances of the
more complex “real world” system can be directly
investigated while maintaining a catalytic system
that is tractable for typical surface science probes.

Il. Experimental

The experiments were carried out utilizing several
combined ultrahigh vacuum/microreactor systems,
described elsewhere,'°~!! with capabilities for X-ray
and UV photoelectron spectroscopy (XPS, UPS), ion
scattering spectroscopies (ISS), high-resolution elec-
tron energy-loss spectroscopy (HREELS), infrared
reflection adsorption spectroscopy (IRAS), Auger
electron spectroscopy (AES), low-energy electron dif-
fraction (LEED), and temperature-programmed de-
sorption (TPD), and facilities for sample heating and
cooling.

The details for the cleaning and handling of the
single-crystal catalysts are given in the appropriate
related references. For the simulated supported
metal catalysts, Mo(110) and Ta(100) substrates!?13
were chosen for preparing the thin SiO,!41% and Al;O4
films.'® Sample temperatures were monitored with
a pair of W—5%Re/W—26%Re thermocouple wires
spot-welded to the edge of the rear surface. Cu and
Pd were evaporated from sources containing the
corresponding high-purity metal wire tightly wrapped
around a tungsten filament. Scanning tunneling
microscopic (STM) and atomic force microscopic
(AFM) studies were performed with a Digital Instru-
ments Nanoscope II.

lll. Results and Discussion

A. Model Single-Crystal Catalysts
a. CO Methanation over Ni,Ru Single Crystals

Early studies in our laboratories®317!® of the
methanation reaction or the reaction of CO with H,
to make methane showed that metal single crystals
could be used to model reactions taking place on
supported metal particles. In these studies similari-
ties among the data for the close-packed Ni(111)® and
Ru(001)'%18 surfaces, the more open Ni(100)® and Ru-
(110)'8 crystal planes, and data for alumina-sup-
ported nickel particles demonstrated that the meth-
anation reaction is indeed quite insensitive to the
surface structure of nickel and ruthenium catalysts.

b. CO Okxidation over Rh, Ru, Ir, Pt and Pd

More recently this structure insensitivity has been
extended to other reactions including the CO oxida-
tion reaction. The relative simplicity of CO oxidation
makes this reaction an ideal model of a heteroge-
neous catalytic reaction. Each of the mechanistic
steps (adsorption and desorption of the reactants,
surface reaction, and desorption of products) has been
probed extensively under UHV conditions with the
modern techniques of surface science.!® Because
many of the reaction parameters determined in UHV
can be applied directly to the kinetics at higher
pressures,?® CO oxidation to date best illustrates the
continuity between TJHV and elevated pressure stud-
ies.
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Figure 1. Comparison of the specific rates of the CO—0,
reaction measured over Rh(111) and Ri/Al,O; at Pco = Po,
= 0.01 atm. Model predictions were obtained using two
different oxygen adsorption kinetics.

Figure 1 compares specific reaction rates [(product
molecules)(substrate surface atom) (second)™!} or
turnover frequency (TOF) of CO oxidation measured
over single crystals of Rh with those observed on
supported Rh/Al;O3 catalysts.22! There is remark-
able agreement between the model and supported
systems with respect to the specific reaction rates and
apparent activation energies. These results show
that the kinetics of CO oxidation on Rh is not
sensitive to changes in catalyst surface morphology,
even from bulk Rh single crystals to relatively small
supported Rh particles. Under the conditions of
Figure 1, the surfaces are predominantly covered
with CO so that the reaction is limited by the
adsorption rate of oxygen.2?! As the temperature
is increased, the reaction rate increases because more
vacant sites become available for oxygen adsorption
as a result of the higher CO desorption rate. In
Figure 1 the CO oxidation rate increases with tem-
perature following an apparent activation energy
very similar to that for CO desorption.

The behavior of the reaction can be analyzed by
using a kinetic model established from UHV surface
science studies of the interactions of CO and O; with
Rh.2° By using the rate constants for adsorption and
desorption of CO and Oz measured at UHV condi-
tions, the kinetics of CO oxidation over Rh can be
very accurately predicted at elevated pressures. The
dashed line of Figure 1 represents the predicted
Arrhenius behavior from this model.?° This close
comparison between the single-crystal results and
those of the model represents an exceptional example
of the continuity between UHV surface science and
“real world” catalysis.

Further examples of the correspondence between
model single crystals and supported metal catalysts
for CO oxidation have been found for Ru,2223 Pt,2¢ Ir, 24
and Pd.?4"?6 In the case of Ru,??>2® post-reaction
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Figure 2. Methane decomposition kinetics on low index
nickel single crystal surfaces at 450 K and methane
pressure Peinane of 1.00 Torr.?

surface analysis indicates that the optimum rate of
CO oxidation on Ru(001) is observed when the
surface is covered by almost a monolayer of oxygen.
This surface condition contrasts with that of Rh,
where the optimum activity is obtained for surfaces
essentially free of oxygen adatoms.20%!

In contrast to methanation and CO oxidation, there
are reactions whose reactivity and selectivity depend
markedly on the surface geometry or the metallic
particle size of the catalyst. The reactive sticking and
hydrogenolysis or “cracking” of alkanes are important
examples of “structure sensitive” processes.

c. Alkane Reactive Sticking on Nickel Single Crystal
Surfaces

The reactive sticking of alkanes on nickel single-
crystal surfaces is strongly dependent on the surface
structure. For example, methane reactivity, shown
in Figure 2 as the time-dependent carbon buildup
from 1 Torr of methane in contact with the various
low index nickel single crystal surfaces at 450 K, is
seen to increase in the order Ni(111) < Ni(100) < Ni-
(110).%" Initial reaction rates for the Ni(110) and Ni-
(100) surfaces are very similar and are ~7—10 times
greater than the initial rate for Ni(111) surfaces at
450 K. However, both the Ni(100) and Ni(111)
surfaces exhibit a strong coverage dependence in the
methane decomposition rate, as evidenced by the
deviation from linearity in the plots for these surfaces
shown in Figure 2. This behavior is in contrast with
that of the Ni(110) surface, which does not exhibit
the same downward curvature, possibly indicating
carbon islanding or a reduced carbon coverage de-
pendence for the methane reactivity on this surface.

A comparison with the results of molecular beam
studies suggests that the effects of vibrational energy
on sticking probabilities must be accounted for and
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the sticking probabilities of molecules with very low
normal kinetic energies must be accurately known
when attempting to model high-pressure processes
using molecular beam techniques.?” While the dis-
sociation of methane indicates that the “direct”
channel to dissociation might dominate for certain
crystal planes, e.g. Ni(111), the results for the higher
alkanes imply that dissociation of these molecules
proceeds primarily via a trapped molecular precur-
Sor.28:29

These studies on the alkane-reactive sticking on
nickel single-crystal surfaces were carried out under
the high incident flux conditions. The elevated
pressures, in general, are required to produce mea-
surable products, not because of the greater avail-
ability of higher velocity molecules, but rather be-
cause of the competition that is inevitably present
between desorption from the precursor or adsorbed
state and dissociation. Since the activation energies
for desorption of many reactants of interests (par-
ticularly hydrocarbons) are frequently smaller than
the activation energies for reaction, desorption domi-
nates and reaction probabilities are quite small, often
too small to measure at UHV conditions. For these
reactants, the greater number of collisions at higher
pressures simply serves to overcome this limita-
tion.28:29

By extrapolating the rates of dissociative adsorp-
tion of alkanes measured in “thermal bath” experi-
ments to the pressure and temperature conditions
used in the hydrogenolysis and steam reforming
studies, it has been found that ethane dissociation
rates on the clean surface are 1-2 orders of magni-
tude larger than the rates of ethane hydrogenolysis
and reforming and n-butane dissociation on the clean
surface is 2—3 orders of magnitude faster than
n-butane hydrogenolysis under comparable condi-
tions.?® Since the alkane dissociation rates measured
in these “thermal bath” experiments are initial rates
measured in the limit of zero carbon coverage, they
represent a theoretical upper limit to the rates of
hydrogenolysis and steam re-forming of these alkanes
on unpromoted nickel catalysts.

In summary, these studies have shown a direct
relationship between the atomic corrugation of a
surface and its activity toward the dissociative stick-
ing of alkanes. Since dissociative sticking is the key
initial step in the hydrogenolysis of alkanes, then a
similar correlation between the atomic “roughness”
and activity for this reaction might be anticipated.
This indeed is the case as is shown in the following
section.

d. Hydrogenolysis of Small Alkanes on Nickel and Iridium
Single Crystal Surfaces

The reactivity for ethane hydrogenolysis to meth-
ane on nickel has been shown to depend critically on
the particular geometry of the surface. Figure 3
shows the specific reaction rates for methane forma-
tion from ethane over Ni(100) and Ni(111) surfaces
plotted in Arrhenius form.?® It can be seen that the
more open (100) surface is far more active than the
close-packed (111) surface. For the Ni(100) surface,
the data give an apparent activation energy of 100
kd/mol, which is remarkably close to the 105 kJ/mol
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Figure 3. Arrhenius plot for ethane hydrogenolysis reac-
tion on Ni(100) and Ni(111) surfaces at a total reactant
pressure Pr of 100 Torr and Hy/CoHg = 100.12 Also shown
is the result on supported nickel catalysts at Pr of 175 Torr
and HQ/CQHG = 6.8.22

obtained for the methanation reaction over the same
surface.? Furthermore, the specific rates observed for
both methanation and ethane hydrogenolysis on this
surface are virtually identical for the same partial
pressure of hydrogen. These observations strongly
suggest that these two reactions over the Ni(100)
surface are following the same reaction pathway and
are limited by the same reaction step. As previously
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shown for the methanation reaction,’® ethane hy-
drogenolysis on this surface must involve a surface
carbon formation step followed by its reduction by
hydrogen. In contrast, the kinetic data shown in
Figure 3 for the Ni(111) surface give an activation
energy of 192 kd/mol, implying that a different
reaction mechanism is operative.

It should be noted that surface analysis following
reaction showed the (111) and (100) surfaces with
comparable submonolayer quantities of carbon.
Therefore preferential surface carbon formation, or
self-poisoning, on the (111) surface is not responsible
for its lower activity.3°

Surfaces with (111) orientations are encountered
more prevalently in FCC materials as the particle
size is increased via successively higher annealing
temperatures.3! The results of this study then are
consistent with rate measurements on supported
nickel catalysts®?3% which show hydrogenolysis activ-
ity to be a strong function of particle size, the larger
particles exhibiting the lower rates as illustrated in
Figure 3.

The selectivity for ethane production from the
hydrogenolysis of n-butane over iridium single crys-
tals has been demonstrated to scale with the con-
centration of low-coordination-number metal surface
atoms.?*% Figure 4 shows the results on Ir(110)-
(1x2) and Ir(111) surfaces as well as the schematic
representation of these iridium surfaces. The Ir(110)-
(1x2) surface has been found to produce ethane very
selectively.3® This contrasts with the results for the
close-packed Ir(111) surface, where only the statisti-
cal scission of C—C bonds has been observed. Al-
though there is still some controversy regarding the
surface structure of Ir(110) under reaction conditions,
its selectivity for ethane production is clearly superior
to Ir(111). The results of this study correlate quali-
tatively with the observations made previously for
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Figure 4. Diagram showing the correlation between selectivity and structure for n-butane hydrogenolysis on iridium. (a)
Schematic representation of the Ir(110)-(1x2) and Ir(111) surfaces. The z axis is perpendicular to the plane of the metal
surface. C, designates the coordination numbers of the metal surface atoms. (b) Selectivity for C;Hg production (mol %
total products) for n-butane hydrogenolysis on iridium single crystals!®!* and supported iridium catalysts® at 475 K. The
effective particle size for the single crystal surfaces is based on the specified geometrical shapes: a, Ir/Al;03; B, Ir/SiOs.
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Figure 5. Arrhenius plot for propane hydrogenolysis reaction on Ir(110)-(1x2) and Ir(111) surfaces at a total reactant
pressure Pr of 101 Torr and Hy/C3Hg = 100: O, methane; O, ethane.

selective hydrogenolysis of n-butane to ethane on
supported iridium catalysts as a function of iridium
particle size,®” which is also shown in Figure 4. It
can be seen that the results for Ir(110)-(1x2) model
very well the small-particle limit, whereas the results
for Ir(111) relate more closely to the data for the
corresponding large particles (> 10 nm). By assuming
particle shapes, the general behavior of declining
selectivity with larger particle size can be accurately
modeled, as illustrated in Figure 4.

The stoichiometry of the surface intermediate
leading to high ethane selectivity, based on kinetics
and surface carbon coverages subsequent to reaction,
is suggested to be a metallocyclopentane.43% The Ir-
(110) surface undergoes a reconstruction, described
as the Ir(110)-(1x2) or “missing-row” structure,
resulting in rows of the highly coordinatively unsat-
urated “C;” sites, as schematically shown in Figure
4. These sterically unhindered C; sites can form a
metallocyclopentane species (e.g., a 1,4-diadsorbed
hydrocarbon species) which has been proposed as an
intermediate in the central scission of butane to
ethane. On the basis of analogous chemistry re-
ported in the organometallic literature,®*3° the mech-
anism responsible for the hydrogenolysis of n-butane
on the Ir(110)-(1x2) surface has been postulated to
be the reversible cleavage of the central C—C bond
in this metallocyclopentane intermediate. On the
other hand, butane hydrogenolysis on the Ir(111)
surface appears to operate via a different mechanism.
First, dissociative chemisorption of butane and hy-
drogen occurs followed by irreversible cleavage of the
terminal carbon—carbon bond of the adsorbed hydro-
carbon. Further C—C bond cleavage prior to product
desorption leads to the methane and ethane observed
as initial products.

For both iridium surfaces, the extent to which
hydrogenolysis proceeds increases with increasing
reaction temperature. This is in keeping with the
general trend for increased cracking at higher tem-

peratures for alkane reactions. The term “roll-over”
has been used to describe the fall in overall activity
at the high temperatures which leads to a decrease
in the selectivity for the production of ethane (shown
in Figure 5) in the hydrogenolysis of propane over
these two iridium surfaces. Decreasing the partial
pressure of Hy at the temperature of onset of roll-
over induces the same selectivity change as observed
for an increase in reaction temperature. The origin
of this effect is believed to be as follows. As the
reaction temperature is raised beyond a critical
temperature, the hydrogen surface coverage falls
below a saturation or critical coverage. The lower
hydrogen coverage then reduces the efficiency of the
hydrogenation of surface hydrocarbon fragments. It
is shown in Figure 5 that the roll-over onset occurs
at a higher temperature on the Ir(110)-(1x2) than
that on the Ir(111) surface. From previous studies,
it is known that hydrogen desorbs at a higher
temperature (390 K at the saturation of the high-
temperature desorption state) from Ir(110)-(1x2)
than from Ir(111) surface (255 K at 250 L of hydro-
gen).* Therefore, the higher temperature of onset
of roll-over on the more open Ir(110)-(1x2) surface
correlates with the higher binding energy of hydrogen
adatoms on this surface. This suggests that the
active chemisorbed hydrogen is present on metal sites
rather than carbon-covered sites.

The atomic-level details of the “structure sensitiv-
ity” of alkane hydrogenolysis are still incomplete;
however, this work shows clearly that a large com-
ponent of this important catalytic effect is a struc-
tural one and relates to the partitioning of the facet
distribution as a function of particle size. All of the
results summarized above correlate very well with
measurements on supported “real-world” catalysts
and emphasize the important role that single crystal
studies can play in defining relationships between
surface structure and catalytic activity/selectivity.
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B. Model Oxide-Supported Metal Catalysts

Although single crystals can be used successfully
to model a variety of heterogeneously catalyzed
reactions, there is a clear need to develop more
complex models to address those important issues
specifically related to very small metal particles and
to interactions between the metal particle and the
support.

The first challenge in the synthesis of an oxide-
supported metal model catalyst is the preparation
and characterization of a suitable oxide catalyst
support. Unfortunately, oxide surfaces such as those
frequently encountered as catalyst supports are
insulating materials and present problems of varying
degrees to many charged-particle surface probes.
Recently the difficulty associated with surface charg-
ing has been eliminated in our laboratories by
preparing an ultrathin, highly ordered, oxide film on
the surface of a metal substrate. Any charging
induced in the thin film during charged-particle
measurements is dissipated via the conducting sub-
strate. This section begins by describing the experi-
mental approach to the preparation of ultrathin films
of silica and alumina and then moves to the synthesis
and characterization of supported metal particles of
copper and palladium.

a. Preparation and Characterization of the Oxide
Supports

Thin SiO; films have been synthesized on a Mo-
(110) substrate by evaporating silicon into an oxygen
background. A Mo(110) single crystal was chosen as
the substrate because of its relative ease of cleaning
and the ability to thermally desorb the thin films of
SiO; from the surface.4!4?

Silicon dioxide is formed on the substrate at room
temperature when silicon is evaporated in a ~4 x
107% Torr Os background.®'~*® Figure 6 shows the
Auger electron spectra for the films prepared under
oxygen background pressures of 0, 1 x 1075, and 4 x
107 Torr. Clearly, both silicon and silicon dioxide
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Figure 6. Auger electron spectra for thin films of silicon
and silicon dioxide on Mo(110) prepared by evaporating
silicon at oxygen partial pressures of (A) 0, (B) 1 x 1075,
and (C) 4 x 1078 Torr.
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Figure 7. First-derivative electron energy loss spectra for
a ~50 A silicon dioxide film on Mo(110) annealed to 80,
500, and 900 °C. The resolution of the analyzer is ~0.6 eV.

are deposited in the intermediate oxygen pressure
range of 1 x 107% Torr. The Auger spectra and the
relative intensities of silicon and oxygen do not
change for films prepared at oxygen pressure greater
than 4 x 107¢ Torr, consistent with the production
of only a silicon dioxide film at the higher oxygen
pressure conditions. The silicon and silicon dioxide
species are differentiated on the basis of their char-
acteristic Auger transition energies and line shapes.
Silicon dioxide has characteristic LVV Auger transi-
tions at 76, 63, and 59 eV, whereas silicon has a
major Si(LVV) peak at 91 eV.43%* In addition, an
Auger transition energy of ~85 eV has been observed
for the SiO species on platinum® and on silicon.*

The Auger spectra shown in Figure 6 further
suggest that the silicon oxide films are stoichiometric,
i.e., SiO;. The presence of SiO (silicon monoxide) in
the silicon oxide films can be ruled out on the basis
of the absence of an Auger transition at ~85 eV 4546
Other silicon—oxygen species, such as “Si;0” and
“8is03”, are not likely to be formed, since these
species do not exist as stable compounds; these
species have only been proposed to exist at the Si/
SiO; interface.*’*® Furthermore, the line shapes, the
peak energies of the Auger electronics, and the
electron energy loss spectra (Figure 7) are consistent
with those of silicon dioxide.

Figure 7 shows the first-derivative electron energy
loss spectra of the silicon dioxide films annealed to
various temperatures. Vitreous silicon dioxide ex-
hibits optical excitations at 10.3, 11.8, 14.0, 17.0, and
22—-23 eV.¥® In addition, electron energy loss fea-
tures at 10, 12, 14, 17, 20, and 23 eV have also been
reported for thermally grown silicon dioxide on a
silicon substrate.’%5! There are no electron transi-
tions below 10 eV for vitreous silicon dioxide.

The electron energy loss spectrum for the silicon
dioxide films after annealing to 900 °C displays
features identical to those of vitreous silica. The
features at ~10, 12, 14, 17, and 20 eV are evident,
although not well resolved. These electron energy
features are attributed to interband transitions in
silicon dioxide whereas the 23 eV feature is due to a
bulk plasmon excitation.??
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The silicon oxide films prepared at room temper-
ature exhibit additional low energy electron loss
features at ~5 and 7 eV. These features are at-
tributed to a local structure with broken Si—O bonds
in tetrahedra of [Si04].5% Defect-free vitreous silica
consists of [SiQ4] tetrahedra connected by an oxygen
bridge to form a long-range 3D network. Thus the
~5 and 7 eV EELS features indicate some smaller
size [SiO4] networks. The EELS features at 5 and 7
eV have been observed previously for silicon oxide
ﬁln}’s prepared by thermally oxidizing a silicon wa-
fer.!

The intensity of the electron energy loss features
at 5 and 7 eV is significantly decreased upon heating,
and completely disappears after annealing to 900 °C.
This behavior demonstrates that the silicon dioxide
films undergo structural reorganization, eliminating
the local structure with broken Si—O bonds, to form
a long range 3D network of [SiO4]. The EELS data
further suggest that the silicon oxide films are
stoichiometric (SiO2) even at low temperatures.

IR reflection—absorption spectroscopy further il-
lustrates the structural changes that occur when the
silicon dioxide films are annealed (Figure 8). The
asymmetric stretch motion of the Si—O bonds ap-
pears as a broad asymmetric peak centered at 1178
cm ! in the IRAS spectrum for the film prepared at
a substrate temperature of 50 °C. This peak gradu-
ally shifts to higher frequency upon heating the film
and reaches a maximum of 1252 cm™! for the silicon
dioxide film annealed to 1100 °C. The features
associated with the symmetric stretching (~810 ¢cm™)
and rocking (~460 ecm™1!) vibrational modes for vitre-
ous silica were not accessible due to the cutoff of the
CaF; windows.

The IRAS spectra for the silicon dioxide films on
the Mo(110) substrate are significantly different from
those obtained using transmission IR absorption in
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the 1000—1300 ecm™! region. These differences can
be attributed to the so-called Berreman effect.
Accordingly, the transmission IR absorption spectra
for fused quartz and silicon dioxide films exhibit a
strong adsorption peak at 1076 cm™! with a higher
wavenumber shoulder extending to 1300 cm=1.4655 In
contrast, the IRAS spectra for the silicon dioxide films
do not have features at 1076 cm™*. The spectra, in
fact, are dominated by features above 1200 cm™!. Two
vibrational oscillators of asymmetric stretches (AS,
with in-phase motion of adjacent oxygen atoms and
AS; with out-phase motion of adjacent oxygen atoms)
of silica are present in this wavenumber regime.5
The transverse-optical (TO) and longitudinal-optical
(LO) vibration modes are at 1076 (TO) and 1256 cm™!
(LO) for AS;, and at 1200 (TO) and 1160 em™! (L.O)
for AS;.5857 The TO modes are optically active,
whereas the LLO modes are optically inactive for an
infinite crystal. These selection rules arise because
the electromagnetic waves are transverse, and thus
do not interact with the longitudinal phonons. How-
ever, for thin films with thickness much smaller than
the wavelength of the lattice vibration, the vibra-
tional modes normal to the surface have the frequen-
cies of the longitudinal modes. For the vibrational
modes parallel to the surface the frequencies cor-
respond to the transverse modes.’* Since only the
vibrational modes with a component normal to the
metal surface are IR active, the IRAS spectra for the
silicon dioxide films exhibit only these features
corresponding to the longitudinal modes. Thus the
spectra from the films should differ from the corre-
sponding spectra taken with transmission IR absorp-
tion that mainly probes the transverse features.

The increase of the peak IRAS frequency with the
annealing temperature for silicon dioxide films on
Mo(110) (Figure 8) suggests some ordering of films
upon heating. The broad peak in the TRAS spectra
for the SiO; films is attributed mainly to a convolu-
tion of the longitudinal optical modes of the asym-
metric stretches of AS; (1256 cm™!) and AS; (1160
cm™1) of silicon dioxide. These two modes are coupled
via disorder in the SiO; films.5%57 The AS; mode is
optically weak in crystalline a-quartz and its inten-
sity increases with a concomitant decrease of the AS;
intensity in amorphous silicon dioxide.?® Therefore,
the increase of the intensity at 1250 cm™! and the
decrease of the intensity at 1160 cm™! strongly
indicate that the SiO. film becomes more ordered
with heating. This is also consistent with the EELS
results.

Thin AlyO; films were grown at room temperature
on a freshly cleaned Mo(110) surface. The growth of
the films was controlled at a rate of approximately
one-half aluminum equivalent monolayer per minute.
The background pressure of oxygen was 7 x 107 Torr
during film growth. The films were annealed to 1200
K in oxygen ambient to improve their crystalline
quality. Shown in Figure 9 are Auger spectra
acquired following film synthesis at two representa-
tive film thicknesses: (a) da,0, = 4.4 A and (b) dal,0,
= 20.0 A. The thickness of the da,0, = 4.4 A film
was calculated from the Auger intensity ratio of the
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Figure 9. Auger spectra of Al;O; films grown on Mo-

(110): (a) a0, = 4.4 A; (b) da,0, = 20.0 A. The films were

annealed to 1200 K in oxygen ambient to improve their

crystalline quality. The spectra were acquired at E, = 2.0
keV and at a sample current of 5 yA.

Al*3 (LVV) and Mo(MNN) peaks using the following
equation:

- [ Alzog]
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]

The value of In+°/Iy,° was obtained from the
standard Auger spectra of Al;O3; and Mo, respec-
tively.*® The attenuation lengths, A4+ and Ay, were
taken from the literature to be 3.7°% and 6.7 A%
respectively. The thickness of the thick film (da,o,
= 20.0 A) was estimated by extrapolating the value
of the thin film based on evaporation time and
constant aluminum flux.

It is seen in Figure 9 that there is no indication of
the presence of a metallic Al° feature at 68 eV. The
predominant spectral features are the Al*® (LVV)
transitions at ~54 eV and the O (KLL) transition at
~500 eV. The spectral features in the 100—250 eV
kinetic energy range of spectrum a arise from the Mo
substrate.

Structural studies of very thin Al,Oz films (dai,o0,
< 8 A) using LEED showed a complex pattern in
which most diffraction spots can be interpreted as
arising from electron multiple scattering at the
interface. With an increase in film thickness, the
multiple diffraction effects were attenuated. A simple
hexagonal structure was seen at dayo, = 15
although the diffraction spots were not as sharp as
those from multiple diffraction, indicating some
degree of disorder in the thick films. The lattice
periodicity derived from the LEED photographs
relates closely to the O—O distance in bulk Al;O03. The
observed hexagonal pattern can therefore be inter-
preted as due to the presence of an ordered, close-
packed oxygen anion layer associated with either the
(001) orientation of a-Al;O3; or the (111) face of
y-AlsO;. A detailed structural analysis of the initial
stage of epitaxy of Al;Os; films on a similar refractory
metal substrate, Ta(110), has been given elsewhere.'®

Goodman

HREELS
r A$203/Mo(1 10)
@
E 875
s |
2
m
x
< | 75
- 640
=
@ 370
& 860
-
Z
590
X25 1455 1685
X W
a
-500 0 500 1000 1500 2000 2500

WAVENUMBER (cm’)

Figure 10. HREELS spectra of Al;0;3 films grown on Mo-
(110): () dal,0, = 4.4 A; and (b) das,0, = 20.0 A. The films
were annealed to 1200 K in oxygen ambient to improve
their crystalline quality. The spectra were acquired at E,
= 4.0 eV and at the specularly reflected beam direction.

The growth of Al,Os films has been further exam-
ined using HREELS, as shown in Figure 10. The
fundamental modes of the surface optical phonons
(below 1000 cm™ in frequency) and their multiples
and combinations are evident in the spectra. The
surface optical phonon losses of the thin film (spec-
trum a) are characterized by a two-mode pattern,
whereas three modes of the phonon losses are typical
for the thick film (spectrum b). These results are in
a complete agreement with previous data in the
literature.°-%% Frederick et al.?4%5 have suggested
that the appearance of the two phonon modes are
characteristic of very thin Al;O; films.

Because silica and alumina supports are widely
utilized in practical catalytic applications, these oxide
films are convenient materials for constructing a
more realistic supported-metal—particle catalyst,
intermediate in complexity between metal single
crystals and the supported “real-world” catalysts.

b. Copper on Silica

Model silica-supported copper® %8 catalysts have
been prepared by evaporating copper onto a silica
thin film, The preparation conditions define the
corresponding metal particle dispersions or average
size.5"%8 As in the studies described in the previous
sections, the silica films are supported on a Mo(110)
substrate.!* The structure of the model silica-sup-
ported copper catalysts has been investigated with
IRAS and scanning tunneling microscopy (STM).56.67
The IRAS studies of adsorbed CO indicate that there
are several types of copper clusters with surface
structures similar to (111), (110), and other high-
index planes of single-crystal copper.%6-% The STM
studies show several types of copper clusters on silica
and reveal images of metal clusters on the amorphous
support with atomic resolution as shown in Figure
11.56

¢. Palladium on Silica

The adsorption and reaction of CO on model silica-
supported palladium catalysts over a wide range of
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Figure 11. A STM image (110 x 110 A) of Cu cluster formed by the deposition of 1.2 ML copper on silica(100 A)yMo(110).
The Cluster exhibits a Cu—Cu spacing of (4.4 x 2.4) A. This image was acquired after the sample was exposed to water

and dried in air.
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Figure 12. A Comparison of infrared reflection—adsorp-
tion spectra of CO on Pd(111), Pd(100), and silica-supported
palladium surfaces. The spectra were collected at 100 K
with a CO pressure of 1 x 10 8 Torr.

temperatures and pressures have demonstrated a
continuity between catalysis on Pd single crystals®®
and Pd small particles®~7? and, as well, between the
kinetics of CO oxidation at low and high pressures.
Pd overlayers of varying thickness on the thin silica
films were annealed to 900 K prior to the CO
adsorption experiments. This thermal treatment has
been shown to produce small metal particles in the
range 30—500 A, with larger particles being formed
for the higher Pd coverages.

The IR spectra of adsorbed CO on model silica
supported Pd catalysts are displayed in Figure 12 for
Pd coverages of 1.0, 7.0, and 15 monolayer (ML). The
Pd particle size was determined by chemisorption
methods® 7" and verified using scanning probe tech-
niques (see, for example, Figure 13). Figure 12 shows

Figure 13. An atomic force micrograph of an ~10 nm SiO;
film on Mo(100) subsequent to the deposition of 10 mono-
layer equivalents of palladium and an anneal to 700 K.

IR spectra of adsorbed CO on model Pd/SiO; catalysts
with different Pd coverages show three distinct
absorption features corresponding to CO adsorbed
onto 3-fold hollow (1880 cm™1), bridging (1990 cm ™),
and a-top (2110 em™!) configurations. At fpg = 1.0
ML the dominant absorption feature corresponds to
CO adsorbed onto an a-top position, while the peaks
originating from 3-fold hollow and bridging CO are
broad, suggesting a nonhomogeneous distribution of
these adsorption sites. Increasing the Pd coverage
to 7.0 ML and then to 15 ML results in the sharpen-
ing of the absorption features and the dominance of
the peak originating from CO adsorbed in the bridg-
ing positions. These results demonstrate that the
larger particles have well-defined crystal orienta-
tions, whereas the smaller particles have a wide
distribution of adsorption sites. A comparison of the
IR spectra of equilibrated CO overlayers obtained
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Figure 14. The Arrhenius plots of CO oxidation rate on
Pd(111), Pd(110), and Pd(100) and silica-supported pal-
ladium. Pco = 1.00 Torr; Pg, = 0.50 Torr.

from the Pd;sv1/Si0s sample and Pd(100) and Pd(111)
single crystals reveals striking similarities.”® As
Figure 12 shows, the stretching frequencies of ad-
sorbed CO on the model Pd/SiO; catalyst are identical
to the combined features observed for Pd(100) and
Pd(111). The agreement among the IR spectra of the
model supported catalysts and the metal single
crystals suggests that the metal particles formed on
the thin SiO; film have facets consisting primarily
of (100) and (111) orientation. This is anticipated in
that the formation of metal particles with these
Miller indices is thermodynamically favored.

The oxidation of CO on this model system has been
studied as well.” Figure 14 shows the specific CO;
formation rates as a function of the reaction temper-
ature. The specific activities of the single crystal and
the supported catalysts for CO oxidation are es-
sentially identical. The apparent activation energies
for the relatively large particles (6py > 2 ML) are
similar (~27 kecal/mol), but somewhat lower (~25
kcal/mol) for the smaller particles (0.6 and 0.3 ML).
The apparent activation energies for three Pd single
crystals with different orientations are similar?26.70
but distinctive [29.4 + 0.3 kcal/mol for Pd(100), 28.1
=+ 0.4 keal/mol for Pd(111), and 30.7 £+ 0.5 kcal/mol
for Pd(110)]. An excellent correspondence is found
among the results obtained for the model silica-
supported Pd catalysts and the Pd single crystals for
the oxidation of CO.

The effect of palladium particle size on the catalytic
properties was investigated™7? utilizing the decom-
position of chemisorbed NO (Figure 15) and reactions
of NO with CO in flowing conditions (Figure 16).
I5NO was used in order to differentiate Ny from CO
and N3O from COs with mass spectrometry. During
temperature-programmed reaction on the large par-
ticles following a saturation ®NO exposure, *NO
desorbs in three peaks centered at 315, 515, and 595
K; N, is produced in peaks at 545, 595, and 690 K;
and 5N20 is evolved in a peak at 545 K (Figure 15A).
The 545 K N peak is attributed to the fragmentation
of N2O. On small palladium particles (~50 A), N,0
is not produced; NO desorbs in two peaks at 310
and 515 K, and N; is evolved at 530 and 670 K
(Figure 15B). The relative yield of N3 with respect
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Figure 15. Temperature-programmed reaction for 5NO
on model silica-supported palladium catalysts. 1*NO was
adsorbed at 290 K to saturation. The palladium coverages
were (A) 10 monolayer, corresponding to a particle size of
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Figure 16. CO + ®NO reaction rates as a function of
temperature for small and large particle Pd catalysts. The
gas phase pressure was 1 x 107¢ Torr with equimolar CO
and 15NQ. The product formation rate was monitored via
mass spectroscopy. The palladium particle sizes correspond
to ~250 (A) and ~45 A (B).

to 1°NO desorption (above 400 K) decreases as the
particle size grows (from ~50% for 30 A to ~20% for
250 A particles), suggesting less NO decomposition
on the larger particles. In addition, the formation
of N2O on the larger particles correlates with the
appearance of the NO desorption peak at 595 K.
There is no detectable O3 evolution below 1000 K for
all sizes of palladium particles. However, Oy de-
sorption is observed in a peak at ~1250 K, concurrent
with the desorption of palladium. Therefore, the
oxygen from nitric oxide decomposition is apparently
dissolved into the bulk of the palladium particles.
The reaction of CO with NO under flowing condi-
tions™ 7 further demonstrates a particle size effect
(Figure 16). The relative rate of product evolution
was monitored with a quadrupole mass spectrometer
during reaction with flowing *NO and CO (1:1) at 1
x 107 Torr. The reaction rate increases with the
catalyst temperature, reaching a maximum at ~580
K and then declines. On the large palladium par-
ticles (Figure 16A), the maximum rate of N0
evolution occurs at 570 K, 10 K lower than the
maxima for both CO; and N; production. On the
small particles (<50 A), 15N,0 is not produced during
the steady-state reaction of a 1:1 mixture of 1*NO and
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CO (Figure 16B). Nsis produced by NO dissociation
and atomic nitrogen recombination, and CO; is
produced from the oxidation of carbon monoxide.
There is a temperature (~580 K) at which the
product formation rate is maximized, since the
residence time for CO and NO decreases with tem-
perature whereas the reaction rates increase with
temperature.

Both the decomposition of NO and the reaction of
NO with CO show that the reaction channel for NoO
formation is not available on the small particles (<
50A). The N,O formation requires the simultaneous
presence of adsorbed NO and atomic nitrogen at
sufficient coverages. The temperature-programmed
reaction spectra of Figure 15 show that the dissocia-
tion of NO occurs along the trailing edge of the main
NO desorption peak at 515 K. The formation of N2O
correlates with the appearance of the NO desorption
peak at 595 K. The higher adsorption energy of the
595 K state increases the NO surface residence time
and thus enhances the probability of NoO formation
by NO combination with atomic nitrogen. It is noted
that on extended single-crystal surfaces, N2O is also
formed during the decomposition of NO.7%® How-
ever, the decomposition of NO and the formation of
N30 correlate with the presence of step/defect (low-
coordination) sites on the single crystal surfaces.’®7-76
Accordingly, it is likely that there are surface sites
with low coordination and varying reactivities on the
large particles and extended surfaces. On the perfect
(111) and (100) facets, NO desorbs at <520 K,7576
whereas on particles with a variety of low-coordi-
nated sites, NO can be decomposed to atomic nitrogen
and oxygen on some sites, or can be more strongly
adsorbed (595 K desorption state) on other sites.’.72
The presence of both sites on the large Pd particles,
a strong adsorption site for NO, and a second that
promotes decomposition, provides a mechanism for
the formation of N2O. The absence of the N2O on the
small palladium particles, on the other hand, can be
explained by the lack of the high-temperature NO
adsorption state (595 K) which is, in turn, related to
the reactivity of the surface sites. The surface of the
small particles is more reactive as indicated by the
increased amount of NO dissociation (~50% for 30 A
and ~20% for 250 A particles), so that all NO
molecules on the low-coordinated sites are likely
decomposed to atomic oxygen and nitrogen at lower
temperatures. The presence of atomic oxygen and
nitrogen in the near surface region will likely further
decrease the NO adsorption energy.

d. Copper on Alumina

The growth of particulate Cu deposits on these
well-defined Al,O; films has been studied in the 80—
800 K substrate temperature range.”” The films
utilized for supporting Cu particles were typically 20
A thick and exhibited excellent thermal stability and
chemical inertness toward adsorption. It has been
reported® that very thin Al;O; films (dajo, < 8 A)
grown on Al substrates react with Ni deposits at
elevated temperatures, causing diffusion of Ni into
the substrate through defects in the Al;Os film.

It has long been known’8-%0 that particulate metal
deposits prepared at relative low substrate temper-
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Figure 17. TPD spectra of Cu following Cu deposition on
Al;0; films at various substrate temperatures. The Cu
coverages (6¢c, = 1.0) for each spectrum were adjusted to
be approximately the same. A linear heating rate of 10 K/s
was used.

atures exhibit smaller average particle size and
higher particle density than those prepared at higher
temperatures; however, the low-temperature prepa-
rations are unstable and undergo a major change in
morphology and size upon annealing or chemisorp-
tion. To prepare thermally and chemically stable
particles of catalytic interest, it is imperative to carry
out the metal deposition at elevated substrate tem-
peratures. Figure 17 shows a series of TPD spectra
of Cu deposited onto an Al;O3 film at various sub-
strate temperatures, T.. The Cu coverages for each
spectrum were adjusted to be approximately the
same. Noteworthy features in Figure 17 are the
shifts of the peak maxima to higher temperatures
and the narrowing of the TPD peak as T is increased.
The full width at half maximum (FWHM) of the TPD
spectra, for example, decreases from ~70 K at T =
80 Kto ~50 K at T = 600 K. Since the peak position
and the shape of the desorption spectra determine
the heat of sublimation, it is conceivable that at low
substrate temperatures, the broader TPD peak con-
taing more components and thus reflects a broader
size distribution of the Cu particles. Our Auger
measurements further showed that Cu particles
prepared at T = 600 K were thermally stable up to
an annealing temperature of 850 K, whereas a
decrease in Cu Auger intensity was observed upon
annealing for those prepared at 7 = 80 K.

Shown in Figure 18 is a family of TPD spectra of
Cu deposited at T; = 600 K as a function of the Cu
coverage in equivalent monolayers, O¢y. 6cy = 1 is
defined as one monolayer (ML) of Cu on Mo(110), the
coverage that can be derived from the integrated TPD
area of the well-defined desorption feature of the Cu
monolayer on Mo(110). Since the first monolayer of
Cu grown on Mo(110) assumes the lattice structure
of the substrate,?! the surface density of one equiva-
lent monolayer corresponds to 1.43 x 105 cm=2. The
TPD spectra of Figure 18 exhibit an interesting trend
in that the leading edge of the peak shifts continu-
ously toward higher temperatures as 6¢, is increased.
It is also noteworthy that the TPD peak width,
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Figure 18. A family of TPD spectra of Cu deposited at 7',
= 600 K as a function of equivalent monolayers, 8¢c,: (a)
0.16; (b) 0.33; (¢) 0.50; (d) 0.67; (e) 0.98; (f) 1.25; (g) 1.55;
(h) 2.09. The insert shows the heat of sublimation, derived
from the leading edge analysis of the spectra, as a function
of Cu coverage in equivalent monolayers. A linear heating
rate of 10 K/s was used.
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Figure 19. Auger intensity ratio of the Cu (LMM) peak
to the O (KLL) peak vs the Cu coverage in equivalent
monolayers. The solid line is a theoretical simulation based
on the isotropic growth model, as discussed in the text. The
number density of Cu particles, derived from a curve fitting
procedure, is 1.4 x 10!! cm™2. The average sizes of the Cu
particles are inserted as vertical bars.

comparable to the width of the TPD peaks of Cu
multilayers, remains approximately unchanged as
fcy is varied. The insert in Figure 18 shows the heat
of sublimation, derived from the leading edge analy-
81s%2 of the thermal desorption spectra, as a function
of Cu equivalent monolayer. The heat of sublimation
of Cu particles is seen to decrease rapidly from its
bulk value of 80 &+ 3 kecal/mol at 8¢, = 1.2 to 49 kcal/
mol at Oy = 0.2. Similar behavior has been cbserved
previously for the Cu/SiO; system.5” The decrease
in the heat of sublimation may be attributed to a
decrease in the number of neighboring Cu atoms as
the Cu particles become smaller.
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Figure 20. Thermal desorption signals for m /e = 28, 30,
31, 44, and 46 from *NO + CO adsorbed on Cu particles
at 80 K vs exposure time, ¢: (a)f =60 s; and (b) t = 120 s.
The exposure at ¢ = 320 s corresponds to saturation. fc,
was 2.7, corresponding to a cluster size of ~105 A. The
NO and CO reactants were fully mixed in the gas
manifold with a 'SNO/CO ratio of 1:1 prior to admission
into the UHV chamber. A linear heating rate of 5 K/s was
used.

The average size of the Cu particles can be esti-
mated from Auger measurements.”” Figure 19 shows
Auger intensity ratios of the Cu (LMM) peak to the
O (KLL) peak versus Cu-equivalent monolayers.
Each data point was collected after a fresh deposition
of Cu onto the clean Al,O3 surface at T. = 600 K. The
solid curve through the Auger data in Figure 19
represents a theoretical simulation based on a simple
model described as follows:

(1) Nucleation takes place homogeneously.

(2) After an initial nucleation period, the number
of particles remains constant until the stage where
coalescence sets in.

(3) The particle shape remains constant during
growth.,

Using the algorithm previously discussed” the
density of Cu particles, IV, can be computed from a
curve fitting procedure. The calculated number of
N = 1.4 x 10" cm~2 compares favorably with those
obtained by direct measurements with transmission
electron microscopy (TEM): for the gold/mica system,
N =1.0-15 x 10! cm=2 at T, = 623 K;®® for the
silver/amorphous carbon system, N = 1.0 x 101! cm™
at Ts = 742 K8 The average sizes of the Cu
particles, derived from a curve fitting procedure, are
inserted as vertical bars in Figure 19.

The reaction of nitric oxide and carbon monoxide
with particulate Cu deposits supported on Al;O; films
has been studied using TPD and HREELS.”” ¥NO
and CO reactants were fully mixed in the gas
manifold with a 1NO:CO ratio of 1:1 prior to admis-
sion into the UHV chamber. The adsorption of the
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Figure 21. HREELS spectra of (a) a clean Al;O; film,
daso, = 8 A; (b) CWAL03, dai0, = 8 A, 6, = 0.67, following
a saturation exposure of ’NO + CO at 80 K; and (¢) Cw/
Al,Os, daj,o, = 8 A, 6cy = 2.7, following a saturation
exposure of ’NO + CO at 80 K. The 1*NO and CO reactants
were fully mixed in the gas manifold with a 3NO/CO ratio
of 1:1 prior to admission into the UHV chamber. The
spectra were acquired using an electron beam with a
primary energy of E, =~ 42 eV and at the specularly
reflected beam direction.

gas mixture was then carried out via a gas doser at
T, = 80 K. Thermal desorption products from 3NO
+ CO adsorbed on the Cu particles have been
followed by monitoring several masses (m/e = 28,
30, 31, 32, 44, and 46). Shown in Figure 20 are
desorption signals for m/e = 28, 30, 31, 44, and 46
following two different exposures. 6c, in Figure 20
was 2.7, corresponding to a cluster size of ~105 A.
No desorption signal for m/e = 32 was observed in
the 80—850 K temperature range, indicating the
absence of gaseous Oz product. The desorption of the
parent molecules of 1NO and CO and the gaseous
products ¥N3 and N0, due to 1*NO decomposition,
are evident in Figure 20. The observation of a small
CO; desorption peak (m/e = 44) at temperatures
between approximately 150 and 250 K in the TPD
spectra of Figure 20 is a clear indication for the
reaction between CO and *NO on the supported Cu
particles. At 8¢, < 0.67, however, the CO; desorption
peak (not shown here) was not observed. Since the
CO, yield is very small, the effects of particle size on
CO; production is still unclear.

The adsorption of NO + CO on particulate Cu
deposits has also been studied using HREELS.”
Shown in Figure 21 are HREELS spectra acquired
following a saturation exposure of 3NO + CO (15NO/
CO = 1:1). For reference, the spectrum of the clean
Al,O3 surface is also included. Exposure of the clean
surface to the 1®NO/CO gas mixture gives rise to
several adsorbate loss features in the 1000—2500
cm™! frequency range. Very similar to **NO adsorp-
tion, the 1255 and 1465 cm™! losses are attributed
to the v(!*NO) mode of adsorbed *NO and !*N,0,
respectively. The loss peak at 2110 cm™! is due to
excitation of the carbon-oxygen stretch, v(CO), of
adsorbed CO.
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IV. Conclusions

An approach that combines ultrahigh vacuum
surface analytical methods with an elevated pressure
reactor can provide new information about the mo-
lecular details that define and control the mechanism
of reactions at the gas/solid interface. By using these
techniques, basic concepts of heterogeneous catalysis
such as structure insensitivity and structure sensi-
tivity can be directly addressed. For structure-
insensitive reactions excellent agreement can be
obtained between studies on single-crystal surfaces
and studies on the corresponding high-surface-area
supported catalysts, demonstrating the relevance of
kinetics measured on well-ordered single-crystal
surfaces for modeling the behavior of practical cata-
lysts. For structure-sensitive reactions, the activity
of a particular site or set of sites can be examined
and the effects of surface structure explored in atomic
detail.

Recent studies have shown that model oxide sur-
faces can be prepared in thin-film form, a preparation
that readily enables their exploration with a wide
array of charged-particle surface techniques. The
addition of metals to the above oxides as supports
provides a convenient method to model important
aspects of supported metal catalysts such as sup-
port—particle interactions and particle size effects.
Using such models a host of surface science tech-
niques can be utilized to study catalysis by metals
in systems with well-defined particle sizes and mor-
phologies.
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