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4.5
Ultrathin Oxide Films

Hans-foachim Freund™ and D. Wayne Goodman

451
Introduction

Oxides play an important role in catalysis, both as
supports for active materials as well as an active com-
ponent itself [1]. Since the tools frequently used to study
heterogeneous catalysts are limited in their ability to
reveal details of oxide surface structure/properties, the
atomic-level techniques of surface science offer numer-
ous advantages as alternative investigative procedures,
providing useful insights into the physics and chemistry
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1310 4.5 Ultrathin Oxide Films

of oxide surfaces [2—6]. Applying the tools of surface sci-
ence to the study of well-defined model catalysts has
emerged and matured over the past two decades, and the
surfaces of bulk single crystals as well as thin films have
been investigated and the results extensively reviewed.
In this chapter we concentrate on recent developments
in the investigations of thin oxide films supported on
metal single crystals. The material covered is organized as
follows: first, a prototype system — namely the MgO(100)
surface — is addressed, before discussing surfaces of other
oxide materials. Included in this review is the interaction
of these oxide surfaces with molecules from the gas
phase, followed by the interaction of oxide surfaces with
metal and metal oxide deposits, and how these composite
systems interact with gas-phase reactants [7-20].

452
Magnesium Oxide

MgO(100) films have been prepared mainly on Mo(100)
and Ag(100) substrates. Molybdenum has been chosen
due to its high melting point as a refractory metal, and Ag
on the other hand because it matches the lattice constant
(2.9% mismatch as opposed to 6% for Mo(100}).

4521 MgO(100)/Mo(100)

Epitaxial MgO(100) with thicknesses ranging from 2 to
100 monolayers (ML) can be grown by evaporating Mg
onto Mo(100) at 300 K and 10~* Pa (10~° mbar) oxygen.
Stoichiometric MgO(100) thin films have been character-
ized [21-31] using low-energy electron diffraction (LEED),
Auger electron spectroscopy (AES), X-ray photoelectron
spectroscopy (XPS), high-resolution electron energy loss
spectroscopy (HREELS), electron energy loss spectroscopy
(EELS), ultraviolet photoelectron and metastable impact
electron spectroscopies (UPS/MIES), and temperature-
programmed desorption (TPD). The films, while stable
up to 1300 K, are reduced at higher temperatures by the
Mo substrate, forming MoO3 and Mg vapor. It has been
shown, using XPS, EELS, UPS/MIES, and HREELS, that
both the electronic and vibrational structures of thin MgO
films are very similar to those of the bulk oxide; EELS and
UPS/MIES have shown that these MgO films are almost
free of point defects [32-38].

Surface sites may also be identified via adsorption
and desorption of probe molecules such as CO. The
interaction of CO with the MgO(100) surface is considered
as a prototype system for studying properties of ionic
surfaces, both from an experimental and a theoretical
point of view [22, 39-48]. From the theoretical results
it was concluded that CO binds weakly to regular
terrace sites, with its carbon end down to surface
Mg sites in an almost purely electrostatic manner [45].

N
I
e
= a
w
=
&
£
b
| |
0 1000 2000 3000 4000
Wavenumber/cm™!
Fig. 1 High-resolution electron energy loss (EEL) spectra of

MgO(100)/Mo(100): (a) E = 46.2 eV; (b) £ = 3.2 eV.

Adsorption at low-coordinated sites —for example at
steps, edges or corners-leads to an increase in the
polarization of the molecule, and thus to a blue shift
of the CO stretching frequency, and increasing binding
energies as compared to CO adsorbed to regular terrace
sites [22-25]. The magnitude of the CO binding energy
has been controversially discussed [45]. However, CO-
thermal desorption spectroscopy (TDS) data of vacuum-
cleaved MgO single crystals resolved this discrepancy [42].
Very similar results were obtained for appropriately
prepared MgO thin films [49]. Direct correlation of the
TDS data with infrared (IR) data was possible, and allowed
comparisons to be made to studies on microcrystalline
samples. The acid~base properties of MgO(100)/Mo(100)
have been characterized using HREELS and TPD [23,
24, 26]. Various probe molecules with increasing acid
strength from alkanes and alkenes, to water and alcohols,
to carboxylic acids were employed in these studies. The
use of a high-energy electron beam (50eV) and off
specular geometry allowed suppression of the strong
surface optical phonons of substrate, As shown in Fig. 1,
multiple phonon losses diminish as the electron beam
energy increases. The HREELS results show that acetic
acid, formic acid, methanol, and water undergo heterolytic
dissociation, with the acidic proton adsorbed on the




basic oxygen anion sites and the conjugate base anions
adsorbed on the cationic surface sites. Ethylene and
ethane, however, are found to adsorb associatively on the
MgO(100)/Mo(100) surface. Water and methanol each
show a similar desorption behavior from the surface. A
sharp peak near 150 K is attributed to condensation (of
water or of methanol), while a broad peak near 300 K is
probably associated with recombinative desorption.

High-quality TPD measurements of n-butane from
MgO(100)/Mo(100) have been made for a large number
of initial butane coverages (0—3.70 ML), and a wide range
of heating ramp rates (0.3-10 Ks~'). The desorption
energy was found to be 34.9 + 3.4 k] mol~!' at 0.5 ML.
Simulations based on these results accurately reproduce
TPD experiments for submonolayer initial coverages over
a wide range of heating ramp rates (0.3-10 Ks™!). The
desorption energy was found to increase with alkane chain
length as E4(n) = 6.5+ 7.1 x n; that is, an increase of
7.1+ 0.2 k] mol~! per CH; [50, 51].

The partial oxidation of methane to ethane on Li-
promoted MgO(100)/Mo(100) has been studied by Wu
etal. [27-29], using a combination of surface-science
techniques and kinetic measurements at elevated pres-
sures. The EELS spectra of MgO(100)/Mo(100) and
Li/MgO/Mo(100), after annealing at different tempera-
tures, are shown in Fig. 2. The peaks at 1.6, 3.6, and
5.33 eV have been attributed to the [LitO™] centers, F
aggregates, and F centers, respectively. It has been found
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that the ethane formation rate correlates well with the
F-center concentration, but not with the concentration of
[Li* O] centers. The role of Li may be to promote F-center
formation. These results indicate that [LiT O~ ] centers are
not likely to be involved directly in the methane activation
step, but rather to promote the production of color centers
in the near-surface region.

The interaction of metal atoms with MgO(100) may
be regarded as a reference system for many other
metal—oxide combinations. Single atom adsorption has
been imaged for the case of Au[52]. At the lowest
temperatures (8 K), Au adsorbs on terrace sites, but at
higher temperatures (>30 K) the atoms diffuse to step
and edge sites, as revealed through scanning probe
microscopy (SPM) investigations (Fig. 3) [53]. The Au
atoms reside on oxygen atoms in accord with theoretical
predictions [53, 54]. The experimental proof comes from
electron spin resonance (ESR) spectra through an analysis
of the % Au hyperfine coupling on the single crystal thin
film surface. It is interesting to note that the neutral
Au atom (according to calculations, and in line with the
experiments) is so strongly distorted in the 6s electron
distribution that when CO is adsorbed on the Au atoms
the CO becomes negatively charged, as indicated by a
tilt of the CO—Au bonding axis, as the CO becomes
isoelectronic with NO[55, 56]. In addition to single

References see page 1333
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Fig.2 High-resolution electron energy loss (EEL) spectra of: (left) MgO(100)/Mo(100); and (right) Li/MgO/Mo(100), taken after

annealing to different temperatures.
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neutral Au atoms, neutral Au clusters are also formed,
depending on the amount of deposited metal. Neutral Au
clusters exhibit a CO stretching frequency close to that
of metallic Au. Partially, negatively charged Au atoms
and small clusters may be produced by evaporating Au
onto an electron-bombarded MgO(100) surface which
contains paramagnetic charged and non-paramagnetic
color centers [55].

Mass selected clusters in the gas phase have been
deposited onto MgO(100)/Mo(100) surfaces and their
reactivity investigated (see Refs. [57-60]). F igure 4 shows
TDS measurements where CO has been oxidized to CO;
as a function of Au cluster size [61]. There is a clear
increase in reactivity at Aug, and a marked decrease in
reactivity with an increase in cluster size above Aug. This
trend has been explained by Aug clusters sitting on color
centers. Presumably, the color centers are formed during
thermal annealing pretreatments, as has been shown
previously [28].

The heats of adsorption for metals (Cu, Ag, Pb)
on MgO(100)/Mo(100) films have allowed the metal—
MgO(100) adhesion energies to be calculated and the
metal-MgO(100) bond energies to be estimated.
The results suggest that local chemical bonds, both
metal-oxygen and covalent metal-Mg, dominate the
interfacial bonding for three-dimensional (3-D) films
[62-71].

Molecular beams have been used directly to probe
the desorption kinetics and dissociative sticking prob-
ability of methane on Pd nanoparticles supported on
MgO(100)/Mo(100) compared with the corresponding val-
ues for Pd(111) [72]. Sticking measurements on supported
Pd particles (3 nm), with the methane beam directed nor-
mal to the MgO(100) surface, results in a large fraction
of the methane/Pd collisions occurring on regions of the
particles where the beam direction is far from the local
particle surface normal, and this causes a lower sticking
probability. The sticking probability on 3-nm Pd particle
is at most twice as large as on Pd(111). The TPD data

Au deposition at 8 K. Au deposition at 80 K.

Fig.3 Au atoms on MgO(001)/Ag(001) at 8 K (left panel) and
80 K (right panel).
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Fig.4 Temperature-programmed reaction spectra for CO; pro-
duction following CO and O, exposure at 90 K to Aug and Augg
Clusters an MgO [61].

of molecularly adsorbed methane show that Pd particles
bind methane more strongly than does Pd(111) [72].

There is an increasing number of reports on model
studies of Au deposited on MgO [55, 56, 73, 74] and on
other oxide films [75-77] to which we refer the reader
at this point, and to which we return when we discuss
Si0; films.

4522 MgO(100)/Ag(100)

MgO(100)/Ag(100) systems may be prepared by evaporat-
ing metallic Mg from an alumina crucible in an oxygen
background of 5 x 10~° Pa at 350 K, followed by anneal-
ing to 500 K [78-83]. Figure 5 shows a LEED pattern
together with the profile of the (0.0) spot and the deduced
defect structure (represented schematically) included [78].
As in the case of MgO(100)/Mo(100) [39-41, 78-85], the
as-prepared film appears to be free of point defects (color
centers). By dosing electrons to the surface, color centers
may be produced, as judged by EELS spectra in the elec-
tronic regime (Fig. 6) [86]. Exposure to oxygen quenches
these defects and shows their location to be within the
surface layer. Low-temperature scanning tunneling mi-
croscopy (STM) has been used to image the growth of
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Fig.5 The LEED pattern of a MgO film 9.5 ML thick, prepared at 350 K by evaporation of Mg in an oxygen atmosphere of 3 x 107 Pa,
The fourfold streaky broadenings in the high-symmetry directions due to the misfit dislocations are clearly visible. The corresponding

model is shown in the right-hand part of the figure [78].

the MgO(100) film on Ag(100) and the creation of color
centers 80, 81, 84]. A series of images is shown in Fig. 7.
The film exhibits line defects as revealed by the LEED
profile analysis, but point defects only become visible
by scanning tunneling spectroscopy (STS) after electron
bombardment (Fig. 7c). After such a treatment, param-
agnetic surface colors centers have also been detected by
ESR spectroscopy under ultra-high vacuum (UHV) condi-
tions [80]. The results can be compared directly with those
from studies on powder samples [87-89].

4523 MgO(111)/Mo(110)
The growth of epitaxial and stoichiometric MgO(111)
thin films on a Mo(110) surface has been verified
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Fig.6 Electron energy loss (EEL) spectra of 10 ML MgO on
Ag(100) measured with a primary energy of 50eV at room
temperature, immediately after growth (lowest spectrum, dashed)
and after electron bombardment with an incident energy of 200 eV.
The exposure increases from bottomn to top in the following steps:
140, 410, 540, 1260 up to 2160 electrons per surface oxygen ion.
The five peaks at 1.0, 1.3, 2.4, 2.8, and 3.4 eV are marked by
arrows [79].

using LEED, XPS, AES, and ion scattering spectroscopy
(ISS) [90,91]. The MgO(111)/Mo(110) film is stable
up to 1400 K, and is reduced by the Mo substrate
at higher temperature, forming MoO3 and Mg vapor.
The adsorption of [Rey(CO)9] and [HRe(CO)s] onto
this thin film has been studied using TPD and IR
absorption spectrometry (IRAS) [90, 91]. Both molecules
decarbonylate on the surface, forming different surface-
bound rhenium carbonyls, depending upon the surface
temperature,

453
Nickel Oxide

Stoichiometric NiO, a typical magnetic insulator which
crystallizes in the rock salt structure, shows a band gap of
4.3 eV. Non-stoichiometric NiO can be either a p- or n-type
semiconductor, depending on whether it has oxygen
or nickel vacancies. Several low Miller-index faces have
been prepared: NiO(100)/Ni(100), NiO(100)/Mo(100), and
NiO(111)/Ni(111).

4.5.3.1  NiO(100)/Ni(100), Mo(100)

Because of the smaller lattice mismatch between NiO and
Mo, as well as NiO and Al in comparison to NiO and
Ni, the NiO(100)/Mo(100) is more highly ordered than
NiO(100)/Ni(100). The NiO(100)/Ni(100) can be prepared
by cycles of oxidation of Ni(100) with 1000 Lof 05 at 570 K,
followed by annealing at 650 K, while NiO(100)/Mo(100)
can be prepared by depositing Ni onto Mo(100) at an
oxygen pressure of 10* Pa (10~¢ mbar).

The NiO(100)/Ni(100) surface and its adsorption
behaviors has been extensively characterized [92-99]. The
electronic structure of NiO(100)/Ni(100) has been studied
using XPS, angle- resolved ultraviolet photoelectron

References see page 1333
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(b)

(c)

Fig. 7 Low-temperature (4 K) STM images (28 x 16 nm?2) of 4 ML MgO(001) = Ag(001). Panels (a) and (b) show the motphology of
the MgO film as prepared, measured at Uy, = +3.5 V. Enhanced contrast for defects is obtained for Upj, = —2.5 V. (c) After electron

bombardment as obtained with Uy, = —2.5V [80].

spectroscopy (ARUPS), near edge X-ray adsorption fine
structure (NEXAFS), HREELS, spot profile analysis-LEED
(SPA-LEED), and ab initio calculations [92, 93, 100, 101].
These results have been compared with those obtained on
an in-vacuo-cleaved NiO(100) single crystal. Both occupied
states (ARUPS) and unoccupied states (NEXAFS) of the
thin oxide film are very similar to those of the bulk
oxide. On the basis of the ARUPS measurements, thin-
film NiO(100)/Ni(100) and bulk NiO(100) also show
very similar band structure, even along the direction
perpendicular to the surface. The SPA-LEED and STM
investigation by Biumer and coworkers[94] showed
that approximately 25% of the NiO(100)/Ni(100) film
is covered by defects. One or two monolayer films show a
behavior which is different from that of thicker films.
The adsorption of NO on NiO(100)/Ni(100) has been
studied with TPD, XPS, HREELS, NEXAFS, and ab initio
cluster calculations [92, 93]. Adsorbed NO has been found
to be tilted by an angle of approximately 40° relative
to the surface, with a binding energy of 0.52 eV. XPS
measurements show strong satellites for N(1s), indicating
significant screening, even on an insulating surface.
Comparison of these results with TPD and XPS results
for NO adsorption on an in-vacuo-cleaved NiO(100) single
crystal shows that the adsorption behavior of NO, whether
on thin oxide films or on the bulk oxide, is essentially
identical. This result also indicates that the majority
of NO is adsorbed on regular NiO sites rather than
on defect sites. A proper theoretical description [102] of
the bonding and structure of NO to NiO(100), as also

revealed through photoelectron diffraction measurements
by Woodruff et al. [103, 104], was only recently possible.

The influence of hydroxyl groups on the adsorption
behavior of other small molecules on NiO(100) /Ni(100)
has been studied by Cappus et al. [98], using TPD, EELS,
ARUPS, and XPS. It was found that OH adsorbs only on
defect sites, consistent with the fact that no hydroxyl group
formation has been found on a cleaved NiO(100) single
crystal surface, which has only a very limited amount
of defect sites. Both dehydroxylated and hydroxylated
NiO surfaces show almost identical TPD spectra for NO,
consistent with the fact that NO adsorbs on ordered sites,
while OH prefers the defect sites.

Photoinduced desorption experiments of NO molecules
from NiO(100)/Ni(100) films, resolving the distribution of
energy on translational and internal degrees of freedom
and relating it to the adsorption geometry, have also
been carried out. The results of these experiments have
been interpreted on the basis of theoretical studies [95,
105-112].

NiO(100)/Ni(100) have also been studied using EELS
and ab initio calculations [98]. A comparison between the
EELS spectrum of the clean NiO(100) surface with spectra
of the OH-contaminated and the NO-covered surface is
provided in Fig. 8. The two peaks at 0.57 and 1.62 eV are
very sensitive to NO adsorption, but not to OH adsorption,
indicating that they are due to surface states, and that
these surface states are located at regular NiO surface
sites. On the basis of ab initio calculations, these surface
states were attributed to a d—d transition of the nickel
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Fig.8 Electron energy loss (EEL) spectra of clean NiO(100)/
Ni(100) and adsorbate-covered surface. (Adapted from Ref. [97],
with permission.)

surface ions [97). These states have been identified as > E
(0.59 eV), 3A; or *E, or a superposition of both (1.62 eV).

The adsorption of formic acid, ammonia, formaldehyde,
and alcohols on NiO(100)/Mo(100) has been studied using
TPD and HREELS [113-116]. Formic acid [113] adsorbs
associatively at 90 K and undergoes heterolytic dissocia-
tion upon heating to above 200 K to produce a formate
intermediate. The adsorbed formate species is proposed
to bond to a Ni cation site via one of the oxygen atoms
of the formate in a monodentate configuration. Upon
further heating, formic acid desorbs from the surface be-
tween 300 and 400 K via recombination of surface formate
and surface hydrogen. Methanol and ethanol [116] adsorb
associatively at 90 K and desorb reversibly upon heating.
Both alcohols are bonded to the Ni cation sites via their
oxygen atom with the methyl or ethyl group directed away
from the surface. No y (OH) loss feature has been observed
in HREELS, indicating the formation of strong hydrogen
bonds between the hydroxyl hydrogen and the lattice oxy-
gen. It has been proposed that the hydroxyl proton of
each alcohol fluctuates about the neighboring oxygen an-
ion sites, acting as a mobile proton. Formaldehyde [115]

4.5.3 Nickel Oxide 1315

adsorbs molecularly and desorbs upon heating to 350 K;
extensive polymerization of formaldehyde has been ob-
served. Monomeric formaldehyde is chemisorbed onto
Ni cationic sites in the oxygen end-on '(O) orientation,
leading to a shift of the y(CO) feature to 1650~ cm. A
n*(C, O) form of adsorbed formaldehyde is indicated by a
7(CO) loss feature at 1320~! cm in HREELS. Ammonia
adsorbs molecularly [117] via the nitrogen lone pair onto
the Ni caution site. The HREELS data show that the um-
brella mode of ammonia exhibits great charge sensitivity,
and that the frequency of this mode remains unchanged
as a function of NH3 exposure. Accordingly, the frequency
of the umbrella mode can be utilized as a fingerprint for
the nature of the cations of oxide materials, independent
of the ammonia adsorption geometry and coverage.

The interaction of CO with NiO(100)/Mo(100) has
also been investigated with IRAS [118]. Using isobars
constructed from measurements in a pressure range
of 107¢ to 102 Pa (1 x 1078 to 1 mbar), and over a
temperature range of 93 to 280 K, the isosteric heat of
CO adsorption has been determined as approximately
10.4 kcal mol~!, with the heat of adsorption decreasing
slightly with increasing CO coverage.

4532 NiO(111)/Ni(111)

The adsorption of hydroxyls on NiO(111)/Ni(111) has
been studied using EELS, XPS, ARUPS, and iso-
tope exchange experiments [98]. In contrast to the
NiO(100)/Ni(111) surface, the hydroxyl group has been
found to be bound on the regular site of the (111) sur-
face [98, 99, 119, 120]. This difference has been attributed
to the instability of the polar surface.

If a hydroxyl-terminated NiO(111)/Ni(111) surface is
heated, at around 500 K water desorbs and a rather
disordered c(2 x 2) LEED pattern can be observed.
This LEED pattern is related to the so-called octopolar
reconstruction of the clean NiO(111) surface, which leads
to a stable surface and has also been observed later for
NiO bulk systems. If properly treated with water, the
reconstructed surfaces can also be retransformed into the
hydroxylated surface.

The adsorption of NO on the hydroxylated and
dehydroxylated NiO(111)/Ni(111) surface shows very
different TPD behavior [121]. From the TPD area it has
been estimated that almost two-thirds of the surface area
is blocked by OH. Domen and coworkers investigated
the adsorption of CO (and in particular formic acid) on
this system using IRAS and sum frequency generation
(SFG). These authors identified intermediates of formic
acid bonding and its reaction partly using time-resolved
studies [122-125].

References see page 1333
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There are also reports on other rock salt oxide thin
film systems, such as CoO(111)/CO(0001), as well as
FeO(111)/Pt(111) ([307, 310] see below), but for details
of these studies the reader is referred to the literature
[121, 126-129, 307, 310),

454
Alumina

Aluminum oxide is a widely used support for heteroge-
neous catalysts. While aluminum oxide may crystallize
in various structures depending on conditions and
precursors used in its preparation, w-alumina is ther-
modynamically the most stable structure over a wide
temperature range.

4.5.4.1  Alumina/NiAl(110)
A thin, very well-ordered alumina film may be grown on
NiAl(110) [130, 131]. Both other low-index terminations
of NiAl (ie., NiAl(111)) as well as NiAl(100) lead
to oxide films that are not morphologically conform
(6,132, 133]. However, very uniform films may be
grown on NizAl(111) [134-136]. Epitaxial aluminum
oxide grown on NiAl(110) has been studied using LEED,
ELS, HREELS, XPS, ARUPS, and STM [12, 137, 138].

Density functional calculations succeeded in modeling
the structure which is shown in Fig. 9 [139]. The model
reproduces all available experimental data, including
the very detailed phonon spectrum of the material
(Fig. 10). The material is characterized at the top by
an almost coplanar Al—O layer, as it is predicted also
for alumina surfaces terminating bulk single crystal.
[ts structure is characterized by Al ions in different
coordinative environments, and may be compared with a
structure which is believed to exist on an oxygen-deficient
corundum surface. The oxide layer contains domain
boundaries, both regular domain as well as antiphase-
domain, which turn out to play an important role in
the reactivity of the film towards molecules and metal
deposits. The stoichiometry of the film is Al;gOy3. It is an
oxygen-deficient alumina.

The band structure along two azimuths (110, 100) has
been determined and compared to calculations, as shown
in Fig. 11 [130].
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Fig.9  The structure of alumina/NiAl (110) 139].
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Fig. 10 Infrared-active modes as calculated by DFT (broadened by
a Gaussian with a width of 20 cm ™) and high-resolution electron
energy-loss spectrum (HREELS). (From Ref. [342].)

Most molecules interact with the alumina surface rather
weakly. The adsorption of CO on alumina has been
studied with EELS (Fig. 12) [140]. The vibrational fine
structure of the energy loss peaks due to the 13"+ — a3p1
electronic transition of adsorbed CO has been clearly
resolved for the first time for adsorbed molecules at the
(sub)monolayer level. The EELS results for one monolayer
show larger line widths for the vibrational components,
and a higher excitation energy than for the multilayer. The
half-widths of the loss peaks have been used to estimate
the lifetime of the excited states.

NO, on the other hand, interacts with the flm by
forming compounds such as nitrites and nitrates at
higher exposures and room temperatures [141]. The
reaction appears to occur exclusively at the domain
boundaries in the film, as this reactivity may be completely
suppressed by selective decoration of the defect by Pd
metal deposition [142].

Pt clusters supported on alumina and CO adsorption
on the supported clusters have been characterized using
STM, SPALEED, ARUPS, HREELS, EELS, TPD, XPS,
and TEM [9, 120, 143-147]. The results showed that
the oxide film is strongly modified by deposition of Pt
onto the alumina surface, and that Pt is incorporated
into the oxide layer. In addition to CO desorption from
metallic Pt, a low-temperature CO desorption state has
been found which was attributed to Al, 04 [148] modified
by Pt. HREELS results show that CO is adsorbed on the
top site at small and intermediate CO coverages, while
at higher CO coverages the bridge site is also populated.
XPS results at 300 K show a peak at 284.8 eV, typical
for adsorbed carbon, in addition to a peak corresponding
to molecularly adsorbed CO. These results indicate that
dissociative CO adsorption occurs on small Pt clusters
even at room temperature,



1317

4.5.4 Alumina

Binding energy/eV
S o=] (23]
1 1 1

—
1]
1

Wave vector k; /A

Fig. 11
calculation of a 2-D O~ overlayer. (Adapted from Ref. [130].)

CO/Al,O4(111) =

ELS,E,=13ev £2

different o

coverages 8 E x2 |

a’n
-/m

| T T T T
40 50 60 70 80 90

Temperature [K]

Intensity

|
58 60 62 B4 B8 B8 WO T2 74
Energy loss/eV

Fig. 12 Electron energy loss (EEL) spectraof CO on p-Al; O3 (111)/
NiAlO3 (110) at different CO coverages. (Adapted from Ref. [140].)

Rhodium has been deposited on the same alumina
films using the control of the growth conditions to pre-
pare Rh particle distribution with different average particle
sizes [149]. The size distributions have been characterized

Band structure of -Al; O3 (111)/NiAI(110) measured by ARUPS. The solid line is the result of a tight binding band structure
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Fig. 13 COdissociation activity on alumina-supported Rh particles
as determined by XPS. Note that the behavior of the particles grown
at 300 K (triangles) is not fully identical to the behavior of 90 K
deposits (circles) [155, 156].

with STM [9, 150]. It is known from metal single-crystal
studies that CO adsorbs and desorbs molecularly on clean
low-index Rh surfaces [151]. On the other hand, conflict-
ing evidence has been reported from the catalytic literature
for the onset of CO dissociation as a function of particle
size [152—-154]. Some authors claim that CO dissociation
probably increases with increasing particle size, while
others report the opposite effect. Figure 13 shows the CO
dissociation probability as a function of particle size for
Rh deposits on alumina films [155, 156). The dissociation

References see page 1333
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most likely goes to zero for very small particles, in agree-
mentwith expectations from stable molecular Rh carbonyl
complexes, but it decreases for large particles, asymmetri-
cally reaching a value similar to stepped Rh single crystal
surfaces [157, 158]. In an intermediate regime the dis-
sociation goes through a maximum correlating with the
formation of rough particles, as indicated by their aspect
ratio. This result allows one to explain the observation of
decreasing or increasing CO dissociation probability on
real powder catalysts, if the exact average particle size is
not well known.

Much data have been accumulated for Pd deposition
on the alumina film [12, 16, 19, 159]. Figure 14 shows
STM images of particles of 6 nm average size with well-
resolved facets [160], although smaller particles, down to a
size containing only a few atoms, have also been studied.
Single Pd atoms have been imaged on the alumina
film [161]. Bimetallic alloy particles (Pd—Co and Pd—Ag)
have also been prepared, characterized and studied with
respect to reactivity [162—167].

Fig. 14 (a) A STM image (500 x 500 A?) of the aluminum oxide
film formed on NiAl(110) by oxidation. A step edge (S),
a reflection domain boundary (R), as well as an antiphase
domain boundary (A) are indicated. Tunnel current |y = —0.4 nA,
sample bias Vi =—1.3V. (b) A 650 x 650 A> image recorded
after deposition of =2 ML of Pd at room temperature. Palladium
clusters have nucleated preferentially at a step and at domain
boundaries. Both crystalline and less-ordered clusters are seen.
[y = —=1.0 nA, Vs = —0.9 V. Atomic-resolution images of crystalline
nanosize Pd clusters. (c) 95 x 95 A%, |, = —0.8 nA, Vi, = —5.0 mV.
(d) 45 x 45 A%, The resolution is kept a few layers down the
sides, allowing identification of the side facets. The dots indicate
atomic positions consistent with a (111) facet. |, = —1.8 nA,
Ve = —1.5 mV [160).

The adsorption and reaction of a variety of molecules
has been studied in detail, both under typical UHV-
conditions, in a molecular beam [19], and at elevated pres-
sures [168—179]. The most frequently studied molecules
are CO, NO, CH30H and C,H, involved in oxidation,
hydrogenation and oxidation dehydrogenation reactions.
Under no circumstances had CO dissociation been ob-
served for Pd/alumina [180] model systems [181], while
on real systems such observation has been reported [182,
183]. However, CO bond cleavage has been seen for
CH3;0H dehydrogenation on Pd/alumina [180]. Here,
detailed molecular beam experiments showed that the
cleavage occurs before the methanol molecule has been
fully dehydrogenated. The reaction happens very rapidly
at the edges and corner of the Pd nanoparticles. Figure 15
shows CO IR spectra taken before and after reaction with
CH3;OH. The CO probes the available sites at the surface
(which are indicated in the figure), and it is clear that
the deposited carbon blocks the edge and Pd(100) sites.
Similar results indicative of the influence of step edges
on dissociation have been found for NO [184]. Indications
are found that, in this case, the dissociation products
enhance the chemical activity of steps.

A number of studies have also reported on the morphol-
ogy and structure of Ag (147, 185-187), Au [188~191] and
alloy particles on alumina. It is interesting to note that
Au, at room temperature, shows a higher degree of dis-
persion in comparison with Ag. The electronic structure
of the coinage metal clusters has been investigated using
photon-scanning tunneling microscopy [147], and the de-
pendence of the plasmon on metal, size and alloying has
been determined.

It should be noted in passing that the IR spectra of CO
as local probes on Pd/alumina model systems may be
compared with equivalent data for deposited Pd particles
created through wet impregnation from precursor salts
on real powder catalysts [192]. When chlorides or nitrates
are being used, Lear etal. [192] have shown that there
are differences observed that likely stem from precursor
residues. The IR spectra of Pd/alumina model systems
compare well with real powder catalyst when Pd deposits
have been created through the decomposition of Pd(N3),
and the metal particles do not contain precursor residues.
Dellwiget al. [171] have been able to report vibrational data
of CO as a probe molecule on Pd nanoparticles deposited
on alumina films as a function of pressure probing from
UHV (10719 torr) to 6 x 10* Pa at room temperature.
While differences do exist between CO spectra taken
at different pressures, and also with respect to equivalent
data taken on Pd(111) (which is the orientation of the most
abundant facet of the studied Pd nanoparticles), there is
no indication for so-called “high-pressure species” in
this case [181]. The spectra are also fully reversible as a
function of pressure.
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Fig.15 (a) STM image of the Pd particles grown at 300K
on Al03/NiAI(110) (20 nm x 20 nm) (from Ref. [343]). (b) RAIR
spectra for CO adsorbed on Pd/Al, O3 /NiAl(110) (sample temper-
ature 100 K, after CO exposure at 300 K); R = reflectivity: open
symbols, immediately after preparation; solid symbols, after pro-
longed exposure to methanol at 440 K [180].

Ethene hydrogenation has been used as a sample
reaction to show that the reactivity on nanoparticles
is very different to that on single crystals [18, 174,
192-195]. While ethene is not hydrogenated on Pd(111)
under UHV conditions, this reaction readily occurs on
mainly (111)-terminated Pd/alumina nanoparticles. The
reason is simply the influence of subsurface hydrogen at
reaction temperatures controlling the nature and amount
of the surface hydrogen. Whilst on a bulk single crystal
subsurface hydrogen can “escape” into the bulk, in the
nanoparticle hydrogen is confined to regions near the
surface at all times. This example clearly shows that
care must be taken when assuming that single crystal
surface studies are always good models to understand
processes on particles. In contrast, we are in a position to
study how the reactive properties of single crystals evolve,
from studies of reactions as a function of particle size.
Silvestre-Albero et al. [177, 196, 197] have recently studied
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butadiene hydrogenation on Pd/alumina model systems
as a function of particle size. The measured kinetics
show pronounced, characteristic differences between
smaller (<5nm) and larger particles. While the latter
particles show a clear correspondence to Pd(111) single
crystal surfaces, the former exhibit very different kinetics,
providing direct proof that extrapolation from single
crystal data to data on facetted particles is not only possible
but also provides a limit in size.

The thin alumina films may be chemically modified
by hydroxylation [198, 199]. The influence of chemical
modification on nucleation, growth and thermal stability
of metal deposits is substantial. Both, Rh and Pd have
been investigated; in the case of the former, the metal
appears to be oxidized and hydrogenation from the OH
groups may be desorbed from the metal particle. As
the amount of hydroxyls increases, the dispersion of the
metal is increased. At the same time, the temperature at
which particle sintering becomes appreciable is raised by
100 K [200).

Although thin-film oxide supports are generally well-
suited to act as model supports for heterogeneous model
catalysts, it has recently been predicted by Pacchioni
et al. [201] that there are particular combinations of metals
on top of thin oxide films where there is a strong
interaction between the deposited metal and the metal
crystal supporting the oxide film. This prediction is quite
in line with a very early suggestion by Mott [202], which
hinted that electrons tunneling between the metal to be
oxidized [202] and the growing interface of an oxide film
may be rate-limiting. Kulawik et al. [203] recently showed
that Au atoms evaporated onto the thin alumina film on
NiAl(110) nucleates on Al sites due to this interaction with
the substrate, as opposed to oxygen sites which would be
the preferred site for Au adsorption on bulk alumina. Pd
atoms positions on the film, on the other hand, seem
not to be influenced by the underlying metal support,
as was also predicted theoretically. Furthermore, in the
case of Au on alumina caused by interaction with the
underlying metal, the system grows a linear arrangement
of Au atoms (see Fig. 16), although without strong direct
Au—Au interaction. The formation of the chains is also
mediated by the substrate. The results of this study show
that care must be taken in choosing appropriate model
systems.

In addition to attempts to model dispersed supported
metal catalysts, there is increasing activity to model
supported oxide catalysts —that is, systems where,
for example, a reactive transition metal oxide is
supported on a simple metal oxide support. One of
the most extensively studied systems appears to be
VO, /alumina/NiAl(110) [17, 204-209].

References see page 1333
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Fig. 16 STM images (43 x 43 A%) and according height profiles of
a Au monomer (a) and self-assembled Au chains containing two
to five atoms (b)—(e) on an alumina film on NiAl(110). The STM
images are recorded at negative sample bias V., whereby V. is
chosen either well above (left side) or close to (middle) the highest
occupied state of the Au chain, as determined by STS [203].

Magg et al. [204-207] have studied the morphology and
spectroscopy of vanadium oxide deposits on the thin
alumina films prepared by depositing vanadium in a
reactive oxygen atmosphere. The transition metal oxide
forms clusters which eventually cover the entire alumina
surface, but not a continuously wetting film. From a
combination of experimental results, together with DFT
calculations, it was concluded that the nanoparticles are
close to V03 stoichiometry with average oxidation state
V3T, but exposing vanadyl groups at the surface, similar
to a V;03(0001) surface, when treated in oxygen. This is
unexpected for V,03, as the material does not contain
vanadyl groups within the bulk structure. Indeed, it is
a pure surface effect. Until the results on V,03(0001)
surfaces were published it was assumed that the presence
of vanadyl groups is characteristic for V,0s5, which does
contain such groups within the bulk structure. The
vanadyl groups were identified via their IR spectrum.

On the basis of DFT calculations, a band characteristic
for the VO, falumina system around 950 cm ! could be
assigned to V—0O—Al interface vibrations [206], and this
made necessary a reassignment of Raman data taken on
corresponding powder catalysts.

4542 Alumina/NizAl(117)

Via the oxidation of a Ni3Al(111) surface, a smooth,
continuous alumina film may be grown which appears to
have a similar thickness as compared to the alumina
film on NiAl(110). This system has been extensively
investigated by Wandelt and coworkers using LEED,
AES, EELS, and STM [134-136]. Although a conclusive
and detailed structure of the alumina layer has not
yet been published, attempts have been made to
hydroxylate the film both under UHV as well as ambient
conditions [210-213]. STM data obtained suggest that at
elevated water pressures the film roughens and is indeed
hydroxylated.

One remarkable property of the alumina film on NizAl
is its ability to nucleate metal particles in an almost
regular hexagonal array. While data exist for different
metals [214], the effect is particularly pronounced for V
(see Fig. 17).

4543 AlLO3(111)/Ta(110)

The heteroepitaxial growth of thin aluminum oxide films
on Ta(110) has been studied [215] using 1SS and LEED.
The initial film growth was found to be largely two-
dimensional, with LEED results indicating the formation
of a long-range ordered epitaxial Al,O3; film with a
slightly distorted (8 = 117.9°) hexagonal lattice. A detailed

structural analysis showed that the observed hexagonal

pattern can be interpreted as being due to an ordered,

Fig. 17 STM image of V clusters on Al;O3/NizAl(111) grown at a
substrate temperature of Ty, = 550 K. The image was taken at a
bias voltage of U, = 0.7 V. The tunneling current was /, = 100 pA
in both cases. The image size is 125 x 125 nm [214].



close-packed oxygen anion layer associated with either
the (0001) face of «-Al,O3 or the (111) face of y-Al;03.
Chemically, the Al;03(111)/Ta(110) film is very inert
towards a variety of gas molecules, indicating that there
are no unsaturated surface bonds.

4544 AlLO3(111)/Mo(110) and Cu/Al;03(111)/Mo(110)
Thin Al,O; films of various thicknesses have been
prepared at room temperature on a Mo(110) surface [216].
Film growth, carried out in an oxygen background
pressure of 107* Pa, was studied using AES, LEED,
and HREELS. The AES results show the formation of
a stoichiometric Al;O3 film, without any indication of
metallic aluminum. LEED studies of very thin Al; O3
films (daj,0, < 8 A) showed a hexagonal pattern which
was interpreted as described above for Al;O3/Ta(110).
The growth of particulate Cu deposits on these Al;03
films has been investigated in the 80 to 800 K substrate
temperature range [216]. The films used to support the
Cu particles were typically 20 A thick, and exhibited
excellent thermal stability and chemical inertness toward
adsorption. Although particulate metal deposits prepared
at relatively low substrate temperatures exhibit smaller
average particle sizes and higher particle densities than
those prepared at higher temperatures [217-219], the low-
temperature preparations are unstable and undergo a
major change in morphology and size upon annealing or
chemisorption. It was shown that, in order to prepare
thermally and chemically stable particles of catalytic
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interest, it is imperative to carry out the metal deposition
at elevated substrate temperatures [216].

TPD spectra of Cu deposited onto an Al;O3 film at
various substrate temperatures (7;) show a shift of the
peak maxima to higher temperatures and a narrowing of
the TPD peak as 75 is increased. It was suggested that the
broad TPD peaks observed at low substrate temperatures
contain more components and thus reflect a broader size
distribution of the Cu particles. Auger measurements
showed that Cu particles prepared at 75 = 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 Cu particles prepared
at 7, = 80 K. A family of TPD spectra of Cu deposited
at 7, = 600 K is plotted in Fig. 18 as a function of the
Cu coverage in equivalent monolayers, 6c,. The leading
edge of the TPD peak shifts continuously toward higher
temperatures as fc, is increased. At the same time, the
TPD peak width remains approximately unchanged as
Bcy 1s varied over many Cu multilayers. The inset in
Fig. 18 shows that the heat of sublimation of Cu particles
decreases rapidly from its bulk value of 80 % 3 kcal mol !
at Oy &~ 1.2 to 49 keal mol ™! at B¢, & 0.2. This has been
attributed to a decrease in the number of neighboring
Cu atoms as the Cu particles become smaller. The
average size of the Cu particles estimated from the
Auger measurements compares favorably with direct
measurements made by TEM.
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Fig. 18 A family of TPD spectra of Cu deposited on Al; O3 films at T; = 600 K as a function of equivalent monolayers, fic, = : (a) 0.16;
(b) 0.33; (c) 0.50; (d) 0.67; (e) 0.98; (f) 1.25; (g) 1.55; (h) 2.09. The inset shows the heat of sublimation, derived from the leading edge
analysis of the spectra, as a function of Cu coverage in equivalent monolayers.
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The reaction of nitric oxide and carbon monoxide with
particulate Cu deposits supported on Al; O3 films has
been studied using TPD and HREELS [216]. The surface
was exposed to a ’NO/CO gas mixture with a ratio
of 1:1. At fcy = 2.7, corresponding to a cluster size of
~105 A, desorption of the parent molecules of >NO and
CO and the gaseous products N, and "N,0, due to
1°NO decomposition, are observed in TPD. A small CO,
desorption peak is also observed at temperatures between
approximately 150 and 250 K, indicating reaction between
CO and NO on the supported Cu particles. For small
Cu coverages, Ay, = 0.67, a CO; desorption peak was not
observed. However, since the CO; yield is very small,
the effect of particle size on CO; production is unclear.
Exposure of the clean surface to the "N, /CO gas mixture
gives rise to several adsorbate HREELS features in the
1000 to 2500 cm~! frequency range. Similar to the case
for "NO adsorption, the losses at 1255 and 1465 cm™!
were attributed to the v(">NO) mode of adsorbed >NO
and N, 0, respectively. The peak loss at 2110 cm~—! was
due to excitation of the carbon-oxygen stretch v(CO) of
adsorbed CO.

455
Silica

Silica is an important catalyst material that is used in
many commercial systems as a support [1]. Clearly, a key
to the preparation of silica-based model catalysts is the
ability to synthesize well-defined thin films of SiO;.

4.5.5.1 SiOz/Mo(110)

Thin SiO, films may be synthesized on a Mo(110)
substrate by evaporating silicon onto the substrate at
room temperatureina 5 x 10~* Pa O background. Such
a thin Si0O; film has been studied with AES, EELS, and
IRAS [220, 221]. AES shows that both silicon and silicon
dioxide are formed in the intermediate oxygen pressure
of 10™* Pa. The Auger spectra and the relative intensities
of silicon and oxygen do not change for films prepared
at oxygen pressure greater than 5 x 10~* Pa, consistent
with the production of only a silicon dioxide film at
the higher oxygen pressure conditions. The silicon and
silicon dioxide species are differentiated based on their
characteristic Auger transition energies and line shapes.
Silicon dioxide has characteristic LVV Auger transitions
at 76, 63, and 59 eV, whereas silicon has a major Si(LVV)
peak at 91 eV [222, 223]. In addition, an Auger transition
energy of 85 eV has been observed for the SiO species
on platinum [224] and on silicon [225]. The presence of
Si0 (silicon monoxide) in the silicon oxide films can
be ruled out on the basis of the absence of an Auger
transition at ~85 eV [224, 225]. Such species have only

been proposed to exist at the Si—Si0; interface [226, 227].
Furthermore, the line shapes, the peak energies of the
Auger electrons, and the electron energy loss spectra
are consistent with those of silicon dioxide. The electron
energy loss spectrum for the silicon dioxide films after
annealing to 1200 K displays features identical to those of
vitreous silica.

The silicon oxide films prepared at room temperature
exhibit additional low-energy electron loss features at ~5
and 7 eV. These features are attributed to a local structure
with broken Si—O bonds in tetrahedra of [SiO4] [228].
Defect-free vitreous silica consists of [Si04] tetrahedra
connected by an oxygen bridge to form a long-range 3-D
network. Thus, the =5 and 7 eV EELS features indicate
some smaller size [SiO4) networks,

The intensity of the electron energy loss features at
~5 and 7eV is significantly decreased upon heating,
and completely disappears after annealing to 1200 K.
This behavior demonstrates that the silicon dioxide films
undergo structural reorganization to form a long-range
3-D network of [SiOy4].

IRAS further illustrates the structural changes that
occur when the silicon dioxide films are annealed. The
asymmetric stretch motion of the Si—0O bonds appears 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 gradually shifts to higher frequency
upon heating, and reaches a maximum of 1252 cm™~! as
the silicon dioxide film is annealed to 1100 °C.

4552 SiO2/Mo(211)

Ordered silica films can be grown on Mo(211), as
has been described by Schroeder et al. [229-232). This
film, which exhibits a sharp c(2 x 2) LEED pattern,
was found to have a thickness of 1 ML as estimated
from AES intensity attenuation of the Mo(MNN) feature
(187 eV) and self-limited growth properties [233, 234].
The orientation and growth of benzene and pyridine
were used to characterize the quality of the SiO; films
via HREELS, AES, and LEED [235]. A single vibrational
mode corresponding to the Si—O asymmetric vibration
(assigned to a Si—O—Mo) led these authors to propose
a structure consisting of isolated [Si04] units, as shown
in Fig. 19a [233]. Based on more recent studies of the
phonon spectrum and electronic calculations [236], the
structure has been proposed to be that shown in Fig. 19b.
This structure, in contrast to that of Fig. 19a, consists of
a 2-D network of SiO4 tetrahedra where one oxygen is
bound to the metal substrate and the other three form a
hexagonal honeycomb structure [236]. Resolution of the
true structure of monolayer SiO;/Mo(211) is a subject of
ongoing experimental and theoretical studies.
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Fig. 19 (a), (b). Top- and side-views of the structural models of
isolated [SiO4] and 2-D network for Si0; (1 ML) /Mo(112).

4553 Cu/SiO2/Mo(110)

Model silica-supported copper [237-239] catalysts have
been prepared by evaporating copper onto a silica thin film
grown on MgO(110). The preparation conditions control
the corresponding metal particle dispersions or average
size [238, 239]. The structure of the model silica-supported
copper catalysts has been investigated with IRAS and
STM [237, 238]. When deposited at 100 K, copper initially
forms a 2-D structure on silica; however, annealing in-
duces the ultrathin copper films (<3 ML) to form small
clusters. The unannealed copper films have a significant
density of low-coordinated copper sites, whereas the an-
nealed films consist of copper clusters with structures
similar to low-index [(111), (110)] and high-index copper
planes [(211) or (311)]. The distribution of the facets de-
pends upon the initial copper coverage [237-239]. The
desorption energy of copper from the SiO; is found to
depend markedly on copper coverage (cluster size). A
small amount of copper (<0.1 ML) is partially oxidized
at the Cu/SiO; interface, with the remainder forming
3-D-clusters. Carbon monoxide desorbs in a single peak
centered at approximately 210 K from the unannealed
copper film, but in several peaks centered between 150
and 220 K from the annealed film. The CO desorption
energy depends heavily on the CO coverage, varying from
approximately 17 kcal mol ™! at the low coverage limit to
approximately 1.0 kcal mol~! near CO saturation.

4554 Pd/SiO2/Mo(110)

The adsorption and reaction of CO on silica-supported
palladium catalysts over a wide range of temperatures
and pressures have demonstrated continuity between
catalysis on Pd single crystals [240, 241] and on Pd small
particles. The kinetics of CO oxidation at low and high
pressures were also shown to be comparable [242, 243]. Pd
overlayers of varying thickness on the thin silica films were
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annealed to 900 K prior to the CO adsorption experiments,
producing small metal particles in the range of 30 to
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 shown in Fig. 20 for
Pd coverages of 1.0, 7.0, and 15 ML. The Pd particle size
was determined by chemisorption methods [242, 243]
and verified using scanning probe techniques. For dif-
ferent Pd coverages, three distinct absorption features
corresponding to CO adsorbed onto threefold hollow
(1880 cm™ '), bridging (1990 cm™!) and atop (2110 cm ™)
configurations are observed. At 8pg = 1.0 ML the domi-
nant absorption feature corresponds to CO adsorbed onto
an atop position, while the peaks originating from three-
fold hollow and bridging CO are broad, suggesting a
non-homogeneous distribution of these adsorption sites.
Increasing the Pd coverage to 7.0 ML and then to 15 ML
results in a sharpening of the absorption features and
the dominance of the peak originating from CO adsorbed
in the bridging positions. These results demonstrate that

Peo =108 torr

T=100K

Pd(111)

Pd(100)

Pd/Silica/Mo(110)
o(Pd)

Absorbance

15 ML

1ML

| | | 1 |
2100 2000

Frequency/cm™!

|
2200 1900 1800

Fig. 20 A comparison of IR reflection-adsorption 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 107 torr.
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the larger particles have well-defined crystal orientations,
whereas the smaller particles have a wide distribution of
adsorption sites. A comparison of the IR spectra of equi-
librated CO overlayers obtained from the Pdjs p/SiO;
sample and from the Pd(100) and Pd(111) single crystals
reveals striking similarities. The stretching frequencies of
adsorbed CO on the model Pd/SiO; catalyst (Fig. 20) are
identical to the comparable 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. The formation of metal particles with these
Miller indices is thermodynamically favored.

The specific activities of the single crystal and the
supported catalysts for CO oxidation are essentially
identical [242]. The apparent activation energies for
the relatively large particles (fpg > 2 ML) are similar
(=27 keal mol ™), but somewhat lower (225 kcal mol™1)
for the smaller particles (0.6, 0.3 ML). The apparent
activation energies for three Pd single crystals with
different orientations are similar [240-243] but distinct:
29.4 4 0.3 kcal mol~! for Pd(100), 28.1 + 0.4 kcal mol !
for Pd(111), and 30.7 & 0.5 keal mol ™! for Pd(110).

The effect of palladium particle size on the catalytic
properties was investigated utilizing the decomposition of
chemisorbed NO and reactions of NO with CO in flowing
conditions. >NO was used in order to differentiate N5
from CO and N,O from CO; with mass spectrometry.
Following a saturation "NO exposure on the large
particles, ’NO desorbs in three peaks centered at 315,
515, and 595 K, while °N; is produced in peaks at 545,
595, and 690 K, and "N, is evolved in a peak at 545 K.
The 545 K N, peak is attributed to the fragmentation
of N30. On small palladium particles (=50 A), >N,0
is not produced, >NO desorbs in two peaks at 310 and
515 K, and Nj is evolved at 530 and 670 K. The relative
yield of N; with respect to >’ NO desorption (above 400 K)
decreases as the particle size grows (from ~50% for
30 A to 220% for 250 A particles), suggesting less NO
decomposition on the larger particles. In addition, the
formation of N;O on the larger particles correlates with
the appearance of the NO desorption peak at 595 K.
There is no detectable Oz evolution below 1000 K for
all sizes of palladium particles. However, Oy desorption
is observed in a peak at ~1250 K, concurrent with the
desorption of palladium. Therefore, the oxygen from NO
decomposition is apparently dissolved into the bulk of the
palladium particles.

The reaction of CO with NO under flowing conditions
further demonstrates a particle-size effect. The relative
rate of product evolution was monitored with a quadrupole
mass spectrometer during reaction with flowing >NO
and CO (1:1) at 10~* Pa. The reaction rate increases with

increasing catalyst temperature, reaching a maximum
at ~580 K, and then declines. On the large palladium
particles, the maximum rate of '>N;0 evolution occurs
at 570 K, some 10 K lower than the maxima for both
CO; and Nj production. On the small particles (<50 A),
15N, 0 is not produced during the steady-state reaction
of a 1:1 mixture of ’'NO and CO. Nj is produced by
NO dissociation and atomic nitrogen recombination, and
CO; is produced from the oxidation of CO. The residence
time for CO and NO decreases with temperature, whereas
the reaction rates increase with temperature leading to an
optimum of about 580 K where product formation rate is
maximized.

Both the decomposition of NO and the reaction of
NO with CO show that the reaction channel for N,O
formation is not available on the small particle (<50 A).
The formation of N; O requires the simultaneous presence
of adsorbed NO and atomic nitrogen at sufficiently high
coverages. The temperature-programmed reaction spectra
show that the dissociation of NO occurs along the trailing
edge of the main NO desorption peak at 515 K. The
formation of N;O 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
N3O formation by NO combination with atomic nitrogen.
On extended single crystal surfaces, N, O is also formed
during the decomposition of NO [244-246]. However, the
decomposition of NO and the formation of N> O correlates
with the presence of step/defect (low-coordination) sites
on the single crystal surfaces [244—247]. 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
below 520 K [246, 247], whereas on particles with a variety
of low-coordinated sites, NO can decompose to atomic
nitrogen and oxygen on some sites, or can be more
strongly adsorbed (595 K desorption state) at other sites.
The presence of both sites on the large Pd particles, a
strong adsorption site for NO, and a second site that
promotes decomposition, provides a mechanism for the
formation of N5O. The absence of the N;O on the small
palladium particles 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
to be decomposed to atomic oxygen and nitrogen at
lower temperatures. The presence of atomic oxygen and
nitrogen in the near-surface region will probably further
decrease the NO adsorption energy.
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Au nanoparticles formed by deposition of Au onto a well-
ordered SiO; film on Mo(211) are very prone to sintering
[248, 249]. This effect can be suppressed by replacing Si
atoms in the SiO; network by Ti atoms, which may be
prepared by evaporating Ti onto the SiO; film followed
by an anneal [248, 249]. In an STM image acquired subse-
quently (Fig. 21a), the Ti atoms show up as bright spots.
Au evaporated onto this Ti—Si0; surface form clusters
that reside on top of the Ti defect sites (Fig. 21b). Further
evaporation of Ti onto the surface of Fig. 21a leads to
the formation of needle-like islands of TiO, on the silica
network (see Fig. 21c). Au evaporated onto this surface
decorates exclusively as clusters at the termini of the
titania islands (as shown in Fig. 21c) and is extremely
resistant to thermal sintering. The origin of the unusual
stability of the Au clusters is not fully understood, but
is thought to relate to the unusual strong interaction
between Au and the TiO, structures arising from the
enhanced defect density at their termini.

456
Titania

Titania is an important reducible oxide which often is
used as a catalyst/photocatalyst or as a catalyst support.

20.00 nm
10.00 nm
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Thin films of titania with various stoichiometries have
been prepared on single crystal surfaces of Mo(110),
Mo(211), Pt(111), Ni(110), and W(100). These thin-
film preparations, along with their bulk single crystal
counterparts, have been extremely valuable in developing
an understanding of the role of surface defects in
the surface chemical properties of this important oxide
material as well as the role of defects in nucleating and
stabilizing supported metal clusters.

4561 TiyOy/Mo(100), Mo(110), Pt(111), Ni(110), W(100)
Ultrathin (<100 A) titanium oxide films can be synthe-
sized on the Mo(100) surface [250]. Epitaxial growth with
varying film thickness were revealed by ISS, XPS, and
AES. LEED showed a (2,/2 x /2)R45° diffraction pat-
tern, whereas STM images showed that the TiO; films
were ordered along the [010] and [001] directions of the
Mo(100) substrate. XPS data revealed that unannealed tita-
nium oxide films exhibit only a Ti** valence state, whereas
annealed titanium oxide films are partially reduced and
exhibit Ti*+ and Ti** states.

Ordered titanium oxide films can also be grown
epitaxially on a Mo(110) substrate [251, 252]. Using
various synthetic methods, TiO(100) or Ti;O3(0001)

References see page 1333
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Fig. 21

3-D STM images of (a) TiOy (8%)~SiOz; (b) Au (0.04 ML)/TIO,(8%)—SiOg; (c) Au (0.08 ML)/TiO, (17%)-SiO3, showing that

both Ti defects and TiO, islands play a role as nucleation sites for Au clusters [248].
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were synthesized, as evidenced by (1 x 1) rectangular
and (1 x 1) hexagonal LEED patterns, respectively, with
supporting data from AES and XPS. STM indicated
layer-by-layer growth at 900 K, and the presence of flat
terraces with three different orientations. The spacings
between the neighboring atomic rows for all terraces
were similar (0.65 nm), suggesting epitaxial growth of
TiO3(110)-(1 x 1). TiOy films have also been grown on
Pt(111) [253], Ni(110) [254, 255] and W(100) [256].

4562 AufTiOx/Mo(211)

A well-ordered monolayer titanium oxide film, Mo(112)-
(8 x 2)-TiOy, can be synthesized on the Mo(112) sur-
face [77, 257]. The TiO./Mo(112) film was synthesized
by depositing ~1 ML Ti onto a SiO3(ML)/Mo(112) fol-
lowing subsequent oxidation/annealing. A final anneal at
1400 K completely removes the SiO; film and any resid-
ual 8i. The TiO, film so formed exhibits a very sharp
(8 x 2) LEED pattern (Fig. 22), and a very smooth and
well-ordered surface that exhibits relatively large terraces,
as seen by STM images (Fig. 22). The thickness of this
TiO, film is estimated to be one monolayer, based on
the attenuation of the AES intensity of the Mo MNN
(187 eV) feature. The (8 x 2)-TiO, film can also be syn-
thesized by the step-wise direct deposition of Ti onto an
oxygen-covered Mo(112) surface followed by subsequent
oxidation—annealing cycles. However, the quality and
reproducibility of the film derived from the direct deposi-
tion method are not comparable to that grown on a §i0;
film. A single phonon feature at 84 meV, related to the
Ti—0O stretching mode, was observed for the (8 x 2) struc-
ture. This feature was assigned to Ti** —O—Mo and/or

Ti**—O—Ti** based on HREELS and XPS data [77, 257).
A row spacing of 0.9 nm, corresponding to two rows of
the Mo(112) trough along the [—110] direction, is seen by
STM (Fig. 22), consistent with the observed (8§ x 2) LEED
pattern (Fig. 22). A high-resolution STM image shows a
double-row feature with a spacing of 0.9 nm. A possible
structural model for the Mo(112)-(8 x 2)-TiO, surface
is shown in Fig. 22 in which seven Ti atoms decorate
every eight Mo atoms along the Mo(112) trough (the [—1
—11] direction). The Ti atoms are bound to the surface
via Ti—O—Mo bonds, and to each other via Ti—O—Ti
linkages [77, 257-259].

On the rutile TiO;(110) surface the two Ti atoms nearest
to an oxygen vacancy are reduced to Ti*t, whereas for the
(8 x 2)-TiO, surface there is a full monolayer of reduced
Ti** sites [77, 257]. Accordingly, strong binding between
deposited Au and the TiO, surface is anticipated. Indeed,
upon deposition of Au onto this (8 x 2)-TiO, surface fol-
lowed by an anneal at 900 K, well-ordered Au monolayer
and bilayer structures form with Au completely wetting
the surface [77, 259]. The two ordered structures, desig-
nated as (1 x 1) Au—TiO, mono- and (1 x 3) Au—TiO,
bi-layer, respectively, are shown schematically in Fig. 23a
and b[77, 259]. Temperature-programmed desorption
(TPD) indicates that the Au—TiO, interaction is much
stronger compared to the Au—Au interaction [259]. Ki-
netic measurements for the catalytic oxidation of CO
show that the (1 x 3) Au—TiO, bilayer is significantly
more active (by more than an order of magnitude) than
the monolayer (see Fig. 24), and is about 45 times higher
than that reported for the most active high-surface-area
Au/TiO; catalyst [77, 260].

40 % 40 nm?

Fig.22  (a) An atomically resolved STM image and a structural model for Mo(112)-(8 x 2)-TiO,. The insert shows a (8 x 2) LEED pattern.



Fig.23 (a) A structural model of the (1 x 1)-(Au,TiO) monolayer;
and (b) a structural model of the (1 x 3)-(Au, TiO,) bilayer [77,
257,259).

|

J
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Au coverage/ML

Fig.24 Catalytic activity for CO oxidation as a function of Au
coverage on the Mo(112)-(8 x 2)-TiO, at room temperature [77].

4.5.7
Chromia

Chromium(III) oxide, Cr;O3, is one of the most
active oxide catalysts and catalyzes reduction of NO,
hydrogenation of alkenes, dehydrogenation of alkanes,
alkene polymerization, and methanol synthesis.

4571 Cr03(111)/Cr(110)

Epitaxial Cr; O3 films can be grown on the Cr(110) sur-
face by oxidation of the Cr(110) surface at 550 K and
10~* Pa 0;. The Cr03(111)/Cr(110) surface and its ad-
sorption behavior have been extensively characterized [98,
261-265].

LEED, STEM, and RHEED studies [261, 266—269] show
the presence of a rhombohedral, epitaxial Cr;O3 oxide
film with its (111) surface parallel to the Cr(110) surface
of the substrate. The ARUPS, XPS, and NEXAFS results
show that both occupied and unoccupied states for this

4.5.7 Chromia 1327

film are very similar to those of the bulk Cr;0; oxide.
The band structure of the film, measured by ARUPS,
shows a pronounced dispersion along the surface normal,
indicating the formation of a 3-D band structure, despite
a thickness of only 6 nm. The vibronic structure of this
film, as determined by HREELS, compares well with the
vibronic structure of the bulk oxide measured by IR.
Electron energy loss spectra, combined with adsorption
experiments, have shown that the Cr ion in the surface
layer has a different oxidation state than in the bulk.
The adsorption of Oy, CO, NO, CO;, NO;, H;0 on
the Cr;03(111)/Cr(110) surface has been studied using
LEED, TPD, ARUPS, XPS, NEXAFS, ELS, and HREELS,

Chromium oxide, under reducing conditions, is
terminated by half a Cr ion layer depolarizing the (0001)
surfaces. If the surface is exposed to oxygen, a molecular
oxygen species is formed which then transforms into
chromyl groups with Cr=0 double bonds [270].

The chromyl bonds have a very characteristic vibrational
bond at 1040 cm~!. Chromyl-terminated surfaces show
considerably less tendencies for adsorption than the
metal-terminated, reduced surface. Reduction can be
achieved by heating in vacuo.

CO has been found to be only weakly chemisorbed
(T3 = 160 K) on the surface, forming an ordered (v/3 x
V3)R30° structure. Upon saturation of the surface with
0,, CO is not adsorbed, indicating that CO adsorbs
on Cr-terminated sites. The adsorption geometry for
CO was determined from the ARUPS and NEXAFS
measurements, and confirmed via ab initio calculations
[273, 274, 276]. Figure 25 shows ARUPS results, taken
with a fixed angle (90°) between the incident light beam
and the direction of the electron detection. The incident
light angle with respect to the surface normal has been
varied from 10 to 80°. The peaks at 11.8 and 14.3 eV
have been attributed to the emissions from the 40 and
5¢ valence states of CO. Since the o valence states of CO
emit strongest along the molecular axis when the electric
field vector of the exciting light is along this axis, these
results indicate that CO lays flat on the surface. Consistent
with this adsorption geometry, only a very weak signal
of CO vibration has been observed in HREELS. The
intensity of the 7 resonance does not change significantly
with increasing angle of the incident light in NEXAFS.

Starting from this structure, photodesorption studies of
CO resolving the translational and internal degrees of free-
dom of the desorbing molecules including the orientation
of the rotational axis have been undertaken [271-278].
Depending on rotational excitation, cartwheeling as well
as helicoptering molecules are desorbed.

NO also adsorbs molecularly on this surface, but
desorbs at 350 K. As determined by ARUPS and NEXAFS,

References see page 1333
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Fig. 25  (a) ARUPS spectra of CO an the Cr; O3 (111) /Cr(110) surface; (b) the proposed structure of CO an Cr, O3 (111)/Cr(110). (Adapted

from Ref. [262].)

NO is tilted by 30” with respect to the surface normal.
The photodesorption of NO has also been studied [279].
By contrast, NO; and CO; react with the surface even
at 100 K. At low NO; exposures and low temperatures,
NO; dissociates to NO and O, while at higher NO, doses,
N0y starts to form on the surface. CO; reacts with
the surface at 100 K, forming carboxylate in addition to
physisorbed CO;. From NEXAFS, ARUPS, and HREELS
measurements, it was determined that carbonate is bound
to the surface in a bidentate configuration. H,O either
physisorbs or chemisorbs molecularly on the surface, but
dissociates to form adsorbed OH in the presence of defect
sites or under the influence of photon irradiation.

Adsorption of Na on Cr;O3(111)/Cr(110) has been
studied by Ventrice et al. [264] using HREELS and ARUPS
(Fig. 26), and photodesorption of K from the same
surface by Wilde etal. [280]. The presence of 2 ML
Na almost completely quenches the optical phonon
branch, indicating the metallic nature of the adsorbed
Na. Adsorption of CO; or H;0 on this Na-precovered
surface completely restores the optical phonon peak. Since
ARUPS does not show any recovery of emission from
Cr,0;3, these results clearly indicate a metal-to-non-metal
transition. This is supported by the ARPES results, which
show a suppression of emission from the Fermi level, the
disappearance of the LVV Auger transition, and a shifting
to higher binding energy of the Na(2p) emission upon
compound formation during coadsorption.

458
Vanadia

In recent years a number of groups have started to
investigate thin vanadium oxide films [281-287]. The vast
majority of studies have been carried out for V,03(0001)
surfaces. Here, we will concentrate on this particular
surface and only mention in passing that some studies
have been conducted on a variety of stoichiometries
that are found on Rh(111) [285] and Pd(111) [282-284]
supports, as well as thin V,05 films [288].

4.5.8.1 Vanadium Sesquioxide

V;03(0001) surfaces have been prepared by reactive metal
deposition on a number of metal substrates including
Au(111) [281, 286, 287], W(110) [286], Rh(111) [285], and
Pd(111) [282-284]. Figure 27 shows an STM image of
a V,03(0001) surface [208]. V,03(0001) is isostructural
to Crz03(0001). We therefore expect a metal-terminated
surface with half of the ion positions filled. However,
vibrational spectroscopy has indicated that each of the
metal ions is doubly bound to oxygen atoms, forming
VO tetrahedra with the vanadyl bond perpendicular to
the surface [286, 287], similar to Cr;03(0001).

The regular protrusions represent the vanadyl groups,
that is, the oxygen at the apex of the VO, tetrahedra.
The separation of the protrusions is in accordance
with this assignment. Also, DFT calculations support
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Fig. 26

High-resolution electron energy loss (EEL) (left) and ARUPS (right) spectra of: (a) a clean Crz03(111)/Cr(110) surface; (b) with

2.2 ML of Na adsorbed onto the surface; (c) 4 L of water coadsorbed; (d) 20 L of CO; coadsorbed with 2.2 ML of Na.

(A) No reduction:
V=0 termination

Fig.27 STM images of vanadia nanoparticles deposited on
a model silica surface (SiO2/Mo(112)). Image: 100 x 100 nm,
U=3V,1=0.2nA[208].

that a vanadyl-terminated surface is the most stable
one under oxygen-rich conditions. The surface may
be reduced by electron bombardment (in contrast to
Cr;03(0001), where the Cr=0 bonds could be removed
thermally), which leads to a removal of the vanadyl
oxygen without changing the periodicity of the surface
layer as indicated (see Fig.26). It is this reduced
surface that adsorbs CO [208] and is able to oxidize
CH30H to formaldehyde [289], while the completely
vanadyl-terminated surface is unreactive. Electronically,
the vanadyl-terminated surface carries a top layer of V>*

ions, as recently clearly demonstrated by synchrotron-
based XPS measurements, while the deeper layers contain
V3% jons [286]. The formation of the vanadyl groups by
adsorption from molecular oxygen in the gas phase can be
followed by IR spectroscopy. DFT calculations show that
the molecular oxygen species represents a peroxospecies
0%~ which is bound edge-on to the surface vanadium
ions. This species then transforms into the vanadyl
groups.

459
Iron oxides

Iron oxide is a technologically important transition metal
oxide used in a number of catalytic processes, including
styrene production, methanol oxidation to formaldehyde,
and the water-gas shift reaction. The synthesis of thin-film
models with well-defined stoichiometries is important
in developing an understanding of the relationship
between the structure of such surfaces and their chemical
function.

4591 FeO/Pt(111), Fe;03(0001)/Pt(111),
Fe304(001)/Pt(111)

Iron oxide films of high quality and varying stoi-
chiometry can be grown on Pt(111). The growth and
properties of such films have been reviewed recently by
Ranke and Weiss [290]. The STM images of three dif-
ferent oxides are shown, together with their unit cell

References see page 1333



1330 4.5 Ultrathin Oxide Films

Fig.28 STM data (morphology and atomically resolved images) and schematic structure representations for: (a) FeO(111)/Pt(111);

(b) Fe20(001)/Pt(111); and (c) Fez04(111)/PL(111).

and parameters determined by structural techniques,
in Fig. 28. The FeO(111) represents a two-layered clean
film with oxygen termination [291-296]. The Fe;03(0001)
surface is isostructural to chromia and alumina. Ex-
periments have indicated that two different surface
terminations exist on Fep03(0001) [297-301]. Thornton
et al. have found even a bi-phase termination with dif-
ferent stoichiometries coexisting on bulk single crystal

surfaces [302]. The terminations were corroborated via
DFT calculations which indicated that a Fe;O3(0001)
film exhibits the typical half-layer iron termination, and
coexisting with it an oxygen termination with [297]. Re-
cent experiments have indicated that there is a rather
stable ferryl Fe=0 termination similar to Cry03(0001)
and V;03(0001). For Fe304(111), several models have
been proposed [303-305].
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Distance, x [A]

(d)

Fig.29 (a) A STM image of 0.05 ML Pd deposited on a FeO film at 130 K shows random nucleation of the particles (size 39 x 22 nm?,
Viip = 200 mV, | = 2 nA). The atomic structure of the Pd deposits exhibiting the (111) surface is resolved in the inset (—9 mV; 1.8 nA).
(b) STM image, presented in differentiated contrast, of the extended Pd(111) islands formed by deposition of 0.5 ML of Pd at 130 K and
subsequent annealing to 600 K (20 x 20 nm?, 2 mV, 4.5 nA). The surface of the large Pd(111) islands exhibits a long-range modulation, as
shown in the inset (4.8 x 4.8 nm?, —20 mV, 5 nA). (c) Registry analysis of the Pd(111)=FeQ(111) interface shows that Pd atoms occupy
hollow sites over the lattice of protrusions imaged on FeO (6 x 6 nm?, 2 mV, | = 5 nA). (d) Contour plot of the lowest unoccupied DOS
near Fermi level for the FeO film showing the maxima over the Fe ions [306].

45.9.2 Pd, Auon lron Oxides

Pd and Au form 2-D or 3-D islands on FeO(111)/Pt(111)
[306-309], depending on the preparation conditions. At
low temperature, Au self-organizes into a hexagonal pat-
tern [310]. If Pd deposits are heated above 500 K, the
Pd migrates to the FeO/Pt interface, forming 2-D is-
lands (as shown in Fig. 29). Au has a tendency to stay
on top of the FeO(111) surface forming 2-D islands at
low temperature and 3-D aggregates at elevated temper-
atures, CO desorption and IR experiments have shown
that the smaller Au aggregates bind CO more strongly
than larger aggregates, the adsorption behavior of which
quickly converges to the properties observed for a bulk
gold surface.

Au deposits have also been studied on Fe;03(0001) and
Fe304(111) surfaces [74, 191]. The results correspond to
a large extent to those at FeO(111) surfaces.

Recently, Pd/Fe304(111) have been intensively stud-
ied with respect to their structure and reactivity; that
is, to CO oxidation after preoxidation in an oxy-
gen atmosphere [311-315]. It transpires that oxygen

chemisorbs on the Pd particles, the morphology of
which is similar to that found for Pd/alumina sur-
faces, at room temperature, while at higher temperatures
the oxygen migrates into the particles and forms a
Pd oxide primarily at the interface between the partic-
ular and the iron oxide support[311]. The formation
of the interfacial oxide leads to a reshaping of the
Pd nanoparticles upon reduction with CO via CO ox-
idation. The Pd oxide formation also has dramatic
consequences for the kinetics of CO oxidation, which
is strongly particle size-dependent [313]. In general, the
formation of the Pd oxide reduces the CO oxidation
activity.

4.5.10
Niobia

Thin niobia films with long-range order have been
prepared by Niehus et al. on the surface of a CuzAu(100)
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alloy [316, 317] and on Pt{111) [318, 319]. Films of
different thickness seem to expose different surfaces, as
characterized by combining STM, EELS, FTIR, TDS, and
XPS. The stoichiometry of the oxide is near Nb; Os, but the
surface termination appears to depend on the thickness
of the layer. There is a surface which contains Nb=0
(niobyl) groups, except for a bulk-terminated thicker film
and the surface of a thinner film, which does not exhibit
such groups.

Pd has been deposited on niobia films, and there
appears to be a very strong interaction involving
oxidation of the deposited transition metal by the niobia
film [320).

4511
Molybdenum Oxide

Molybdenum oxide films have been grown on Mo(110)
surfaces by Friend etal [321-326)], although a de-
tailed structural characterization with atomic detail is
still lacking. A number of structural units have been
identified by vibrational spectroscopy, in particular
molybdenum oxygen double bonds. The influence of
such structural units on hydrocarbon chemistry has
been studied in some detail. Nitrous oxide adsorp-
tion has also been investigated [327-330]. More re-
cently, MoO3 films have been grown on Au(111),
while LEED, STM, photoemission and X-ray absorp-
tion studies are becoming available on these compounds
[331-333].

4512
Ceria

Ce0;,(111) films have been studied on several substrates,
including Pt(111) [334, 335], Cu(111) [336], Ni(111) [337],
Ru(0000) [337], Re(0001) [338], and Rh(111)[339]. The
oxide films have been characterized using XPS, LEED,
EELS, and STM. Molecular adsorption has been studied
involving CO and NO molecules, and a limited number
of experiments have also been reported on Rh deposition
on those films [148].

4.5.13
Binary Oxides

Thin oxide films supported on dissimilar oxides are
often found to provide enhanced catalytic properties,
with V05 supported on anatase TiO; being a well-
known example. Although the nature of the interaction
of the underlying oxide support on an oxide overlayer is
still poorly understood, thin-film oxide preparations of
one oxide on another can provide tractable models for

delving into this important, yet complex, problem. To
date, very few studies have addressed the important topic
of layered-mixed oxide surfaces (see also the review by
Chambers [4]).

45131 NiO/MgO, NiO/CaO, MgO/NiO,
CaO/NiO/Mo(100)

Layered, binary thin-film oxides of NiO, MgO and CaO
have been prepared and characterized using low-energy
electron diffraction, AES, ELS, IS5, and TPD using probe
molecules [340, 341). Epitaxial growth was observed for
the NiO—MgO and CaO—NiO systems; however, superior
wetting was found for NiO—MgO relative to CaO—NiO.
The thermal stabilities of the supported monolayer
oxide vary significantly for the four systems studied;
that is, NiO/MgO, NiO/CaO, MgO/NiO and CaO/NiO,
with NiO/CaO having the lowest thermal stability and
CaO/Ni0, the highest.

4514
Conclusions

Recent studies have shown that model oxide surfaces
can be prepared in thin-ilm form, a preparation
strategy that readily enables their exploration with
a wide array of charged-particle surface techniques.
Such investigations offer unprecedented opportunities
to address the molecular details of the chemistry at
oxide surfaces. Furthermore, the addition of metals to
the oxides as supports provides a convenient method
to model important aspects of supported-metal catalysts
such as support—particle interactions and quantum-size
effects of supported-metal particles. Using such model
catalysts, an array of surface-science techniques can be
implemented to study catalysis by metals in systems with
well-defined particle sizes and morphology.

In combination with technical advances in operando
techniques, such as sum frequency vibrational spec-
troscopy, polarization modulation IRAS, and various
synchrotron-based X-ray spectral/diffraction probes, this
approach to studying model catalysts allows the so-
called “pressure and material gaps” to be bridged
simultaneously. These investigations offer a range of
new opportunities to directly connect studies of single
crystals and ordered thin films under UHV environ-
ments with analogous investigations of catalytic pro-
cesses of “real world” catalysts under realistic operating
conditions.
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