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ABSTRACT

The study of the adsorption and growth of metals on ceramics is a rapidly growing area, as these interactions are
key to understanding many materials and processes used in modern technology. In particular, oxide-supported
catalysts have been extensively studied, due to their widespread industrial applications. Knowledge of the role
played by the underlying metal oxide in the reactivity of the metal catalyst can give insights into the design of
more effective catalysts. Here, we use density functional theory (DFT) to investigate the adsorption of CO onto 1)
bulk Pt, 2) Pt thin layers supported on an a-alumina surface and 3) Pt nanoparticles on a-alumina. Our results
show strong binding for CO molecules on the surfaces of both the thin Pt layers and the 3-atom nanoparticles
supported on alumina substrates. This enhanced binding can possibly lead to more reactive catalysts. Further
calculations on reaction products are needed to determine the effectiveness of these new systems.
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1. INTRODUCTION

The study of nanocatalysts involves a diverse spectrum of surface science. In the examination of the properties
of Pt nanoclusters on alumina supports, there is a need to draw upon knowledge of oxide surfaces, metal-oxide
interactions, molecule-surface interactions, catalytic activity, and, of course, nanoparticles themselves. Quite
aside from the potential industrial applications of these studies, the incorporation of such a broad range of topics
makes the investigation of size-selected nanocatalysts a fascinating scientific inquiry.

Current catalyst technology involves the use of an active metal catalyst (such as Pt, Pd, and Rh). For
example, Pt metal particles help to oxidize molecules such as hydrocarbons or carbon monoxide (CO), and Rh
metal particles are often involved in reducing molecules such as NO, . Studies on the interaction of molecules
with the active metals have given insights into the reaction pathways for many of these systems.! 2 Such studies
are a starting point for tackling difficult problems such as catalyst poisoning, and can lead to the improvement
of the catalytic activity of many systems.

The ability of nanostructures to enhance the properties of their bulk counterparts has led to an increasing
interest in these systems for use as catalysts. For instance, gold nanoparticles have been shown to be superior
to bulk for binding and dissociation of O molecules,*? while Pt nanoclusters on alumina are more reactive
substrates for the hydrogenation of propene than the standard alumina-supported Pt catalysts.® However, the
growth of these nanostructures is not always trivial, and therefore much has been done toward creating more
efficient and effective growth processes. Experimental and theoretical studies have revealed that the presence of
surface vacancies and defects (such as water products) promote the growth and nucleation of metal nanoclusters
on oxide surfaces™® and can be used to tailor the growth of such clusters, thus offering numerous possibilities to
alter the reactivity of these systems.

Our investigation starts with the adsorption of CO on the Pt (111) surface, a well-studied model system. We
then look at the effect of an a-alumina support on the adsorption of CO on Pt thin films, as the thickness of the
Pt film is varied. Finally, we investigate the adsorption behavior of CO on Pt (111) clusters of various sizes on
the alumina surface.
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Figure 1. Atomic layers for the stable surface of the a-alumina structure, before and after ionic relaxation, perpendicular
to the [0001] axis. The interatomic distances for both structures indicate the large relaxation found in the alumina
surface.!

2. METHODOLOGY

Our theoretical investigations were performed using the DFT? approach, as implemented in the CAPOS simula-
tion package, with ultrasoft pseudopotentials'® at a 400 eV plane-wave cutoff. The exchange-correlation energy
was computed using the generalized gradient approximation (GGA). The atomic structure was optimized such
that the forces on the unconstrained atoms were less than 0.01 eV/A. Al; O3 supercells with five Al-O3-Al tri-
layers were modeled, in which the bottom two trilayers were fixed at the corresponding AloOg surface positions,
the middle trilayer was allowed to relax only in the direction perpendicular to the [0001] surface and the top
two trilayers were allowed to relax in all three directions. Surface calculations were performed with at least
10 A of vacuum between adjacent slabs. Potential energy surfaces (PESs) were constructed based on single Pt
adatom adsorption data, incorporating the method of bicubic interpolation to approximate the surface between
computed sites.

3. THE ACTIVE SUBSTRATE: ALUMINA

Alumina, AlsOg, occurs commonly in nature in the form of emery, sapphire, ruby, and other materials, most of
which are insulators. There are more than twenty-five different phases of alumina, including the stable a- phase,
and the numerous metastable transitional aluminas (k-, 7-, 6-, etc.), called so because they undergo transition to
a-alumina at high temperatures. The different aluminas can be found in numerous applications; for instance, as
a result of their mechanical, chemical, and thermal-resistive properties, aluminas are used in cutting tools, dental
implants, and spacecraft protection. Their optical properties are utilized in ruby lasers and optical windows, their
electrical properties in circuit substrates, spark plugs and magnetrons, and their catalytic-support properties in
automotive three-way catalysts.

The different alumina phases can be categorized into two major groups depending on the stacking of their
oxygen atoms. In one group, including v-alumina, the oxygen ions have a face-centered cubic packing. The
oxygen atoms are hexagonally close packed in the other group, which includes both a- and x-alumina. In either
case, there are two possible sites in which to find the Al atoms; in the octahedral or tetrahedral sites formed by
the oxygen packing. In the majority of the metastable aluminas, the Al atoms are found in both octahedral and
tetrahedral sites, with the percentage in each type of site depending on the structure. On the other hand, in the
stable a-alumina structure, the Al atoms are found only in octahedral sites, of which they occupy two-thirds.!!

Figure 1 gives a side view of the stacking sequence, perpendicular to the (0001) surface, for the most stable
a-alumina surface. As it shows, there is an AB stacking of the O3 layers with an ABC stacking of Al bilayers
between each oxygen layer. Due to the fact that the Al atoms in neighboring layers share octahedral faces, there
are strong electrostatic repulsions between them, causing the Al atoms in a single layer to be slightly displaced
from each other, forming two layers. Here we see large inward relaxations for the alumina surface which may
persist up to nine layers.
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