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Ideal, defective, and gold-promoted rutile TiO2(110) surfaces interacting with CO, H2, and H2O:
Structures, energies, thermodynamics, and dynamics from PBE+U
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Extensive first-principles calculations are carried out to investigate gold-promoted TiO2(110) surfaces in terms
of structure optimizations, electronic structure analyses, ab initio thermodynamics calculations of surface phase
diagrams, and ab initio molecular dynamics simulations. All computations rely on density functional theory in
the generalized gradient approximation (PBE) and account for on-site Coulomb interactions via inclusion of a
Hubbard correction PBE+U , where U is computed from linear response theory. This approach is validated by
investigating the interaction between TiO2(110) surfaces and typical probe species (H, H2O, and CO). Relaxed
structures and binding energies are compared to both data from the literature and plain PBE results, thus allowing
the performance of the PBE+U approach for the specific purpose to be verified. The main focus of the study
is on the properties of gold-promoted titania surfaces and their interactions with CO. Both PBE+U and PBE
optimized structures of Au adatoms adsorbed on stoichiometric and reduced TiO2 surfaces are computed, along
with their electronic structure. The charge rearrangement induced by the adsorbates at the metal (oxide) contact
are also analyzed in detail and discussed. By performing PBE+U ab initio molecular dynamics simulations, it
is demonstrated that the diffusion of Au adatoms on the stoichiometric surface is highly anisotropic. The metal
atoms migrate either along the top of the bridging oxygen rows or around the area between these rows, from one
bridging position to the next along the [001] direction. No translational motion perpendicular to this direction is
observed. Approximate ab initio thermodynamics predicts that under O-rich conditions, structures obtained by
substituting a Ti5c atom with an Au atom are thermodynamically stable over a wide range of temperatures and
pressures that are relevant to applications in the realm of catalysis. Finally, it is shown that TiO2(110) surfaces
containing positively charged Au ions activate molecular CO, whereas a single negatively charged Au−δ species
bound to an O vacancy only weakly interacts with CO. Despite this, the calculations predict that the reactivity of
gold nanoparticles nucleated at O vacancies can be recovered for cluster sizes as small as Au2.
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I. INTRODUCTION

Titania, TiO2, is a metal oxide of both fundamental
interest and technological importance.1–5 It is used in several
key technologies including pigments, coatings, electronic
devices, implants, gas sensors, photochemical reactions, and
catalysis.6–8 One of the most important properties of titania is
that it can be easily reduced (see, e.g., Ref. 9 for a concise
presentation), strongly affecting its chemical properties in
general and its reactivity in particular.10 One way to reduce
the TiO2 surface is to remove surface oxygen atoms, thereby
creating O vacancies. The removal of an O atom gives rise to
two excess electrons and the appearance of new electronic
states within the band gap at about 0.7 to 0.9 eV below
the conduction band edge, thus creating an F center.2,3,11,12

By this process, two substrate Ti4+ ions change formally
to a Ti3+ oxidation state; see Ref. 13 for recent literature
and a detailed picture of the (de-)localization dynamics of
the excess electrons. Alternatively, the TiO2 surface can be
reduced by hydroxylation of surface O atoms via adsorption
of hydrogen.14–18 The interaction of TiO2 with water is an
important process that has to be taken into account since it
occurs easily, even in well-controlled UHV experiments. The
adsorption of water on TiO2 has been investigated extensively,
both experimentally and theoretically;9,10,19–36 in particular,
see Refs. 10 and 19 for the most recent reviews of this literature.

Most relevant to catalysis is the interaction of Au and CO
with stoichiometric or reduced TiO2 surfaces and, in particular,
the interaction of titania-supported gold particles with CO

molecules. A detailed understanding of the process of CO
adsorption is required to best comprehend its wide variety of
applications,2,3 such as CO oxidation at low temperature,12

the water gas shift reaction, and CO hydrogenation.37,38 In a
recent paper,39 we investigated the interaction of CO with
the stoichiometric TiO2(110) surface using a combination
of density functional theory (DFT) and post Hartree-Fock
methods. For a single CO molecule in the (4 × 2) surface
unit cell of our slab, we found that the upright position above
the fivefold-coordinated Ti sites Ti5c remains the preferential
adsorption geometry, even without enforcing symmetry. On the
reduced titania surface, results from temperature-programmed
desorption (TPD) experiments40,41 suggested that, at low cov-
erages, CO adsorption occurs at nonadjacent Ti5c sites. These
findings were supported by various calculations.42–44 However,
earlier studies implicated bridge-bonded oxygen vacancies as
adsorption sites for CO,45,46 a conclusion corroborated by
some theoretical investigations47,48 as well.

The seminal work of Haruta and co-workers49 has shown
that the low-temperature oxidation of molecular CO can be
efficiently catalyzed by highly dispersed Au nanoparticles
supported on TiO2 surfaces.50–53 It is now recognized that
gold nanoclusters, prepared in different ways and supported
on various metal oxides, are able to catalyze a number
of reactions,54,55 and that the size of the gold particles
substantially affects the catalytic activity. The gold clusters
should be smaller than about 5 nm for high catalytic activity
to occur, suggesting the key importance of metal-support
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