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A comprehensive phase diagram of lowest-energy structures and compositions of the rutile TiO2�110�
surface in equilibrium with a surrounding gas phase at finite temperatures and pressures has been determined
using density-functional theory in combination with a thermodynamic formalism. The exchange of oxygen,
hydrogen, and water molecules with the gas phase is considered. Particular attention is given to the conver-
gence of all calculations with respect to lateral system size and slab thickness. In addition, the reliability of
semilocal density functionals in describing the energetics of the reduced surfaces is critically evaluated. For
ambient conditions the surface is found to be fully covered by molecularly adsorbed water. At low coverages,
in the limit of single isolated water molecules, molecular and dissociative adsorption modes become energeti-
cally degenerate. Oxygen vacancies form in strongly reducing, oxygen-poor environments. However, already at
slightly more moderate conditions it is shown that removing full TiO2 units from the surface is thermodynami-
cally preferred. In agreement with recent experimental observations it is furthermore confirmed that even under
extremely hydrogen-rich environments the surface cannot be fully hydroxylated, but only a maximum coverage
with hydrogen of about 0.6–0.7 monolayer can be reached. Finally, calculations of migration paths strongly
suggest that hydrogen prefers diffusing into the bulk over desorbing from the surface into the gas phase.
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I. INTRODUCTION

Over the past years, the �110� surface of TiO2 in the rutile
structure has become one of the most popular model systems
for fundamental surface science studies of transition-metal
oxides.1 It is the thermodynamically most stable crystal face
of TiO2 and therefore represents the dominating facet of
rutile crystallites.2 Stoichiometric single-crystal �1�1� sur-
faces may be easily prepared, and most experimental surface
science techniques can be applied without difficulties.1 The
interest in TiO2�110� surfaces is furthermore driven by many
technological applications of TiO2, ranging from pigments,
coatings, electronic devices, implants, gas sensors, and pho-
tochemical reactions to catalysis. In all of them, the surface
properties of TiO2 play a crucial role.1

One of the most important properties of TiO2 is that it can
be easily reduced. The reducibility is essential for many
applications of TiO2 in heterogeneous catalysis. Oxide-
supported metal-based catalysts with TiO2 as part of the sup-
port often show a so-called strong metal-support interaction
�SMSI�.3 Here, the catalytic properties of the supported
metal clusters are profoundly modified by an incorporation
of partially reduced TiOx into the boundary areas of the
metal particles.4 In many cases, the TiOx-decorated metal
particles exhibit a much higher catalytic activity for hydro-
genation reactions than the pure metal itself.5

One way to reduce the TiO2�110� surface is to remove
surface O atoms. By this process, formally two neighboring
Ti4+ ions of a vacancy change to a Ti3+ oxidation state. In
ultrahigh vacuum �UHV� experiments O vacancies are easily
created either by electron bombardment, by sputtering, or
simply by annealing. The presence of O vacancies strongly
increases the reactivity of the surface. Among the many in-

vestigated processes, probably the best studied surface reac-
tion is the dissociation of water, which has been shown to
occur at O vacancies,6–10 whereas on the stoichiometric,
well-annealed parts of the surface the water molecules stay
mostly intact.11–13 There is, however, a limit to what extent
the surface can be reduced. Oxygen vacancy concentrations
are typically on the order of several percent,12,14 but it is not
possible to remove all surface O atoms, in contrast to, for
example, the rutile SnO2�101� surface.15,16

Alternatively, the TiO2�110� surface can be reduced by
hydroxylation of the surface O atoms via adsorption of hy-
drogen. While on unreducible oxides, such as MgO, a het-
erolytic dissociative adsorption of H2 with H+ adsorbing on
O2− and H− on the metal cations is preferred, it is more
favorable for reducible oxides, such as TiO2, to form only
OH− groups. In the latter case the excess electrons are trans-
ferred to the cations, thus reducing Ti4+ to Ti3+.

The interaction of hydrogen with TiO2�110�, however, has
been much less intensively investigated by surface science
studies than the reduction by O depletion. This is rather sur-
prising in view of the importance of TiO2 as catalyst com-
ponent for hydrogenation reactions and the prospective ap-
plication of TiO2 as photocatalyst for the decomposition of
water. It has been shown that molecular hydrogen does not
interact strongly with TiO2�110�,17,18 while atomic hydrogen
readily sticks to the surface O atoms.18–21 No Ti-H vibrations
could be detected with high-resolution electron-energy-loss
spectroscopy �HREELS�.21 Interestingly, also the reducibility
of TiO2�110� with hydrogen is limited. Recent scanning-
tunneling microscopy �STM� measurements21 revealed that
even after very high exposures to atomic hydrogen, the sur-
face cannot be saturated. Only a maximum coverage of about
0.7 monolayers �ML� could be achieved. The scattering of
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