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Through an interplay between scanning tunneling microscopy experiments and density functional the-
ory calculations, we determine unambiguously the active surface site responsible for the dissociation of
water molecules adsorbed on rutile TiO,(110). Oxygen vacancies in the surface layer are shown to disso-
ciate H,O through the transfer of one proton to a nearby oxygen atom, forming two hydroxyl groups for
every vacancy. The amount of water dissociation is limited by the density of oxygen vacancies present
on the clean surface exclusively. The dissociation process sets in as soon as molecular water is able to

diffuse to the active site.

DOI: 10.1103/PhysRevLett.87.266104

While the description of metal and semiconductor sur-
faces has reached a high level of sophistication, many fun-
damental properties of the surfaces of metal oxides are still
very poorly understood. Oxides are inherently much more
complex, since most surface properties depend not only
on the structure, but also on the local stoichiometry of the
surface. The challenge is to understand how oxide sur-
faces react with gases, act as catalysts, photocatalysts, gas
sensors, or act as supports for metal nanoparticles. The
ambition is to be able to functionalize oxide surfaces by
controlling composition and structure through defects or
modifier atoms and molecules.

The rutile TiO,(110) surface (see Fig. 1 and Ref. [1])
has become one of the key model systems for metal oxide
surfaces [2]. A large number of experimental and theoreti-
cal studies have concentrated on this surface in the hope
that it may act as a prototype system where consensus is
first established. Water dissociation on TiO; is of funda-
mental interest as an example of a simple surface chemical
process with significant applications. In addition, TiO, is
the material of choice for photochemical hydrogen pro-
duction from water [3,4] and for biocompatible implants
[5]. This further emphasizes the importance of understand-
ing the water dissociation process in some detail. Earlier
experimental studies report a minor degree of water disso-
ciation on TiO,(110) [6—8] while theoretical studies pre-
dict the dissociated state, or mixed dissociated-molecular
states, to be most energetically favorable [9]. Thus, even
for this simple process we do not have a clear picture of the
dissociation energetics and the active site for dissociation.

In this Letter, we use a combined experimental and theo-
retical approach to show that, at low coverages, water dis-
sociation takes place exclusively on defect sites associated
with oxygen vacancies. By the use of scanning tunneling
microscopy (STM) we demonstrate that a direct correla-
tion between oxygen vacancies before water exposure and
surface hydroxyl groups after exposure exists, and using
density functional theory (DFT) we show water dissocia-
tion to be energetically feasible only at the defect sites.
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An important part of the present study is the identifica-
tion of the “type-A defects,” a term introduced by Diebold
and co-workers [10] to designate bright spots observed
with STM on the TiO,(110) surface. These defects are
inherent to the surface, but their true chemical identity
remains unresolved. Diebold et al. [10] interpret them as
oxygen vacancies, while Suzuki et al. [11] associate them
with hydroxyl groups. We show that there are actually two
kinds of type-A defects, vacancies and hydroxyl groups,
and high resolution STM images in combination with
simulated STM images based on DFT calculations enable
us to clearly distinguish the two. On this basis we con-
clusively identify the oxygen vacancy as the active site
for water dissociation on titania. The onset of dissociation
is limited by the mobility of the water molecules, which
are found to adsorb on top fivefold coordinated titanium
atoms.

The STM experiments were conducted in an ultrahigh
vacuum (UHV) chamber, base pressure <107!° torr,
equipped with standard sample preparation and analysis
techniques. The STM used in these investigations is
homebuilt [12] and capable of high-resolution scanning at

FIG. 1 (color). Ball model of the TiO,(110) surface. The rele-
vant included species on the surface are the following: (I) oxy-
gen vacancy, (II) bridging hydroxyl group, (III) terminal
hydroxyl group, and (IV) water molecule. Red atoms: O;
yellow atoms: Ti; blue atoms: H.
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100-400 K. The TiO, samples (eSCeTe) were prepared
by multiple cleaning cycles (20 min 600 eV Ar™ sputter-
ing, 40 min annealing at 1000—1100 K). Deionized water,
cleaned via freeze-pump-thaw cycles, was introduced into
the UHV chamber through a leak valve.

For theoretical modeling, we have performed DFT cal-
culations applied to periodic slab models. Each slab con-
tains three O—Ti,O,—O planes and slabs are separated by
10 A of vacuum. Water is adsorbed on only one side, and
the resulting dipole moment has been corrected for in the
vacuum region. The ionic cores have been described by ul-
trasoft pseudopotentials [13] and the one-electron valence
states are expanded in plane waves with kinetic energies
up to 340 eV. A Monhkorst-Pack grid of (8 X 4 X 1) k
points has been used for the smallest (1 X 1) surface unit
cell and reduced appropriately for larger super cells. Elec-
tron densities have been self-consistently determined with
the PW91 exchange-correlation functional [14] by iterative
diagonalization of the Kohn-Sham Hamiltonian. Fermi
population of the Kohn-Sham states (kg7 = 0.2 eV) and
Pulay mixing of the resulting electronic density have been
employed. Energies are extrapolated to kg7 = 0 eV and
their final evaluation has been performed using the al-
ternative revision of the Perdew, Burke, and Ernzerhof
exchange-correlation functional [15]. Simulated STM im-
ages have been obtained by applying the Tersoff-Hamann
approximation [16] where the tunneling current is propor-
tional to the local density of states. The effect of finite bias
has been introduced by adding up contributions from states
lying between the Fermi level and the applied voltage. This
procedure was already employed successfully to study the
TiO, surface [17]. The voltage considered to model the im-
ages is Vg = 1 V, similar to the voltage used in the STM
experiments (see below). The simulated images have been
obtained at a constant density of 3 X 107 ¢/A3, since at
this value experimental and theoretical corrugations for the
undefected surface are similar.

Figure 2(a) shows an STM image of the clean TiO,
surface recorded at room temperature. For this and all
other images in this paper the sample was positively biased
at 1.3 V relative to the tip, implying electron tunneling into
unoccupied sample states. In this case the bright rows are
assigned to fivefold coordinated Ti atoms and dark rows
to bridging oxygen atoms [17]. Our STM simulations for
the clean surface support this interpretation; see Fig. 3(a).
In this context, the most important feature of the images is
the bright spots (type-A defects) between Ti rows [17].

Exposing the clean samples to a low dose (1072 L) of
water at room temperature leads to the situation shown in
Fig. 2(b). We again observe the bright Ti rows and type-A
defects (protrusions) between the Ti rows. Scrutinizing
many similar clean and water exposed STM images reveals
two type-A species. Their main difference in appearance
is their extent in the [001] direction (vacancy 6.6 A, OH
4.8 A) and their apparent height (0.4 A, 0.2 A). Based
on STM simulations, Figs. 3(b) and 3(c), we assign the
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FIG. 2 (color). The H,O/TiO,(110) system at room and low
temperature. (a) The bare surface imaged at room tempera-
ture. (b) After 1072 L of water exposure at room temperature.
(c) After exposure to 1072 L of H,O at 180 K, imaged at 160 K.
(d) Same conditions as (c). A grid is superimposed to identify
the water adsorption site and the location of an OH group. The
small amount of very bright spots in (a) and (b) is unidentified
pollution.

broader and slightly higher protrusions [Fig. 2(a)] to be
oxygen vacancies and the smaller features [Fig. 2(b)] to be
bridging hydroxyl groups. Both vacancies and hydroxyl
groups give rise to protrusions but vacancies are clearly
more extended than hydroxyl groups due to a stronger de-
localization of the two electrons associated with the oxy-
gen vacancy.

The above interpretation is also confirmed by the STM
findings. If we compare Figs. 2(a), the clean surface,
and 2(b), the surface after water deposition, the number
of type-A defects has doubled. For the clean surface in
Fig. 2(a) the type-A defects are nearly exclusively O va-
cancies, whereas in Fig. 2(b) the type-A defects are OH
groups. If we instead expose the surface to 1072 L of wa-
ter at low temperature (180 K), Fig. 2(c), we again observe
a doubling of the type-A defect density, but an additional
brighter feature is also present, which we ascribe to mo-
lecularly adsorbed water. From the atomically resolved
STM images [see Fig. 2(d)] we determine the adsorption
site of molecular water to be on top fivefold coordinated Ti
atoms. Furthermore, Fig. 2(d) confirms that all OH groups
are situated at bridging oxygen sites; we never observe ter-
minal OH groups. This suggests that water adsorbs disso-
ciatively in oxygen vacancies and via proton transfer to
a neighboring bridging oxygen atom creates two bridg-
ing hydroxyl groups per initial vacancy. Oxygen vacan-
cies thus act as the active site for water dissociation on the
TiO,(110) surface.
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FIG. 3 (color). Ball-and-stick model and corresponding
simulated STM image at 1 V showing the appearance of
(a) vacancy-free surface, (b) bridging oxygen vacancy,
(c) bridging OH group, and (d) water molecule on top a fivefold
coordinated Ti atom. Red atoms: O; yellow atoms: Ti; blue
atoms: H. In (c) the OH bond is tilted ~47.9° with respect
to the surface normal. Another equivalent configuration exists
with a tilt of —47.9°, which would make the simulated STM
image symmetric.

A prerequisite for dissociation to occur is the mobility
of water molecules and thereby their ability to reach the
active sites. From time-resolved STM movies [18] we
have observed that the water molecules diffuse at 160 K at
time scales of seconds, consistent with Henderson’s find-
ings [7].

Temperature programmed desorption (TPD) spectra ob-
tained after submonolayer water deposition at low tem-
perature reveal two peaks at ~290 K and ~490 K. When
annealing higher than 290 K, we no longer observe the
bright feature associated with molecularly adsorbed water.
Annealing above 490 K leads to the disappearance of the
OH species, reverting to the initial surface defect density.
Correlating TPD and STM data we can thus conclude that
the higher temperature peak is associated with recombina-
tive desorption of the hydroxyl species, in agreement with
Ref. [19].

DFT calculations support the preceding interpretation
in that they show dissociation of water to be energeti-
cally possible only at oxygen vacancies (see Fig. 4). When
we consider “low” coverages [0.25 ML water coverage,
(2 X 2) super cell], the dissociation of water on the per-
fect TiO,(110) surface is endothermic by 0.23 €V, in line
with [20]. Since the water molecule binds quite strongly to
the surface by 0.56 eV, the dissociated state is even more
endothermic relative to molecular adsorption. The find-
ing of an endothermic dissociation process is in contrast
to the result of an earlier calculation by Lindan et al. [9].
Here dissociation is found to be exothermic on the perfect
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FIG. 4. Energetics for water adsorption processes at low cov-
erages. Top row: molecular adsorption on TiO,; central row:
dissociative adsorption; bottom row: dissociative adsorption at
an oxygen vacancy. The unit cell employed in the calculations
is indicated.

TiO,(110) surface. We also find this at high coverages.
For a (1 X 1) unit cell dissociation is exothermic relative
to molecularly adsorbed water by 0.2 eV, the reason be-
ing that at this high coverage chains of hydrogen-bonded
OH groups can form along the [001] direction. We note
that a small exothermicity may be counteracted by entropic
effects and that exothermicity is a necessary, but not suffi-
cient, condition for dissociation. Only for very exothermic
processes do we expect the barrier for dissociation to be
small. In the calculation by Lindan et al. [9] the unit cell
used is such that all OH groups have nearest neighbors in
this direction, and this is likely to be the reason for stronger
bonding. The high coverage limit is, however, of limited
interest for the understanding of the initial low coverage
dissociation of water studied here.

Including now the effect of 0.25 ML of oxygen vacan-
cies, we find dissociation to be strongly exothermic, even
with respect to molecularly adsorbed water (see Fig. 4).
Dissociation at these vacancies gives rise to two equiva-
lent OH groups on the surface, both of acidic character,
where the water oxygen has been incorporated into the va-
cancy. The reason for the larger reactivity of the vacancies
is clearly associated with the high-energy defect. When
water dissociates, the coordination shell of the Ti under-
neath the vacancy is refilled, resulting in the exothermicity.
This electronic effect is very similar to the electronic ef-
fect found in the adsorption of various adsorbates on metal
surface defects [21].

To further substantiate the results presented above, we
carried out a number of quantitative water exposure ex-
periments at room and low temperature for surfaces with
different initial surface defect densities (oxygen vacancies
and hydroxyl groups originating from the low but finite
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FIG. 5. Quantitative analysis of the number of type-A defects
before and after exposure to H,O. (a) Density of type-A defects
for different, widely varying starting configurations. (b) Cor-
rected and normalized type-A defect density plot demonstrating
the 1:2 correspondence between the density of oxygen vacan-
cies and hydroxyl groups. Above each step the type of species
expected to be present on the surface is noted. In cases where
vacancies are the expected species, we correct for the presence
of hydroxyl groups by letting two hydroxyl groups count for one
vacancy. Vg denotes the percentage of oxygen vacancies in the
total density of type-A defects.

water background pressure in the UHV chamber). The
defect density can be tuned in a reproducible way by us-
ing crystals with varying degrees of bulk reduction and by
varying the annealing time in oxygen background and/or
UHV. Note that at room temperature, hydroxyl groups
have still not desorbed from the surface, as illustrated
in Fig. 2(b), while water molecules have desorbed. Fig-
ure 5(a) shows a plot of the type-A defect density at dif-
ferent stages in the experiments, where first the clean sur-
face was exposed to a certain amount of water (see “de-
position” column). Subsequently, the sample was flash-an-
nealed to 873 K (indicated with “Flash”) and in some cases
another deposition was carried out. Upon normalization to
the initial vacancy density and correction for the presence
of both type-A species it becomes apparent that for every
initial vacancy, two hydroxyl groups are created, as shown
in Fig. 5(b). Hydroxyl groups are desorbed upon anneal-
ing but can be recreated upon another water exposure. This
demonstrates unambiguously that the active sites for water
dissociation on TiO,(110) are oxygen vacancies.
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In conclusion, from an interplay between experiment
and theory we have determined the active site for wa-
ter dissociation on the rutile TiO,(110) surface to be an
oxygen vacancy. In order to reach this conclusion we
have used our ability to distinguish the two defect species,
oxygen vacancies and bridging hydroxyl groups, on high-
resolution STM images.
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