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a b s t r a c t
Reﬂection–absorption infra red spectroscopy (RAIRS) has been successfully used to study a prototype
photochemical reaction: the photooxidation of CO over rutile TiO2(1 1 0) single crystal surfaces. RAIRSresults revealed the presence of irreversibly adsorbed CO on top of the ﬁve fold coordinated surface Ti
atoms with a vibration frequency of 2190 cm1 at 110 K. Because fundamental problems have so far prohibited the detection of CO on metal oxide single crystals with IR-spectroscopy (in contrast to the situation for powders), high resolution electron energy loss spectroscopy (HREELS) was also employed for
further conﬁrmation.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
Photo-induced chemical reactions at surfaces of the wide bandgap semiconductor TiO2 have attracted increasing attention because it is central to many promising applications related to energy
conversion [1] and other associated processes with environmental
impact [2]. In addition, because photo-catalytic reactions are largely non-activated processes (depending weakly on temperature
[3]) the study of such reactions is relevant to understand fundamental processes occurring on dust particles in the earth’s atmosphere as well as in space [4]. Experimental data for photoinduced reactions on well-deﬁned metal oxide single crystal surfaces, which would also provide the basis for a more thorough theoretical understanding, are scarce. This is because spectroscopic
techniques not involving electronic excitations have – due to technical difﬁculties – not been applied for studying photo-induced
reactions on single-crystal oxides. To our knowledge, neither IRstudies of CO-adsorption on TiO2 single crystal surfaces nor its
photo-oxidation have been carried out before, although numerous
IR studies of CO on TiO2 powders have been reported [5–7]. The
technical difﬁculties result from the fact that the intensity of adsorbate vibrational modes on oxide surfaces is about an order of magnitude weaker than for metal single crystals. This fundamental
problem motivated many researchers over the past two decades
to study metal oxides thin ﬁlms on top of metal substrates as an
alternative method to obtain IR-spectra for molecular species adsorbed onto oxide surfaces [8]. While this method has met with
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some success, its drawback is the inevitable degradation of the thin
ﬁlm in addition to the often open-ended questions related to their
exact structures.
We have designed a new apparatus, which combines a state-ofthe-art FT-IR spectrometer with a dedicated UHV-chamber to
monitor the adsorption and reaction of CO over TiO2(1 1 0) single
crystals using reﬂection–absorption infrared spectroscopy (RAIRS).
The intensity of the adsorbate vibrational modes, albeit weak, is
sufﬁcient to allow systematic studies. The success of our experiment may open a new era in vibrational spectroscopy on singlecrystal metal oxide surfaces. We ﬁrst demonstrate the potential
of our approach for TiO2, the most intensively studied material
for oxide-based photo-catalysis [2,9–11].
The (1 1 0) rutile surface is composed of ﬁve fold coordinated Ti
atoms (Ti5c) and of bridging two fold coordinated oxygen atoms
(O2c) (Fig. 1, top). The IR-data obtained upon exposing the clean
TiO2(1 1 0) surface to 107 mbar of CO at 110 K (Fig. 1a, spectrum
A) showed a clear CO peak at 2183 cm1, a value similar to those
reported for TiO2 anatase [5] and rutile [6] polycrystalline (powder) surfaces which has been attributed to CO adsorbed on Ti5c
atoms. Because the surface of the TiO2(1 1 0) single crystal is composed of ﬁve fold coordinated Ti cations, we can conﬁrm, excluding
defects, the assignment of the 2183 cm1 loss to the stretching
mode, m1, of CO adsorbed on Ti5c sites. The CO m1-mode is blue
shifted from that of the gas phase value of 2143 cm1, due to both
wall and Stark effects [12]. Upon evacuation to 1010 mbar (from
107 mbar), the IR peak shifts to slightly higher values,
2190 cm1, and decreases by 25% in intensity (Fig. 1a, spectrum
B). Since the CO m1-mode has not been measured yet on TiO2 single
crystals, we have employed HREELS (high-resolution electron energy loss spectroscopy), which recently has been successfully used

