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1. Introduction

Metal oxides represent one of the most important and widely employed classes of
technologically relevant materials with applications in catalysis [1], gas sensors [2],
photochemistry [3], optoelectronics [4], and photovoltaics [5]. These materials are
also relevant in completely different areas, e.g. for biomedical applications [6,7].
Here, the biocompatibility of metal implants is enhanced by the properties of their
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oxide layers naturally formed in the presence of oxygen, e.g. as a passivation layer
to protect the implant from corrosion in body fluid [8]. Furthermore, they are
omnipresent since — with the exception of gold — under ambient conditions all
metals are covered by an oxide. The interaction of molecules with oxides is thus
not only highly relevant for heterogeneous catalysis, but also for other phenomena,
including corrosion, lubrication, and adhesion of polymers (paints, adhesives) to
oxides. Therefore, a thorough investigation of the interaction of molecules with
oxide surfaces, including determination of binding strengths, chemical reactions
following adsorption, etc., is urgently required.

In the case of clean metals, the so-called surface science approach has been very
successful with regard to understanding chemical properties of surfaces. The great
success of this approach is based on a huge arsenal of surface-sensitive techniques
developed during the past 60 years, which has provided detailed insights into
the fundamentals of molecule-substrate interactions [9,10]. For oxides, on the
other hand, only since the mid-1980s, studies have blossomed on planar model
surfaces of metal oxides. Today, the amount of information on molecule-substrate
interactions available for these binary compounds [11,12] is much smaller than
in case of metals. This lack of information does not reflect missing interest, but
rather results from the larger complexity and, more importantly, from the low
electrical conductivity of these dielectric materials. Charging problems occur-
ring for oxidic substrates severely hamper the application of various techniques
using charged-particle beams, including the different variants of photoelectron
spectroscopies. In addition, the application of scanning tunneling microscopy, or
STM, to oxides works well only for a few oxides in their bulk form (e.g. TiO, [13]).

Infrared (IR) spectroscopy has been widely used for the characterization of
molecular adsorbates on metals, both on monocrystalline substrates [14-16] as
well as for metal particles [17,18]. Infrared reflection absorption spectroscopy
(IRRAS) is a variant of IR-spectroscopy suited for the investigation of adsorb-
ates on planar model surfaces. This method was developed in the 1960s and has
proved to be a particularly powerful research tool for the study of adsorbed layers
on metal surfaces. In fact, the success of IRRAS has contributed substantially to
the identification of fundamental principles governing the surface chemistry of
metals [19,20].

For oxides, the situation is quite different. Applications of IRRAS to such dielec-
tric substrates are extremely scarce. Before 2007, there was only one paper present-
ing IRRAS data for a molecular adsorbate on a monocrystalline oxide surface [21],
compared to >500 papers for IRRAS on metal single-crystal surfaces. Obviously,
the reason for this lack of information cannot be related to the charging problems
alluded to above, which do not affect IR spectroscopy. Instead, for dielectrics the
intensity of IR-light reflected from the surface in the specular direction is gener-
ally reduced to a level which makes detection of the small changes in absorbance
caused by excitations of adsorbate vibrations a difficult task. Compared to metals,
sensitivities (i.e. AR = R — R, R and R, are the reflectivities of the clean substrate
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and the film-covered substrate, respectively) are typically down by one to two
orders of magnitude [22].

The analysis of IRRAS data obtained for oxidic substrates is considerably more
demanding than for metals. IRRAS applied to metals is governed by the so-called
surface-selection rule [20,23]. Since the screening by the charge carriers in the
substrate causes the surface electric field to be perpendicular to the surface, only
vibrations with a nonzero component of the transition dipole moments (TDM)
oriented perpendicular to the substrate can cause signatures in the IR-spectra. In
addition, for metal substrates, absorbance bands caused by excitation of adsorbate
vibrations are always positive (i.e. excitation of the vibration leads to a decrease
in reflected intensity). For dielectrics, as a result of the absence of a large density
of conduction band electrons, the component of the incident light parallel to
the surface is not screened (as in the case of metals), and the surface selection
rule governing IRRAS for metals does not apply any longer. For dielectrics,
in general, also vibrations with TDMs oriented parallel to the surface can be
probed. Consequently, for oxides, adsorbate vibrations can be detected with
s- and p-polarized light, allowing probing vibrations parallel to the surface as well
as perpendicular to it. Finally, the excitation of vibrational bands by the incident
IR-light can cause intensity increases as well as decreases in the reflected intensity,
i.e. negative as well as positive vibrations bands can be observed.

The technical difficulties in applying IR to oxides discussed above have moti-
vated the research on metal oxide thin films grown on appropriate metal sub-
strates. Because of the excellent reflectivity of the supporting metal substrates,
for these thin oxide layers IRRAS can be applied in a straightforward fashion. In
fact, the investigation of oxide thin films has been developed in a well-established,
alternative method to investigate vibrational properties of adsorbates on oxides
by IR spectroscopy [24,25]. Despite the huge success of this approach, however, a
controversy has started on the question whether structural and electronic prop-
erties of oxide thin films are the same as for bulk oxides or whether in particular,
thin oxide films (thicknesses < 10 nm) are affected by the metal support [26]. There
are a number of cases where pronounced differences, e.g. originating from charge
transfer, between oxide thin films and their bulk counterparts have been reported
[27-34]. In addition, for investigations regarding photocatalytic and photophysical
properties of oxides, thin oxide films are not well suited because of photoelectrons
originating from the metal support might affect the experimental results.

In view of these problems, after the pioneering work of Hayden and co-workers
[21], a few groups have started to optimize technical equipment in order to allow
for IRRAS studies of adsorbed molecular monolayers also on oxide bulk single
crystals [35-62]. In this review, we briefly present the results of such IRRAS studies
for small adsorbates bound to monocrystalline metal oxide surfaces carried out
by the group at Karlsruher Institut fiir Technologie (KIT). A particular emphasis
will be on the adsorption of carbon monoxide (CO), which is frequently used as a
probe molecule [63] also for oxide powder samples. In addition to IR spectroscopy
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applied to molecular adsorbates, we will also briefly discuss the application of IR
spectroscopy to investigate photophysical properties of oxide surfaces. In such
experiments, time-resolved IR spectra are recorded after illumination of the oxide
substrate with UV light. These spectra yield information on polarons (quasiparti-
cles consisting of electrons or holes dressed by their surrounding lattice distortion)
within the oxide which are created by the dissociation of photogenerated excitons.

The adsorption of CO on metal oxide surfaces is not only governed by chemical
interactions as on metal surfaces, but also by electrostatic interactions with the
electric field generated by the surface metal cations and oxygen anions. In con-
trast to CO adsorption on metals, where generally a red-shift of adsorbed CO is
seen, these interactions lead to a blue-shift of the CO stretching frequency with
respect to the CO gas phase value. A more thorough analysis yields that indeed
the electrostatic interactions (Stark effect) are one of the main reasons for such
blue shifts [64].

Below, we will present high-quality IRRAS results recorded after adsorption of
CO on TiO,, ZnO, and CeO, monocrystalline surfaces, together with a detailed
discussion. We will also present the results of an IRRAS study of carbon dioxide
(CO,) adsorption on ZnO(10 10). This is an interesting example to demonstrate
the particular aspects of IR spectroscopy of molecular vibrations at oxide surfaces.
In contrast to the case of adsorbates on metal surfaces, the availability of polariza-
tion- and azimuth-resolved IR spectra on oxides allows for a direct determination
of the adsorbate geometry.

2. Experimental
2.1. Ultrahigh vacuum apparatuses

The in situ Fourier-transform IRRAS experiments were performed using two
state-of-the-art ultrahigh vacuum (UHV) apparatuses, both manufactured by
Prevac (Rogow, Poland), at Karlsruhe and Bochum, respectively. The KIT setup,
also referred to as THEO, is based on an earlier apparatus operated at Ruhr-
Universitidt Bochum [37]. THEO is dedicated to the spectroscopic characterization
of oxides; different scattering geometries allow to investigate macroscopic
single crystals as well as powders [65]. The innovative design allows combining
several surface-sensitive techniques in one apparatus. In contrast to most other
designs, THEO uses a single-frame set-up where the IR source, the detector as
well as the interference line are all attached to the same solid, single frame. This
approach reduces differential vibrations between these components. Basically, a
specifically designed UHV chamber (fitted with a sample holder which allows
sample temperatures as low as 60 K) is inserted into the sample compartment
of a conventional FTIR spectrometer (Bruker VERTEX 80v) to form a compact
connection and thereby avoiding vibrations of the detector with regard to the IR
interferometer.



ADVANCES IN PHYSICS: X e 377

Electronanalyser
XPS, UPS, Auger
(VG Scienta R4000)

Preparation chamber
LEED, AES and TDS

Figure 1. Technical drawing of UHV apparatus THEO.

The UHV apparatus THEO (cf. Figure 1) consists of two big oblate ellipsoidal
distribution chambers, which are connected together by a reorientation chamber,
and multifunctional chambers, such as load-lock, preparation, infrared, storage
magazine, and analysis chamber, are also attached. The analysis and preparation
chamber allow to carry out additional sample characterizations using other sur-
face-sensitive techniques, including low energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy, Auger
electron spectroscopy, and thermal desorption spectroscopy (TDS).

2.2. UHV-IRRAS

The heart of the UHV equipment is the IR chamber. The unique configuration
consists of an UHV chamber inserted into a (slightly modified) commercial
spectrometer (Bruker VERTEX 80v). The IR light transmitted into the UHV-IR
chamber through differentially pumped KBr windows. The inner part of the spec-
trometer (containing e.g. the interference line) is evacuated to below 2 mbar. The
differentially pumped windows between the UHV chamber and spectrometer
are sealed by Viton O-rings and can be evacuated to a vacuum of better than
1 x 107° mbar. Thus, the entire optical path is kept in vacuum/UHYV to avoid any
absorption from atmospheric moisture and other gas species (e.g. CO,). This
particular set-up, inserting the UHV-chamber in the commercial set-up, allows
for the acquisition of spectra at grazing incidence (80°) of sample substrates kept
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under UHV conditions without introducing any new optical elements in the path
of the infrared light. This fact is considered crucial for the high performance of this
IR/UHV combination and guarantees high-quality IR data with high sensitivity
and long-term stability, requirements which are needed to be fulfilled for the
detection of the very weak IR bands on monocrystalline oxide surfaces. The FTIR
spectrometer is equipped with a polarizer, which makes it possible to measure with
s- and p-polarized light. The adsorption geometry of molecules on metal oxide
surfaces thus can be better examined in particular, as on these surfaces the surface
selection rule, unlike metals, does not apply [43], since screening by the substrate
leads to a surface electric field on metals that are oriented strictly perpendicular to
the surface plane. As such, IRRAS applied to metals is only sensitive to the normal
component of any vibrational band. It should be noted that the innovative design
of this apparatus allows not only to record IRRAS data at grazing-incidence on
well-defined oxide single-crystal surfaces, but makes it also possible to carry out
IR measurements in transmission with oxide powder particles. For the latter, the
scattering geometry is changed from reflection to transmission by repositioning
the detector inside the VERTEX 80v spectrometer, i.e. again without including
additional elements into the optical path.

3. TiO,

TiO, is a prototypical material used in catalysis [66,67], photocatalysis [68], and
Gritzel solar cells [69]. It also has promising properties for use in electronics as a
transparent conductive oxide [70,71] or a memristor [72]. Furthermore, medical
implants (e.g. artificial hips) are often made from Ti, and the biocompatibility of
the TiO, surface layer therefore is highly relevant for the proper function of such
artificial body parts. TiO, has two main polymorphs relevant for industrial appli-
cations: rutile and anatase. The former has received the most scientific attention.
Nonetheless, the metastable anatase is believed to be the more catalytically active
phase and is therefore preferred in most industrial applications.

3.1. CO/rutile-TiO,(110)[40]

The IRRAS data shown in Figure 2 demonstrate that on a fully oxidized rutile-
TiO,(1 1 0) surface with a low defect density, only a single band at 2188 cm™ is
observed upon exposure to CO at 110 K. Note the negative sign of the vibrational
band, a characteristic feature which is only present in case of oxides. On metal
substrates, the intensity of reflected light always decreases upon excitation of a
vibration, thus only positive bands are seen. This frequency is 45 cm™ higher
than that observed for the gas phase CO (2143 cm™), which is in complete accord
with previous results of electron energy loss spectroscopy and theoretical studies
for CO adsorbed on the same substrate [73]. The blue-shift of stretching mode
of adsorbed CO molecules with respect to the gas phase is mainly due to the
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Figure 2. IRRAS data for CO adsorbed on perfect and reduced rutile-TiO,(1 1 0) surfaces at 110 K
(the vertical axis represents absorbance) [40]. Source: Copyright © 2012 John Wiley & Sons.
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Figure 3. Ball-and-stick model of the rutile-TiO,(1 1 0) surface [40]. The CO species adsorbed at
different Ti sites (labeled 0-5) are also depicted. Source: Copyright © 2012 John Wiley & Sons.

electrostatic polarization of the CO dipole by the metal cation (Stark effect) and
Pauli repulsion occurring when the molecule vibrates against a rigid surface (wall
effect) [74]. When the TiO, surface was reduced either by controlled slightly
sputtering or annealing under UHV conditions, a second CO band appeared at
2178 cm™. In line with a recent STM study on rutile-TiO,(1 1 0) by Zhao et al. [75],
the reduction-induced band at 2178 cm™ is assigned to CO adsorbed at Ti cations
located in the vicinity of an oxygen vacancy (i.e. site 1 indicated in Figure 3),
whereas the band at 2188 cm™ is assigned to CO bound to regular sites of the
surface (sites 2-5 in Figure 3). In order to corroborate the assignment of the
band at 2178 cm™ to defect-related adsorption sites, we blocked the Ti cation
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sites close to the oxygen vacancies by exposing the substrates to small amount
of O, at 110 K. As expected, in the IR spectra recorded after such substrates
pretreated with O, were exposed to CO at 110 K, the band at 2178 cm™ was
found to be strongly reduced relative to the band at 2188 cm™. Using a different
UHV-IRRAS apparatus, Petrik and Kimmel [51] studied the same system. Using
s- and p-polarized IR light incident along the [0 0 1] and [1 1 0] azimuths, they
were able to obtain detailed information on the adsorption geometry of CO as a
function of the CO coverage, OCO. The results indicated that for Gco <1 monolayer
(ML), CO adsorbs oriented perpendicular to the surface at fivefold Ti cation
sites. For 1 < 6, < 1.5 ML, the bonding geometry of the CO adsorbed at fivefold
coordinated Ti cation sites is unchanged, whereas the additional CO molecules
adsorb at surface bridging O anion sites parallel to the surface and parallel to the

[110]azimuth.

3.2. CO/anatase-TiO,(10 1) [46]

In contrast to rutile (which is considered to be the best-understood oxide as far as
surface properties are concerned [13]), much less is known about the metastable
anatase. However, in many applications, in particular in photochemistry, anatase
outperforms rutile. It is therefore mandatory to study the properties of this titania
polymorph as well. The IRRAS results of CO adsorption on anatase-TiO,(1 0 1)
are shown in Figure 4. For the spectra displayed in the top panel (Figure 4(a)),
the low reduction state of the substrate was confirmed by the absence of the
Ti** shoulder in the Ti2p XP spectra [13]. After characterization, the sample was
exposed to CO at 95 K resulting in different coverages. At low coverage, a single
peak at 2185 cm ™! was detected in the CO stretching region (Figure 4(a)), which
shifts to the lower frequencies to 2181 cm™ upon increasing the CO coverage
close to 1 monolayer (ML). Figure 4(c) shows the IR data acquired with p- and
s-polarized light. In spectra recorded for p-polarized light incident along both,
the [0 1 0] and [10 1] directions, only an single negative CO band at 2181 cm™!
was observed, indicating that the dynamic dipole moment of the CO stretching
vibration interacts mainly with the component of the p-polarized light normal to
the surface (the orientation of the s- and p-polarized components for the incident
IR light is depicted in Figure 20) [43]. No vibrational band was observed in spectra
recorded with s-polarized light (Figure 4(c)). For s-polarized light, the electric
field vector is oriented parallel to the surface and perpendicular to the incidence
plane (cf. Figure 20). These observations indicate that the adsorbed CO adopts
an orientation nearly perpendicular to the surface.

IRRAS data for samples which were subjected to many sputter-annealing cycles
so as to increase the reduction extent also show only a single CO band at 2181 cm™!
(Figure 4(b)). This behavior is different from the case of rutile-TiO,(1 1 0) [40]
or CeO,(11 1) [42], where surface reduction resulted in the appearance of a sec-
ondary CO stretching peak either red-shifted or blue-shifted by about 10 cm™!
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Figure 4. IRRAS data of different doses of CO adsorbed at 95 K on (a) stoichiometric and (b)
reduced anatase (1 0 1) surfaces with non-polarized light; (c) IRRAS data of 1 L CO adsorbed at
70 K on stoichiometric TiO,(1 0 1) with p-polarized light along [0 1 0] and [101]and s-polarized
light along the [0 1 0] azimuth [46]. Source: Copyright © 2015 American Chemical Society.

relative to the vibrational band observed on their stoichiometric counterparts.
On anatase-TiO,(1 0 1), distinct additional CO vibrational peaks or strongly
bound CO species were not detected (see Figure 4(b)). The measurements were
repeated several times on two different anatase mineral samples, with very similar
results. The CO stretching frequency at 2181 cm™ is assigned to CO adsorbed on
fivefold coordinated Ti cations (Figure 5), independent of the reduction state. We
attributed the observed behavior to the lack of O-vacancies within the anatase top
layer. By comparing the results of a thorough theoretical analysis, our data also
indicate that single subsurface oxygen vacancies directly below the anatase (10 1)
surface (i.e. in the second layer) must be a rather rare species [46].
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Figure 5. Ball-and-stick models of anatase-TiO,(1 0 1) [39]. Red or pink ball: O; gray ball: Ti; green
ball: C. Source: Copyright © 2011 American Physical Society.

3.3. Photocatalytic CO oxidation on rutile and anatase [36,39]

TiO, has been the most intensively studied semiconductor photocatalyst so far
due to its high activity under UV irradiation and extraordinary stability against
photocorrosion [66-68,76-78]. However, previously reported studies on the pho-
tocatalytic properties of TiO, were almost exclusively carried out for samples in
powder form. Owing to the usual ill-defined surface structure of powder particles,
it was very difficult to elucidate fundamental issues related to photochemistry at
TiO,. In particular, the origin of the higher photocatalytic efficiency of anatase as
compared to rutile is not well understood and remains a matter of debate. Here,
we discuss the results of a recent surface science study on well-defined rutile and
anatase monocrystalline TiO, surfaces using IRRAS. The high-quality IR data
allowed for new insights into the surface photochemistry of these two different
TiO, polymorphs.

The IR spectrum A in Figure 6(a) obtained after exposing the clean rutile-
TiO,(1 1 0) surface to 107 mbar of CO at 110 K clearly shows a distinct peak at
2183 cm ™. After evacuating the UHV chamber back to 107! mbar, the CO peak
slightly shifts to higher frequencies, 2190 cm™, and decreases by ~25% in intensity
(Figure 6(a), spectrum B). In a test experiment, the system (rutile-TiO,(1 1 0)
covered with CO) was illuminated with UV light (3.2 eV) in the absence of gas
phase oxygen (Figure 6(a), spectrum B). The signals are virtually unchanged, in
accord with expectations, since photodesorption of CO only occurs for higher
photon energies (above 4.3 eV) [79].

When the exposure to UV photons was repeated in the presence of molecular
oxygen (1077 mbar), a continuous decrease in the intensity of the CO vibrational
peak with irradiation time was observed (Figure 6(a), spectra C-F). Since no
decrease in the CO peak was seen in the absence of O,, this observation implies
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Figure 6. Top: Panel (a). IRRAS data of CO on TiO,(1 1 0) single crystal surface at 110 K. A,
P.o = 1077 mbar; B, after evacuation to 107'° mbar; C, after exposing (B) for 8 min to UV light
(3.2 eV) in presence of 10~ mbar of 0,; D, after a total exposure of 24 min to UV light; E, after a
total exposure to 40 min to UV light; F, after a total exposure to 56 min to UV light (the vertical axis
represents absorbance) [36]. Panel (b). The CO, region; labels correspond to those of panel (a).
Bottom: a side view of the TiO,(1 1 0) surface and adsorbed CO molecules on top of Ti atoms (red)

fivefold coordinated to oxygen atoms (green). Source: Copyright © 2008 Elsevier.

a reaction of CO with activated O, to yield CO,, in accord with previous work
where the photocatalytic production of CO, was detected under such conditions
[80]. In the present measurements, some fraction of CO, produced by the reac-
tion actually remains at the surface, as shown by the appearance of a new band at
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2345 cm™ being characteristic of physisorbed CO, (Figure 6(b)). Note that the
desorption temperature of physisorbed CO, on this surface amounts to ~140 K
[81]. The occurrence of this vibrational band is a nice, direct proof for this pho-
toreaction producing CO,.

According to Yates and co-workers [80], the photocatalytic formation of CO,
is brought about by activation of O, molecules through electron-hole (e-h) pairs
generated within the TiO, by absorption of UV photons [80,82]. The fact that
characteristic vibrational features of formate species (HCOO,,) or carbonates
(CO,,,) could not be observed in the IRRAS data indicates the absence of a long-
lived, chemically distinct intermediate species. The capability of IRRAS to detect
formate species, a possible reaction intermediate, has been demonstrated by the
observation of characteristic IR-bands after exposure of rutile-TiO,(1 1 0) to gas
phase formic acid [21]. In earlier work, the products of this photocatalytic process
could be studied only in the gas phase [82], thus prohibiting a direct observa-
tion of surface intermediates. These IRRAS observation therefore provide the
first direct evidence that the reaction of adsorbed CO proceeds most likely with
either O-adatoms or activated O, species, leading directly to CO,-formation. In
previous works, an intermediate state corresponding to an O-O-CO complex
was proposed for CO photo-oxidation on rutile TiO,(1 1 0) theoretically [83-85]
and experimentally [86]. Note, however, that for such an O-O-CO intermediate
with a relatively long distance between O, and CO [84], we expect the CO stretch
frequency to be substantially different from CO adsorbed on the pristine rutile
surface. Since no new IR signals were observed in the IRRAS experiments, we feel
that a long-lived O-O-CO intermediate under our measurement conditions can
be excluded. A metastable, short-lived intermediate, however, would be consistent
with the IRRAS data. Moreover, the IRRAS data indicate that the Co, produced
from adsorbed CO by photo-oxidation is only weakly physisorbed on the sur-
face and does not further react with surface bridging oxygen anions to form new
chemical species (such as carbonate).

The different photocatalytic efficiency of rutile and anatase as regards to CO
photo-oxidation is demonstrated by the IRRAS data shown in Figure 7. Exposure
of anatase-TiO,(1 0 1) to CO at 100 K leads to the appearance of an IR peak at
2180 cm™'. When the TiO,(1 0 1) surface pre-covered with CO is further exposed
to molecular oxygen under UV illumination with photon energy of 3.40 eV, the
photo-induced oxidation of CO occurs as indicated by the gradual decrease of
the CO band intensity. This photoreaction was further confirmed by a new peak
growing simultaneously at 2340 cm™, which is attributed to physisorbed CO,.
The different sign of the two peaks at 2180 and 2340 cm™ results from the dif-
ferent orientation of the adsorbed species, CO and CO,, relative to the substrate.
Based on the IR data shown in Figure 7(b), the photoreaction cross section Q
is determined to 2.0 x 107'7 cm? for anatase, an order of magnitude larger than



ADVANCES IN PHYSICS: X e 385

a b
(@) I0.00S% (b)
0Os! 10
: [ Anatase TiO_(101)
08 |
21 and UV, 6 - 1
.g Ry O '.-.‘....' oaios % a.e
] +0, and UV, 30s §f %
= & Roddiind, £ 04 -
— b ! Rutile TiO,(110)
0.2
0.0
' 1 L " Il i '} " 1
2300 2200 2100 0] 500 1000 1500 2000 2500
Wavenumber (cm™) Time (s)

Figure 7. Photo-oxidation of CO on TiO, monitored by IRRAS (the vertical axis represents
absorbance) [39]. (a) IRRAS data of CO and CO, during photo-induced CO oxidation reaction

on the anatase-TiO,(1 0 1) single crystal surface at 100 K. The sample was first exposed to CO

(1077 mbar) and then exposed to O, (10~ mbar) and UV light (3.4 eV, 2 x 10'* photons/(cm? s))
for different times. (b) Comparison of the reaction cross section Q of CO photo-oxidaton on rutile-
TiO,(1 1 0) and anatase-TiO,(1 0 1). Plotted is the In(C/C)) as a function of the UV irradiation time.

C, is the initial CO coverage before UV irradiation, and C, is the CO coverage after irradiation at

time t. The blue squares are the data for CO on anatase-TiO,(1 0 1) as shown in Figure 7(a). The
red circles denote data for CO on rutile-TiO,(1 1 0). Source: Copyright © 2011 American Physical
Society.

that for the different titantia polymorph, rutile (2.0 x 107'* cm?). For both rutile-
TiO,(110) and anatase-TiO,(1 0 1) surfaces, CO oxidation with surface bridging
oxygen anions in the presence of UV could not be detected. Also, dark reaction
(CO + 0,) does not take place on either of the substrates.

We found that this significant difference in photocatalytic performance between
well-defined anatase and rutile surfaces could not be attributed to the density of
surface defects or the nature of CO interaction with substrates. Contactless tran-
sient photoconductance measurements [39] revealed that the lifetime of photo-
excited e-h pairs in anatase (>10 ns) is about an order of magnitude longer than
that for rutile (<1 ns). This difference in the lifetime of bulk e-h pairs for the two
TiO, polymorphs should be responsible for the larger photocatalytic efficiency
of anatase than rutile. The longer lifetime of e-h pairs in anatase facilitates the
translocation of the photo-generated electrons and holds from bulk to the surface,
where the photochemical reactions take place. The large difference in e-h pair
lifetime between anatase and rutile could be due to their different band structures.
Whereas rutile has probably a direct band-gap, anatase exhibits a special indirect
band-gap [87]. As a result, the recombination of the photo-generated e-h pairs in
anatase will be largely reduced, thus increasing the e-h lifetime.
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3.4. IR-signatures of photo-generated charge carriers in TiO, [88]

In order to investigate the IR-signatures of charge carriers (either electrons in
the conduction band or holes in the valence band), IR spectra were recorded for
rutile-TiO,(1 1 0) surfaces before and after illumination with UV light are shown
in Figure 8. In these differences in spectra (a spectrum recorded before UV expo-
sure is subtracted from the spectrum recorded after UV exposure), we clearly
observe a main feature localized at 910 cm™' along with two additional features
at 1205 and 1375 cm ™. The observation of such UV-induced features in TiO, has
been reported previously for titania powders by Yates and co-workers [89-95].
However, in this earlier powder data, the sharper features at 1205 and 1375 cm™!
could not be identified. Interestingly, these IR-bands, which we attribute to excita-
tions of charge carriers resulting from photon absorption, can also be observed
after exposing both powder particles and TiO, single-crystal surfaces to hydrogen
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Figure 8. Recorded after the exposure of (a) powders and (b) a rutile-TiO,(1 1 0) single crystal
to UV-light or atomic H [88]. The difference spectra shown were obtained by subtracting a
background spectrum for the pristine sample recorded directly before filling the trap states from
the raw data. Source: Copyright © 2014 Nature Publishing Group.
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atoms generated by thermal dissociation of hydrogen molecules. According to
previously proposed mechanisms, the electrons bound to these hydrogen atoms
incorporated into the bulk TiO, have only small binding energies, and can easily
be transferred to the conduction band, thus resulting in an effective n-doping of
this large band-gap semiconductor. From the similarity of the results observed
after the UV-exposure and the hydrogen atoms exposure, we conclude that the
features seen in the infrared data at 910, 1205, and 1375 cm™! are actually related
to electrons in the conduction band. In the case of the UV-exposure, they are gen-
erated by dissociation of the excitons resulting from the photoabsorption process
(photon doping), whereas in the latter case the electrons result from the incorpo-
rated H-atoms (chemical doping). In our previous report [88] we proposed that
the signatures in the infrared data are actually due to an excitation of electrons
bound within polaron traps. At present, we feel that this explanation is likely
to be incorrect. Unfortunately, the theoretical description of polarons in oxidic
materials is rather complicated and, despite substantial effort, the reported theo-
retical values for the binding energies differ substantially [88,96,97]. At present,
it is also conceivable that the excitations seen in the IR data are actually related
to small polarons localized in the vicinity of defects. The nature and position of
these defects, however, is still unclear.

4. ZnO

Today, in terms of industrial benefit, ZnO is one of the most important oxides.
Methanol, the third most-important chemical product of chemical industry, is
produced from syngas (a mixture of CO, H,, and often some CO,) using a Cu/
ZnO/ALQ, catalyst, where small Cu particles are activated by interaction with a
ZnO substrate [98].

4.1. CO/ZnO(1010)[48]

It is well known that the nonpolar, mixed-terminated ZnO(1 0 1 0) surface is ener-
getically the most favorable surface of this interesting oxide, and studies on ZnO
powder samples using electron microscopy have shown that among the different
faces exposed by ZnO nanoparticles, the (1 0 1 0) orientation plays the most impor-
tant role [99]. In the present experiments, the ZnO(10 1 0) sample was cooled
down to 60 K and then exposed to CO to achieve saturation coverage (1 ML).
The corresponding IRRA spectra recorded with p-polarized light incident along
the [12 10] azimuth are shown in Figure 9. Also, an IR spectrum recorded for
the bare ZnO (black curve) is displayed for comparison. We observed an intense
IR band at 2169 cm™, which is assigned to the stretching vibration of CO mole-
cules bound to the surface Zn?* cations. This frequency, exhibiting a blue-shift of
26 cm ™! compared to the gas phase value (2143 cm™), is in good agreement with
the results obtained for CO adsorption on ZnO nanoparticles [100,101].
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Figure 9. IRRA spectra obtained after exposing ZnO(1010) to CO at 60 K and subsequently
heating to the indicated temperatures [48]. The spectra were measured with p-polarized light
along the [12 10]azimuth. Source: Copyright © 2016 Elsevier.

We then elevated the sample temperature to further examine the thermal sta-
bility of the adsorbed CO species and the influence of coverage on the CO vibra-
tional frequency. Upon heating to 80 K, the CO band remains unchanged both
in intensity and frequency, indicating that the full CO monolayer is stable on
ZnO(1010) up to 80 K. This observation is in good agreement with the binding
energy of CO adsorbates as deduced from earlier experimental work (0.22 eV)
[102] and density functional theory (DFT) calculations (0.24 eV) [103] for a
saturated CO monolayer on this mixed-terminated surface.

When further increasing the sample temperature, the CO band was observed
to shift to 2177 cm™ at 90 K and then to 2184 cm™ at 100 K. Simultaneously, the
CO band decreased in intensity, which is explained by a partial desorption of CO
molecules. It should be noted that CO adsorption on ZnO(1 01 0) at 100 K leads
to a maximum coverage of 0.5 ML only, with a binding energy of 0.32-0.36 eV as
deduced from experiments [102,104] and DFT calculations [103].

In order to identify the adsorption geometry of CO on the ZnO(1 0 1 0) surface,
additional IR experiments have been performed with p-polarized light incident
along the [0 0 0 1] direction at 70 K (not shown), and similar results were obtained
[48]. The present results clearly demonstrate an absence of azimuthal dependence,
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Figure 10. Comparison of IRRA spectra for the adsorption of CO on ZnO thin layer/brass(1 1 1)
[105] and ZnO(1 0 1 0) substrate [48] at recorded for a substrate temperature of 100 K.

suggesting that the adsorbed CO molecules exhibit a mainly upright orientation.
This is in line with a slightly tilted geometry of CO on ZnO(1 0 1 0), where the IR
signals with p , (the tangential component of electric filed vector of p-polarized
light) and s-polarized light are too weak to be detected.

In order to demonstrate the difference between IRRAS data recorded for sin-
gle-crystal oxides and oxide thin films supported on a metal, in Figure 10 we
show the comparison of IRRAS data recorded for CO adsorbed on a thin ZnO
adlayer (~2 ML) grown on a brass(1 1 1) substrate [105] and for CO adsorbed
on a mm-thick ZnO(1 01 0) substrate [48]. The total measurement times were
the same (4 min). Clearly, the signs of the vibrational bands are opposite (see the
discussion in the Introduction). While the relative change in absorbance caused by
excitation of the CO stretching vibration is of comparable size (~2 x 10~*) for both
surfaces, the signal-to-noise (S/N) ratio in the spectrum recorded for CO adsorbed
on the ZnO thin layer supported by a metal sample is much better than that for
the ZnO(1 0 1 0) substrate. This can be understood by considering that, for the
thin layer, the supporting metal substrate acts as a mirror and increases the total
intensity of the reflected IR-light to a value which is comparable to that for metal
substrates. For the thick ZnO substrate, on the other hand, the reflectivity is much
lower (a refractive index of 1.9 corresponds to a reflectivity of 14.2% for p-po-
larized light at 80°) [22]. This reduction in reflectivity (roughly by a factor of 7)
requires longer measurement times. To get the same S/N ratio than for metals,
an increase of 72 i.e. ~50 is required. Also, for other dielectrics, reflectivity and,
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Figure 11. Ball-and-stick model for the adsorption of CO mixed-terminated ZnO surfaces: (a)
Zn0(1010); (b) ZnO(1 12 0)[48]. Color: oxygen (CO) - red, carbon — green, oxygen (ZnO) - red,
zinc - gray. Source: Copyright © 2016 Elsevier.

correspondingly, sensitivity are low, increasing measurement times for IRRAS on
bulk oxides and dielectrics by one to two orders of magnitude relative to metals.

4.2. CO/Zn0O(1120)[48]

Aside from(1010), the mixed-terminated (1 12 0)surface is another nonpolar
surface of ZnO, which exposes coordinatively unsaturated ZnO dimers (Figure
11(b)). The surface energy of ZnO(1 12 0)is found by the DFT calculations to be
only slightly higher than that of ZnO(1 0 1 0), but much lower than those of the
O- and Zn-terminated polar surfaces [106]. Figure 12(a) shows the IRRA spec-
tra recorded with p-polarized light incident along the [0 0 0 1] direction after
exposing the clean ZnO(1 12 0)surface to CO at 110 K. At low coverage (0.2 L
CO), a single CO stretching vibrational band at 2190 cm™ was observed. With
increasing doses of CO at 110 K, this band shifts gradually to lower frequencies
and eventually reaches 2181 cm™! at saturation coverage, accompanied by a sub-
stantial increase in intensity.

The coverage-dependent frequency shift was also observed when reducing the
CO coverage as a result of thermal desorption. After saturation coverage of CO
on ZnO, (112 0)was achieved by exposing to CO gas at a substrate temperature
of 110 K, the sample was subsequently heated to higher temperatures. The corre-
sponding spectra are displayed in Figure 12(b). At 120 K, the CO molecules des-
orb partially, as confirmed by the intensity decrease in the CO band. At the same
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Figure 12. IRRA spectra obtained after (a) exposing ZnO(1 12 0) to different doses of CO at 110 K
and (b) subsequently heating to indicated temperatures [48]. The spectra were measured with
p-polarized light along the [0 0 0 1] azimuth. Source: Copyright © 2016 Elsevier.

time, the frequency also shifted slightly from 2181 to 2184 cm ™. When increasing
the surface temperature up to 130 K, CO molecules almost completely desorbed
from the surface, in very good agreement with the TDS results reported for CO
adsorbed on ZnO(1010) [104]. This observation indicates that CO molecules
interact with the two nonpolar ZnO(1 12 0)and ZnO(1 0 1 0) surfaces in a similar
fashion. Importantly, at 130 K, a weak but unambiguous feature was resolved at
2192 cm™!, which is attributed to isolated CO species (singletons). The frequency
of this feature is in excellent agreement with the CO-bands reported for ZnO
nanoparticles (2190-2192 cm™) [100,101,107].

Given the similar nature of CO interaction with the ZnO(1 0 1 0) surfaces, CO
adsorption on ZnO(1 12 0)at 110 K probably also leads to a maximum coverage
about 0.5 ML. In order to investigate the CO adsorption at a full monolayer,
we have carried out additional experiments at lower temperatures. As shown in
Figure 13, after exposing the clean ZnO(1 12 O)surface to 1 L CO at 70 K, only a
single ¥(C-0O) band was detected at 2170 cm™". This peak remains constant, both
in frequency and intensity, upon heating to 80 K. These results are very similar
to those obtained for the ZnO(1 010) surface (see Figure 9), indicating that a
full monolayer coverage is achieved for CO adsorption on ZnO(1 12 0)at 70 K.

Overall, for CO adsorption on ZnO(1 12 0)only one negative CO vibrational
band was detected for p-polarized light, while no signal was observed for the s-po-
larized light. This indicates that the dynamic dipole moment of the CO stretching
vibration mainly interacts with the p_, component (the normal component of
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Figure 13. IRRAS data obtained after exposing ZnO(1120)to CO at 70 K and subsequently
heating to 80 K [48]. The spectra were measured with p-polarized light along the [0 0 0 1] axis.
Source: Copyright © 2016 Elsevier.

electric field vector of p-polarized light). CO is bound to the surface Zn?* sites of
ZnO(1120) with a configuration as shown schematically in Figure 11. Though
a tilted geometry (41.4° to the surface normal) has been proposed for CO on
ZnO(1120)[102], we thus have to conclude based on our experimental obser-
vations that, when using s-polarized light, the signal is so weak that it cannot be
detected, as discussed for ZnO(1 01 0).

The coverage-induced frequency shift is attributed to the lateral adsorbate-
adsorbate interactions, including both dynamic and substrate-mediated static
interactions [108,109]. For CO/oxide systems, the two effects lead to opposite
frequency shifts. The dynamic interaction originates from the dipole-dipole cou-
pling between adsorbed CO molecules and results in a blue-shift in frequency (as
observed for CO/metal systems [110]). The coupling occurs when adjacent oscil-
lators show the same intrinsic frequency and are oriented parallel to each other.
The static shift originates from the interaction between CO adsorbates through
the substrate and depends on the ability of the adsorbed molecules to transmit
negative charge to the neighboring adsorption sites [111]. The substrate-mediated
static interaction leads to red-shift in frequency when the coverage is increased.

The frequency shift of the v(C-O) band comes as the result of the sum of the
above two adsorbate-adsorbate interactions: Av = Av, =+ Av . Whereas image
dipoles provide an important contribution [112,113] in case of CO bounds to
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metal substrates, they are absent for CO adsorption on dielectric (oxide) sub-
strates. In this case, the dynamic effect originates from the direct (through-space)
dipole-dipole coupling between adsorbed CO molecules. The contribution of the
dynamic adsorbate-adsorbate interaction (Av o =V v,) can be estimated by the
modified Hammaker equation [114]:

a,0%, :
v=y | 1+ ——=
1+ a0,

where v is the frequency of isolated CO (singleton), a the dynamic polarizability,
%, the direct dipole sum, and a, the electronic polarizability. As shown in Figure
13, the v, of isolated CO adsorbed on ZnO(1 1 2 0)was observed at 2192 cm™.
Based on the «, (0.057 A3) and o, (1.89 A%) values given in the literature [112],

the Av, , can be estimated to be +3 6 cm™' at 0.5 ML and +6.5 cm™! at full mon-
olayer. At 6 = 1 ML, the CO band was observed at 2170 cm™" for ZnO(1 12 0)
with a total frequency shift Av = —22 cm™ compared to the v, = 2192 cm™" for
isolated CO (Figure 12(b)). Correspondingly, the contribution of the static shift
(Av,,) is deduced to be —28.5 cm™. For the ZnO(10 10) surface, the Av value
is estimated to be =23 cm™ (v, = 2192 cm™, v = 2169 cm™" at § = 1 ML), and
Av, . =-29.5 cm™. These results indicate that the coverage-induced frequency
shift for CO adsorption on ZnO surfaces originates predominantly from the sub-
strate-mediated static interaction in CO adlayers, whereas the contribution of the
dynamic effect is relatively small.

Finally, a closer analysis of the present IR data reveals that the CO bands
become broader and asymmetric at intermediate coverages on both ZnO(1 0 1 0)
and ZnO(1 1 2 0)surfaces. This could be related to the presence of different variants
of the CO nearest neighbors at moderate coverages, which correspond to lateral
interaction effects of different magnitude, thus leading to the appearance of several

discrete bands as observed for ZnO powder samples [101,115].

4.3. CO,/ZnO(1010)[43]

IRRA spectra were recorded with both s- and p-polarized IR light incident along
the [0 0 0 1] and [12 1 0] azimuthal directions after exposing the ZnO(1 01 0)
sample to 1.5 Langmuir (L) of CO, at 100 K. A complete set of IRRAS data is
shown in Figure 14 together with the powder data reproduced from the work of
Noei et al. [116]. In the spectrum recorded with p-polarized light incident along
the [0 0 0 1] azimuth, one positive band at 1591 cm™ and one negative band at
1344 cm™" are visible. The corresponding spectrum recorded with s-polarized
light incident along the same direction does not exhibit any clear feature. For the
[12 10]azimuth, however, we obtained rather different results (cf. Figure 14(b)).
Here, distinct negative bands at 1340 cm™ in the p-polarized spectrum and at
1584 cm™ in the s-polarized spectrum were observed (Figure 14(b)).
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Figure 14. Expected signals in IRRA spectra based on calculations (left panel) and experimental
IRRA spectra of CO, on ZnO(1010) at a grazing incidence angle of 80° with s- and p-polarized
light at 100 K (right panel) [43]. The sketch shows the orientation of the tridentate carbonate
species on the surface with the arrows indicating the movement during the vibrations. The big
light and dark gray arrows indicate the orientation of the TDM of the vibrations. Together with
the experimental data recorded for the ZnO(1 0 1 0) single crystal, we show ZnO powder particle
spectra[116]. (a) Incident beam along [00 0 1]and (b)[12 1 0]azimuth. Source: Copyright © 2014

The Royal Society.
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The interpretation of the experimental IR data obtained for the carbonate spe-
cies formed by exposing ZnO(1 0 10) substrates to CO, is challenging; the four
spectra recorded for different polarizations and directions of incident light are all
different. In order to assist the assignment of the different features, we will first
predict the signs and intensities of the various IR bands by applying the set of
rules described below (see Figure 20 for a sketch describing the decomposition
of the incident IR light into the s- and p-polarized components).

(1) s-polarized light (electric field vector E_ parallel to the surface)

(a) Only adsorbate vibrations with a TDM component orientated parallel
to the surface and E_ are visible.

(b) The sign of peaks in the IRRAS data is always negative.

(2) p-polarized light

(a) A proper analysis requires the decomposition of the incident electric
field vector into a tangential component, E s and a normal compo-
nent, Ep)n.

(b) The peaks related to the two different components E, and E always
have opposite sign.

(IRRAS data are typically recorded at an incidence angle that is greater than
the Brewster angle. Under these conditions, in p-polarization, the sign of the
band related to the E-vector in-plane component (E_ ) is positive, whereas that
resulting from the normal component (Ep’n) is negative.)

We now apply these rules to the adsorbate geometry of the carbonate species
on this substrate proposed by Kotsis et al. on the basis of an extensive theoreti-
cal study [117]. This activated CO, adsorbate exhibits an upright geometry. The
orientation of the molecular O-C-O-plane is orthogonal to the substrate and
parallel to the [0 0 0 1] direction. For this geometry, the rules provided above allow
to make the following predictions for the intensities and signs of the two most
important carbonate vibrational bands. For the symmetric stretching vibration v,
the corresponding TDM, TDM,, is orientated perpendicular to the surface, and
thus no contribution should be observed in either azimuth for s-polarized light.
For the asymmetric stretching vibrations v_, the corresponding TDM, TDM_, is
oriented parallel to the surface and points along the [0 0 0 1] azimuth. As a result,
we predict a high intensity for s-polarized light incident along the[1 2 1 0]azimuth.
After rotation of the sample by 90°, for light incident along the [0 0 0 1] azimuth,
no signal should be seen. In the case of p-polarized light, the symmetric vibration
v, should be visible with light incident along both high-symmetry directions, since
in both cases, the normal component of the E-vector, Ep)n, can couple to the TDM
of this vibration. Also from the asymmetric vibration v_ a signal is expected, since
in this case, the TDM is orientated parallel to the substrate, and can thus couple
to the tangential component E | of p-polarized light, in case the direction of the
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incident light is along the [0 0 0 1] azimuth. No excitation should occur when the
p-polarized light is incident along the other high-symmetry azimuth, [1210].

For a more quantitative analysis of the sign and intensity of the IRRAS bands,
one has to calculate the reflectivity, e.g. using the three-phase model as described
by Hansen et al. [23,118] and Mielezarski and Yoon [119] for dielectric materi-
als. Within this approach, the reflectivity difference AR, is calculated separately
for each component i of the incident light (E;, E , and E ), by subtracting the
reflectivity of the adsorbate-covered substrate (R,) from that of the clean substrate
(R)) according to the following formula:

AR,(0) = R)(0) — R,(0)
R,(0) = RY(§)/10*4®

where
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where 7. is the refractive index of layer j, 71 denotes the complex index of refrac-
tion n + ik, k is the extinction coefficient, and d2 refers to the thickness of the
adsorbate layer.

Expected signals in IRRAS data based on calculations are displayed in Figure
14, left panels. When comparing to the experimental data, it has to be kept in
mind that this simulation is based on a rather simple model. A number of addi-
tional effects is neglected. For example, contributions arising as a result from
the thermal occupation of low-energy vibrations, e.g. frustrated rotations and
translations, were not considered. The occupation of frustrated rotations results
in dynamic tilt angles [120-122], which can make a vibration with a TDM orien-
tated exclusively perpendicular to the surface also visible with s-polarized light. A
detailed analysis of the IRRAS data considering the particular optical properties
of dielectric surfaces in the context of the simple model described above yields a
good agreement of the experimentally observed IR band magnitudes and signs
with the theoretical predications assuming a carboxylate species with its backbone
plane oriented parallel to the [0 0 0 1] azimuth and perpendicular to the surface.

4.4. IR signatures of photo-generated charge carriers in ZnO

In using a similar approach as reported in Section 3.4 for TiO,, also in case of
ZnO, the IR signature of photo-generated charge carriers was studied. In Figure
15 we show a series of spectra recorded after illumination of the substrates with
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Figure 15. Steady state (during ultraviolet light irradiation) IR spectra (p- and s-polarization)
of ZnO(1010) recorded at 118 K (a). Time dependence of the intensity of the sharp feature
at 1630 cm™' on starting (b) and terminating (c) ultraviolet irradiation at 75 K with the time
constants (TC) indicated for the rise and decay of the signal [125]. Source: Copyright © 2015
Nature Publishing Group.
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photons of 3.40 eV, an energy slightly larger than the band-gap of ZnO (3.3 V).
Clearly, also in this case, a sharp feature is seen in the IRRAS data. For ZnO, the
main UV-induced absorption band is located at 1288 cm™! and is accompanied
by an absorption-edge-like feature at 1630 cm™. Using the so-called rapid scan
method [123,124], the temporal evolution of these species could be determined
and allowed to obtain an effective activation energy of —246 meV. In this case, a
rather detailed theoretical analysis was carried out which provided strong evidence
that the observation seen in the experimental data is in fact due to the excitation
of hole polarons of intermediate coupling strength [125]. According to the the-
oretical analysis, these polarons are particular in the sense that they correspond
to an intermediate size with a diameter of about 15 A. Interestingly, the rather
detailed analysis of the data allowed concluding that from the difference of the
spectra seen for p- and s-polarized light the feature at 1288 cm™ can actually be
ascribed to a surface polaron. As in case of the TiO, these time-resolved (on a
second time scale) data show the huge potential of IR spectroscopy to determine
photophysical properties of oxide surfaces.

5. CeO,

Ceria (CeO,) has become a ubiquitous constituent in catalytic systems for a variety
of applications over the last forty years [126,127]. The high catalytic activity, in
particular for redox reactions, is connected with the facile reducibility of this oxide
and the concomitant ability to supply lattice oxygen for a reaction. In an equally
facile manner, the O vacancies are healed again in an oxygen-rich ambience,
making ceria the ideal buffer system for oxygen in a catalytic process [128]. Ceria
has three stable low-index crystallographic surfaces, (11 1), (1 1 0) and (1 0 0),
which expose cerium cations and oxygen anions with different coordination envi-
ronments. The ability to adsorb or give up oxygen varies between the different
crystallographic surface orientations, and the corresponding redox-type reac-
tions are likely to be different. Additionally, the chemistry of the same adsorbate
proceeding on a fully oxidized CeO, surfaces may be substantially distinct from
that on a reduced ceria surface due to different oxidation states of surface cerium
cations [129]. Here, we present IRRAS results of CO adsorption on macroscopic
monocrystalline ceria (1 1 1) and (1 1 0) surfaces.

5.1. CO/CeO,(111)[42]

In the work by Yang et al., first the stretching frequency of CO adsorbed on a
fully-oxidized, single crystalline CeO,(1 1 1) surface (‘stoichiometric surface’) was
determined using polarization-dependent IRRAS with the light incident along
the [11 0] azimuth. The corresponding p-polarized data shown in Figure 16(a)
reveal a single, sharp band at 2154 cm™, which can be assigned in a straight-
forward fashion to CO molecules bound to Ce** cations embedded in a perfect
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Figure 16. Experimental IRRA spectra of different doses of CO at around 70 K on oxidized (a) and
reduced (b) CeO,(1 1 1) at a grazing incidence angle of 80° with (left) p- and (right) s-polarized
light incident along [T 10] [42]. Source: Copyright © 2014 The Royal Society.

monocrystalline surface environment (site 3 in Figure 17). The CO peak is nega-
tive, in accord with IR-data recorded for CO adsorbed on TiO, [40] and ZnO [48]
surfaces. Only a very weak, also negative, feature was observed for s-polarized
light. Almost identical results were obtained for the IR-light incident along the
[2 1 1]azimuthal direction [42].
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Figure 17. Ball-and-stick model of the CeO,(1 1 1) surface (top view) with top-surface oxygen
vacancy [42]. The position of the vacancy is indicated by the dashed circle. Color: red — top surface
oxygen, light red - subsurface oxygen, white — Ce**, blue — Ce3*. Source: Copyright © 2014 The
Royal Society.

In a next step, oxygen vacancies were deliberately introduced on the CeO,(111)
surface by Ar* sputtering and annealing under UHV conditions (‘reduced sur-
face’). As deduced from XPS data, the oxygen vacancy density in the near-surface
area of this sample amounts to approximately 9%. The corresponding IRRAS data
shown in Figure 16(b) revealed a substantial broadening of the CO stretching
peak, which is centered at around 2163 cm™. By applying a fitting procedure,
which assumes the presence of only a single additional species (in addition to
that observed at 2154 cm™! for the clean surface), the deconvoluted data [42]
clearly reveal the presence of a new species at 2163 cm™. This reduction-induced
feature exhibits a blue-shift of roughly 10 cm™ with respect to CO adsorbed on
the stoichiometric CeO,(1 1 1) surface. At the same time, the analysis of temper-
ature-dependent IRRAS data revealed a slightly larger binding energy of CO on
the reduced surface relative to the fully oxidized surface, 0.31 eV vs. 0.27 eV [42].

Such a small blue-shift in the stretching frequency of the CO bound to the
defect-induced surface is unusual. On other oxides like TiO, the increased binding
energy at defect sites (which is also observed for CO on CeO,(1 1 1)) is accom-
panied by a red-shift in frequency [40]. In order to better understand the origins
of this unexpected behavior and to assign the defect-induced band, Gong and
co-workers have carried out first-principle DFT calculations [42]. The results of the
calculations allowed to assign the defect-induced vibrational mode (2163 cm™) to
CO adsorbed at 6-fold coordinated Ce** ions in the direct vicinity of the vacancy
(site 1 in Figure 17). The interaction of CO with CeO, is very complex which
was not discussed in [42]. The small blue-shift originates probably from a slight
increase in the Lewis acidity of Ce** ions at the oxygen vacancies than that for
the perfect sites. In this case the adsorbed CO molecules donate more electrons
from the 50 orbital to the defective Ce cations. The electron transfer from CO
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Figure 18. Structure evolution during reduction of the CeO,(1 1 0) surface [50]. (a) The
stoichiometric, fully oxidized (1 x 1) phase. (b) (2 x 1) reconstruction. (c) {1 1 1} nanofaceting. The
oxygen vacancies are indicated by the dashed circles.

to the substrate strengthens the C-O bond, and thus leads to a blue-shift of the
C-O stretching vibration.

5.2. CO/Ce0,(110)[50]

The stoichiometric, ideal bulk truncated (1 x 1) structure of the CeO,(1 1 0)
surface (Figure 18(a)) consists of two O rows sandwiching a row of Ce, all rows
running along the [110] direction and is characterized by a well-defined LEED
diffraction pattern (Figure 19(b)). Figure 19(a) shows IRRAS data recorded for
this stoichiometric CeO,(1 1 0) surface after exposure to CO at 80 K. The p-po-
larized spectrum exhibits a predominant peak at 2170 cm™, which is assigned
to CO bound to Ce** cations embedded in a perfect monocrystalline surface
environment.

After reducing the surface by annealing at 800 K under UHV conditions, the
well-defined (1 x 1) LEED pattern of the ideally terminated CeO,(1 1 0) sin-
gle crystal surface changes to a clear, equally well-defined (2 x 1) LEED pattern
(Figure 19(b)), revealing a new surface atomic arrangement. A general consen-
sus on the precise geometric structure of this reduced phase has not yet been
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Figure 20. CeO,(1 10) surface faceting probed by IRRAS after CO adsorption [50]. Fitting of p- and
s-polarized spectra of faceted CeO,(1 1 0) exposed to CO at 70 K with light incident along the
[170]azimuth.

achieved. A tentative model based on the surface stoichiometry as deduced from
the XPS-data is shown in Figure 18(b). According to this model, the CeO,(1 1 0)
surface is reconstructed, with 25% of the oxygen atoms missing. This structure
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thus resembles a layer of Ce,O,. For this (2 x 1) reconstruction, adsorbed CO
shows only one sharp CO band at 2175 cm ™" (Figure 19(a)), which is tentatively
attributed to CO species adsorbed at Ce** ions. Unfortunately, accurate first-prin-
ciple calculations which might aid such an assignment (as discussed in some of
the previous examples) are not yet available for CO bound to this reconstructed
surface. Note, that the Ce**-related CO band at 2178 cm™ was also observed
on the (1 x 1) surface as a minority species (Figure 19(a)). The temperature-de-
pendent IRRAS data show that upon annealing the 2170 cm™ band decreases
quickly in intensity and disappears at 95 K, while the 2178 cm™ band is found
to disappear after heating to 110 K (Figure 19(c)). The corresponding binding
energies obtained from an analysis of this temperature dependence amounted to
0.28 and 0.32 eV, respectively, indicating a stronger interaction between CO and
the reduced Ce** sites.

Interestingly, subjecting the CeO,(1 1 0) surface to repeated cycles of sputtering
and annealing leads to further substantial changes, as evidenced by the IRRAS
data displayed in Figure 20. At saturation coverage, the simultaneous observation
of four CO bands in the p-polarized spectrum reveals unambiguously a severe
restructuring of the reduced CeO,(1 1 0) surface. The occurrence of these dif-
ferent bands was related to faceting, leading to {1 1 1} nanofacets separated by
partially reduced (1 1 0) terrace. The band at 2170 cm™" with an obvious shoulder
at 2178 cm™!, which is assigned to CO bound to perfect and defective sites on the
(110) terrace, respectively. Two low-lying features emerge at 2154 and 2163 cm™
which are characteristic for CO species adsorbed at oxidized and defective sites
of {11 1} facets [42].

In order to identify the adsorption geometry of the various CO species bound
to this strongly restructured surface, we have performed additional IRRAS exper-
iments recorded with s-polarized light (Figure 20). S-polarized light is oriented
parallel to the surface and perpendicular to the incidence plane. Only vibrational
modes with a TDM orientated parallel to the surface can couple with this polariza-
tion, resulting in negative absorbance bands. In the s-polarized spectra (Figure 20),
only two CO bands located at 2154 and 2163 cm™ originating from CO adsorbed
on (1 1 1) surfaces were detected. This observation is in perfect agreement with
the fact that the {1 1 1} nanofacets are tilted with respect to the surface plane (see
Figure 18(c)). As a result, CO molecules bound to this surface adopt an effectively
tilted geometry with respect to the normal of the substrate, and therefore exhibit
a weak signal also in the s-polarized spectra. In contrast, no CO bands assigned
to (11 0) terraces were visible with s-polarized light, indicating that CO adsorbs
to the (1 1 0) terrace in an upright orientation (see Figure 19(a)).

6. Summary

In this review, we have compiled the results of infrared spectroscopic studies of CO
adsorption on three different oxide surfaces, TiO,, ZnO and CeO,. Using a newly
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designed state-of-the-art UHV-IRRAS apparatus, we were able to conduct IRRAS
measurements on macroscopic metal oxide single crystals in reflection geometry.
These measurements demonstrate first that IRRAS applied to oxides has a huge
potential and is not restricted to TiO,, the material for which so far most IRRAS
studies have been reported. Furthermore, these results demonstrate that CO is
a very sensitive probe molecule to probe microscopic structural details of oxide
surfaces, in particular the presence of surface oxygen vacancies. In many cases, the
CO stretch frequencies are clearly different for different crystallographic surface
orientations, and the frequencies are also sensitive to surface atomic rearrange-
ments occurring upon e.g. reduction of the oxidic substrates. The IRRAS method
has also been successfully applied to study of the photo-oxidation of CO over
rutile- and anatase-TiO, surface and to investigate photophysical properties (e.g.
the formation of photo-induced polarons) in the case of TiO, and ZnO substrates.
With the assistance of a polarizer, the determination of adsorption geometry of
molecular adsorbates on oxide substrates becomes possible, as demonstrated here
for the case of CO, adsorbed on ZnO(1 0 10). We feel that the full potential of the
UHV-IRRAS approach has not yet been exploited, in the future this technique
should be applied to more oxides. We would also like to stress the enormous poten-
tial of IR spectroscopy for probing photophysical properties of oxide surfaces.
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