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ABSTRACT: Recent progress in instrumentation has provided the basis for characterizing
the surfaces of catalytically active oxide materials by using surface ligand IR (SLIR)
spectroscopy. Reference data have been obtained for molecular ligands, in particular for CO
bound to macroscopic, well defined oxide single crystal surfaces, and now allow identifying
the facets exposed by nanoparticles. These advances are highly beneficial in the context of in
situ and operando studies on catalytically active powder materials, thus allowing the
observation of dynamic changes of the shapes of oxide nanoparticles as well as the number,
size, type, and charge state of exposed metal particles/clusters. In particular, the SLIR method
can also be used to identify single atom active sites in heterogeneous catalysis. Finally, such
accurate reference data acquired for well characterized monocrystalline surfaces are required
to validate theoretical approaches.
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To achieve a full understanding of chemical processes
taking place at the exposed surfaces of oxide nano

particles or of metal clusters deposited on oxide nanoparticles
will require in situ and operando investigations. The so called
surface science approach1 developed to unravel basic
mechanisms of catalytic reactions relies on determining the
atomic structure and the behavior of various adsorbates on
structurally well defined metal oxide surfaces. Although this
approach has been tremendously successful, studies with
model systems under idealized, ultrahigh vacuum conditions
do not sufficiently describe all processes occurring during the
technical process. Researchers have reported cases where
dynamic phenomena occur under reaction conditions, which
lead to modifications of nanoparticle shape and surface
decoration and, in turn, strongly influence a catalyst’s
performance.2,3

Our knowledge of the details of oxide surfaces, including the
precise structure of the stoichiometric oxide/vacuum inter
faces, as well as a thorough description of typical active sites on
oxides such as oxygen vacancies, has advanced in recent years.
Comprehensive information on the chemical activity of this
important class of materialswith the exception of Au, all
metals are coated by a thin oxide layer under ambient
conditionshas been gathered by investigating the interaction
of oxides with small molecules such as CO, O2, methanol, and
water. Frequently occurring surface species on oxides, e.g.
hydroxyl and methoxy groups, have also been investigated. In
addition, the mechanisms governing the adhesion of metal
atoms and small clusters, as well as the growth mechanism of
metal deposits on oxidic substrates, have been identified.
For transition metal oxide substrates, the (110) oriented

surface of rutile TiO2 has provided much of our knowledge.4

Most of the information on the properties of fully oxidized
titania surfaces, with respect to the most important types of
defects on this model substrate and their chemical activity, has

come from scanning tunneling microscopy (STM). Often,
results from STM have clarified results from other techniques
such as thermal desorption spectroscopy (TDS), low energy
electron diffraction (LEED), and different variants of photo
electron spectroscopy (XPS, UPS). STM can also be applied at
higher pressures,5 but the application of this scanning probe
technique to real catalyst powders consisting of crystallites with
dimensions in the 100 nm regime is virtually impossible. The
difficulties also apply in the case of atomic force microscopy
(AFM), which recently has demonstrated atomic resolution on
a number of oxide surfaces. The application of photoelectron
spectroscopy to powders is hampered not only by charging
problems but also by the finite escape depths of the
photoelectrons. The latter limits the application of this
technique to the uppermost layer of powder particles.
A method well suited for studying powders, under typical

reaction conditions, is extended X ray absorption fine structure
spectroscopy (EXAFS).6 However, EXAFS is not strictly
surface sensitive, and therefore, it can be unclear if the
phenomena observed with this technique are of direct
consequence for gas phase species interacting with the surface
of the catalyst.
In this context, infrared (IR) spectroscopy plays an

important role. This technique can be used to measure
vibrational frequencies of molecules weakly bound to surfaces
(Figure 1). This method can be applied to single crystal model
systems suited for a validation of theoretical approaches, as
well as for powders, the technologically relevant form of
catalysts, under specific reaction conditions.7 It is possible to
record spectra for catalyst powders under operando conditions



at pressures up to 50 bar8 by employing state of the art
DRIFTS (diffuse reflectance infrared spectroscopy) techni
ques. At the same time, reference spectra at the surfaces of
macroscopic single crystals and of metal particles deposited on
single crystals can be measured.7 Note that this method has
also been applied successfully to characterize single, catalyti
cally active Pt atoms deposited on ceria particles.9

For in situ and operando studies of catalytic processes under
real conditions, IR spectroscopy offers a number of advantages
over other methods. However, in the past IR spectroscopy
applied to powder materials has suffered from the drawback
that an assignment of the vibrational bands of common small
adsorbates bound to the surfaces exposed on the powder
particles is not straightforward, since many different surface
orientations are present at the same time. In addition, studies
of the signatures of imperfections when powdered materials are
used represent a major challenge. For example, with CO
adsorbates, it is unclear whether the different bands observed
on, for example, CeO2 powders originate from different surface
orientations, different charge states of Ce cations, or defects
and impurities within the surface.10

It should be possible to compute these shifts using
theoretical approaches: e.g., density functional theory (DFT).
However, the description of oxides and in particular their band
gaps with DFT remains a challenge, particularly with simple
functionals.11 In addition, the interaction of weakly bound
molecules such as CO often requires the consideration of
additional van der Waals terms. Thus, employing theoretical
methods to compute vibrational frequencies of weakly bound
adsorbates on oxides is far from being straightforward.
Rendering predictive power to computational approaches will
therefore require validation by experimental studies on well
defined model systems: i.e., data recorded under ultrahigh
vacuum (UHV) conditions for surfaces of structurally well
defined macroscopic single crystal oxides.
Although the potential to use CO as a probe molecule has

been realized earlier,12,13 and in fact this small diatomic has
become the most commonly investigated adsorbate on surfaces
of oxides, only limited experimental data for well defined
macroscopic oxide single crystals have been reported. The first

studies of this type were reported in 1995 by Heidberg and co
workers, who were able to record IR data in transmission for
single crystal MgO substrates obtained by cleaving.14 These
reference data were then also used to analyzethe corresponding
IR results for MgO powder materials15 and for the validation of
theoretical results.16

It took until 2008 until the first IR data for CO adsorbed on
a monocrystal transition metal oxide became available (rutile
TiO2(110)

17). The delayed application of IR spectroscopy to
macroscopic single crystal surfaces of metal oxides by several
decades with respect to the characterization of powder
materials is due to technical reasons.18 The main obstacle in
this context is the very small reflectivity of dielectrics in the IR
region, which turns the recording of IR spectra for single
crystal surfaces of oxides in a reflection geometry into a
formidable task. In very few cases, electron energy loss
spectroscopy, or EELS, could be applied to measure, for
example, the stretching frequency of CO,19 CO2,

20 and OH
adsorbed on macroscopic ZnO single crystals.21 However, due
to the strong intensity of optical phonons (Fuchs−Kliewer
modes) during electron scattering, data analysis is difficult and
requires a complicated deconvolution process. In addition, the
energy resolution of EELS is somewhat limited. Although for
metal substrates modern instruments provide resolutions on
the order of 1−2 meV, to our knowledge for oxide substrates
the best resolution so far amounts to about 6 meV.21 As a
result of this limited resolution in EELS applied to oxides, the
observation of small shifts on the order of 1 meV or less, e.g.,
induced by oxygen vacancies (see below), is extremely
challenging. Investigating adsorbate vibrations on oxide
powders with EELS is virtually impossible.
A solution to this problem is to study thin oxide films

supported on a metal substrate by infrared reflection
absorption spectroscopy (IRRAS). In this case, the supporting
metal acts as a mirror, thus tremendously increasing intensities.
As a result, IR spectra of adsorbates bound to the surfaces of
such thin oxide films can be recorded in a straightforward
fashion and IR spectroscopy for metal supported oxide thin
films is a well developed field.16 However, because of the
lattice mismatch of the oxide on the supporting metal, the
fabrication of systems with low defect densities is a challenge.
In addition, at least for thin metal oxide films, charge transfer
from the metal substrate to the oxide may affect the properties
of the latter, complicating a direct comparison to theoretical
results obtained for the oxide. Finally, the supporting metal can
screen the component of the E vector of the incident IR light
parallel to the surface, making it impossible to study adsorbate
vibrations parallel to the substrate.
In case of transition metal oxideswhich cannot be

prepared in a straightforward way by cleaving (as e.g. MgO,
see above)the first IRRAS study for a molecular adsorbate
on transition metal oxide single crystal surfaces was published
in 1999 by Hayden and co workers.22 They reported s and p
polarized spectra for a formate species bound to a rutile
TiO2(110) surface and were able to determine the molecular
orientation as well as the azimuthal alignment from a detailed
analysis of the data. Further progress in this field, including the
first IRRAS spectra of CO adsorbed to single crystals of this
important model substrate,17 would not come for another 10
years, when data from other groups became available.23

Although IR spectroscopy for adsorbates, including CO,
bound to oxide powder particles had been in use for a number
of years, a reliable identification of the different vibrational

Figure 1. Principle of the CO surface ligand IR approach. The
stretching frequency of molecules weakly bound to oxides is extremely
sensitive to the environment of the adsorption site.



bands was not possible due to the aforementioned lack of
appropriate reference data for well defined monocrystal
substrates. In fact, a number of early assignments of vibrational
bands observed for powder data were not correct. In this
context, the vibrational frequency of CO adsorbed to surfaces
of (111) oriented surfaces of ceria, CeO2(111), provides an
instructive example. In earlier studies on ceria powders,25 a
band at 2157 cm−1 was assigned to physisorbed species and a
vibration at 2168 cm−1 was attributed to CO bound at Ce4+

species. Recent work on the adsorption of CO on surfaces of
correspondingly oriented macroscopic single crystal substrates
revealed that this assignment must be revised. The two species
at 2154 and 2170 cm−1 have to be assigned to CO bound to
Ce4+ within two differently oriented ceria surfaces, CeO2(111)
and CeO2(110).

26 Different frequencies of adsorbed CO for
differently oriented metal oxide single crystals have also been
observed for other materials: e.g., in the case of ZnO(1010)
and ZnO(1120) the stretching frequencies at full coverage are
found at 2169 and 2181 cm−1, respectively.27

In addition to CO bound to ceria, other examples have
demonstrated that the reliable assignment of adsorbate
vibrational frequencies observed for powder particles is only
possible when data for single crystal reference systems have
been determined.
The availability of such validated assignments in recent

years,7 as well as vibrational spectroscopy of simple ligands,
particularly CO, bound to oxide surfaces has allowed a
substantial advance in the approach to characterize powder
particles. Investigating the vibrational spectra of probe
molecules bound to oxides of unknown shape provides
information on the oxide surfaces exposed. In fact, using
vibrational frequencies of adsorbed probe molecules, which in
the context of this perspective we will refer to as CO SLIR
(surface ligand IR spectroscopy), permitted observation of
some surprising phenomena. An instructive example is the
evolution of the shape of oxide nanoparticles upon heating and
under reaction conditions.
For ceria, the different shapes of nanoparticles result in

strongly different catalytic activities.24,28 Ceria nanorods can be
prepared using appropriate synthesis conditions. Transmission
electron microscopy (TEM) reveals that they are mainly
terminated by (110) surfaces, with small portions of (100)
facets exposed at the top and at the bottom (Figure 2)
After exposure of these nanoparticles to CO at temperatures

of approximately 60 K, the typical frequency of CO bound to
CeO2(110), 2170 cm

−1, is first observed in the IR data (Figure

3),26 fully consistent with the rod shaped form of the particles
as seen in the TEM data. However, a distinct second peak at

2152 cm−1 is present, which was not seen for the reference
(110) surface. Also for the (100) surface (the ends of the
nanorods are capped by facets with this orientation) a different
frequency, 2176 cm−1, was observed. A straightforward
assignment of the 2152 cm−1 peak is to {111} terminated
facets. The presence of such differently oriented surface areas is
incompatible with the ideal shape of ceria nanorods, as seen in
the TEM data (Figure 2).
To resolve this apparent inconsistency, a thorough surface

science study was carried out for the reference system,
macroscopic (110) substrates. For the fully oxidized substrate,
only one sharp band at 2170 cm−1 was seen. Indeed, after
harsh preparation conditions, including prolonged sputtering
and annealing the (110) substrates to temperatures above 527
°C, a new vibrational band was observed, with the same
frequency as for the nanorods, 2152 cm−1. At the same time,
LEED data recorded for the surface showed a pronounced
restructuring. Furthermore, the presence of only one negative
absorbance band at 2152 cm−1 in the s polarized IR data led to
the conclusion that facets with pronounced tilt angles relative
to the surface must be present. Since the new vibrational
frequency observed after heating is that typical for CO
adsorbed on (111) terminated CeO2 substrates, it was
straightforward to speculate that upon heating a nanofaceting
takes place, leading to the presence of areas with (111) surface
termination. These observations can be rationalized by
considering the thermodynamics of ceriathe (111) surface
is much more stable than (110) or (100).29 Indeed, an intense
effort using a high resolution TEM confirmed this hypothesis
and demonstrated the presence of sawtoothlike {111}
nanofacets for the ceria nanorods, with facet sizes on the
order of 20 nm.26

This example demonstrates that the CO SLIR approach
carries great potential for characterization of the surfaces of
metal oxide nanoparticles under realistic conditions. A reliable
interpretation of the IR spectra recorded for small molecules
bound to powder samples requires reference data recorded for
macroscopic single crystal substrates. It is worth noting that
only such structurally well characterized samples provide a
reliable validation of theoretical results. Of course, a full

Figure 2. Images of CeO2 nanorods. The TEM micrographs are from
ref 24. Adapted with permission from ref 24. Copyright 2005, Elsevier.

Figure 3. IR data for CO adsorbed on ceria nanorods recorded at 60
K. Data from ref 26.



structural characterization of an oxide single crystal surface is
not possible by IR spectroscopy alone. Here other techniques
such as surface X ray diffraction, scanning tunneling micros
copy, and photoelectron spectroscopy are required. However,
in many systems the preparation of well defined single crystal
surfaces has been reported in the literature, so that when the
corresponding IRRAS data are recorded, one can rely on
previously established preparation procedures.
Certainly, for a complete description of chemical reactions

occurring at the surfaces of oxides, a consideration of only fully
oxidized substrates is insufficient. In many cases, chemical
activity is intimately related to the presence of active sites, with
oxygen vacancies representing the most important type. Metal
oxides are often used as oxidation catalysts: e.g., in the context
of reducing volatile organic compounds (VOC) in the exhaust
gas of combustion engines to fulfill the requirements of air
pollution control regulations.30 For ethanol, the O atoms
required for partial oxidation are abstracted from the catalyst
and are replenished from the gas phase by dissociation of O2
(Mars−van Krevelen mechanism).
Therefore, monitoring the density of O vacancies is essential

in characterizing the reaction mechanism. The determination
of O vacancies and the characterization of catalytic activity on
macroscopic single crystal substrates is possible with STM,
although on several occasions a reliable distinction of O
vacancies and adsorbed hydroxyl groups has been found to be
difficult: e.g., on rutile TiO2(110).

32 Furthermore, the
application of the STM technique to powder particles is
virtually impossible. Thus, for identification of the role of O
vacancies under catalytic conditions, the CO SLIR approach
provides an important alternative.
In this context, the application of CO SLIR requires a

knowledge of the shift in frequency induced by imperfections
such as O vacancies. In the past, we had an incomplete
understanding of how large the defect induced shifts in CO
vibrational frequency were. Once these shifts were determined
on the surfaces of macroscopic rutile TiO2(110) surfaces with
defects prepared by procedures established in detailed STM
investigations, the application to titania powders became
possible. As demonstrated by the IRRAS data shown in Figure
4, these shifts were found to be unexpectedly small (10
cm−1).31 Indeed, CO probe molecules allowed the successful
detection of O vacancies also on r TiO2 powder particles (see

Figure 5) and demonstrated that, in a prototypical C−C
coupling reaction, the dimerization of formaldehyde to yield
diolate species is only possible in the presence of O
vacancies.31,33

In a few cases, the thermodynamically most favorable
location of O vacancies is not at the surface of the oxide but,
rather, deeper in the surface. The most prominent example is
anatase TiO2(101), where experimental STM data and
theoretical findings clearly demonstrated that vacancies
migrate to deeper layers after they are created at the surface.34

In related investigations, the CO SLIR method provided an
independent confirmation of this finding.35

For anatase TiO2(101), the subsurface O vacancies have
only a small effect on the CO vibrational frequency.35 In
contrast, for the CeO2(111) surface, the O vacancies are
proposed to be located in the second layer, yielding a shift of
the CO stretching frequency of 8 cm−1.36 Notably, in this case
the reduction of the oxide substrate causes a blue shift, while
on TiO2(110) a red shift was seen.31

Interestingly, the behaviors for the CeO2(100) and
CeO2(110) surfaces are different. In these cases, dioxygen
adsorption experiments on reduced surfaces of the correspond
ing single crystals revealed the formation of peroxo (O2

2−) and
superoxo (O2

−) species.36 Although the excitation of the O2
stretching vibration is symmetry forbidden in the gas phase,
the negatively charged molecules bound to a substrate can be
observed in IRRAS. The assignment of the vibrational bands is
straightforward, since the corresponding frequencies are
known from Raman spectroscopy.37 On reduced CeO2(111)
surfaces, however, no such activated O2 molecules could be
observed.36 This observation is consistent with the O vacancies
being located in deeper layers for the (111) surface, but not for
the ceria (110) and (100) surfaces, as discussed above.38

In recent applications of CO SLIR to a Fe2O3(0001)
substrate,39 the observation of one single, sharp band strongly
suggested that the fully oxidized surface is terminated by a
single type of Fe ion. After a subsequent mild reduction of the
surface induced by annealing at elevated temperatures, new
vibrational bands were observed, indicating the formation of
surface oxygen vacancies. In a second step, the surface was
reduced more aggressively by exposure to atomic hydrogen,
followed by Ar+ sputtering and annealing under oxygen poor
conditions. As a result of this reduction, a massive rearrange
ment was observed at the iron oxide/vacuum interface.

Figure 4. IRRAS data for CO adsorbed on a fully oxidized and a
reduced r TiO2(110) substrate. Data from ref 31.

Figure 5. IRRAS data for CO adsorbed on fully oxidized and reduced
r TiO2 powder. Data from ref 31.



Interestingly, CO adsorbed on this rearranged surface showed
positions of its vibrational band characteristic for CO bound to
Fe3O4(111).

39 This result led to the conclusion that a
Fe3O4(111)/Fe1−xO(111) biphase was formed, with both
Fe3+ and Fe2+ ions exposed at the surface. A comparison to
data for fully oxidized Fe3O4(111) indicated that this biphase
consisted of patches with perfect Feoct2 termination, coexisting
with areas showing a Fe1−xO(111) termination containing
Fe2+(oct) species.39

CO SLIR investigations have also been applied to structural
changes in oxide thin layers induced by charge transfer from
the substrate. Thin layers of ZnO deposited on noble metal
substrates provide an instructive example. Earlier theoretical
work40 had shown that in thin films (up to about 10 layers),
ZnO adopts a layered structure, distinct from the wurtzite
arrangement present in the bulk. For thin films of ZnO grown
on Cu(111), application of the CO SLIR approach revealed a
CO stretching frequency of 2116 cm−1.41 The observation of
such a red shifted (relative to the gas phase) frequency is quite
unusual; normally CO bound to metal oxides shows a blue
shift. Theoretical work using DFT revealed that for the layered
form of ZnO such a blue shift is expected.41 Indeed, the
frequency of 2116 cm−1 is quite far away from the CO
stretching frequencies observed for any single crystal ZnO
surfaces, which are all shifted to higher frequencies. More
detailed theoretical investigations revealed that these thin ZnO
layers grown on Cu(111) are affected by a small charge
transfer from the metallic substrate.41 As a result, there is an
additional charge in the oxide thin film, which in turn changes
the bonding of CO and, correspondingly, the stretching
frequency of this probe molecule. A similar behavior was
observed for ZnO/Ag(111)42 and has also been predicted to
occur for thin ZnO layers deposited on Au(111).43

The occurrence of such ZnO thin films covering the Cu
particles used in methanol synthesis was proposed on the basis
of indirect evidence.44 Interestingly, the presence of this
layered form of ZnO encapsulating Cu particles in a real
catalyst could be shown directly in high resolution TEM,45 and
DRIFTS experiments revealed that the same frequency as seen
in the model system experiments was also observed for CO
adsorbed on the active catalyst.46

The applicability of the SLIR approach is not limited to
stoichiometric and reduced oxides but can also be used to
determine the chemical properties of deposited metal atoms
and clusters. Of particular interest in this context is that the
CO stretching frequency is sensitive not only to the type of
metal but also to its charge state. In the case of isolated Cu
ions, for example, the difference in frequency between CO/
Cu+ and CO/Cu2+ amounted to about 40 cm−1,48 a fairly large
value.
Recently, a multitechnique investigation of ultrafine Cu

clusters supported on ceria nanorods underscored the ability of
CO SLIR to identify differently charged metal ions.47 First,
high resolution TEM allowed determination of the morphol
ogy of the Cu islands, with most of them adopting a bilayer
structure (Figure 6). Then, CO SLIR investigations (Figure 7)
demonstrated that the metal bilayers consisted mainly of
uncharged Cu0 species at the top layer, but with a rim of Cu+

ions at the metal/substrate interface, as illustrated in Figure 6.
Systematic experiments for Cu/CeO2 catalysts activated in
hydrogen at different temperatures revealed a clear correlation
of the total rim lengths with the catalytic performance. Theses
experimental observations, together with the IR data obtained

for CO/D2O coadsorption and a theoretical analysis using
DFT, then allowed the determination of the active sites for the
water gas shift reaction.47

The CO SLIR approach was also applied to Au deposited on
ZnO powder particles.49 For deposits of this noble metal,
which reveal a surprisingly high catalytic activity, a number of
different Au induced bands were clearly observed, including
one at 2106 cm−1 assigned to neutral Au, and bands at 2077
cm−1 related to an Auδ− band and one at 2138 cm−1 related to
Auδ+. The observation of these different vibrations was used to
propose a mechanism for the low temperature CO oxidation
observed on these catalytically very active powder samples.
In fact, the CO SLIR approach can also be applied to

bimetallic deposits on oxides. In a recent study,50 AuPd
clusters, which show significantly higher chemical activity and
selectivity in comparison to their single metal counterparts,
were deposited on TiO2 powder particles and then subjected
to a multitechnique investigation. Using the CO SLIR
approach, the different metal ions present at the surface of
the metal decorated oxide nanoparticles (Ti4+, Pd2+, Au0, atop
Pd0, and bridge Pd0) could be clearly distinguished from the
different positions of the CO vibrational bands.
The recent progress in experimental IRRAS instrumentation

has led to the creation of a library containing many
experimental frequencies of CO ligands bound to numerous
different oxide surfaces, including CeO2, rutile TiO2, anatase
TiO2, Fe2O3, Fe3O4, and ZnO. These experimental results are
provided in Table 1. In many cases, theoretical results, mostly
from DFT, have also become available, putting the assignment
of the vibrational bands on a solid theoretical basis andvery
importantlyallowing the acquisition of at least semi
quantitative information on the assignment of the vibrational
bands. We foresee that, with this experimental information at
hand, future interpretations of CO SLIR spectra will develop
into a routine technique for catalyst characterization. In this
context, it is important to note that the SLIR technique is not
restricted to UHV conditions. Polarization modulation IR
spectroscopy can be used to extend studies of macroscopic
single crystal surfaces to conditions of ambient pressures.13

With regard to the technical process, it is important to point
out that DRIFTS studies for powder samples can be extended
to ambient pressure and above (experiments at 50 bar have
been reported8). We wish to point out that O2 SLIR may gain

Figure 6. Cu islands deposited on ceria nanocubes. Reproduced with
permission from ref 47. Copyright 2019, Nature Publishing Group.



more importance in the future, since the O2 vibration is silent
in the gas phase but can be detected for adsorbed dioxygen
species.36 As a result, in operando experiments at high
pressures become possible, since the gas phase signal obscuring
the signal from the O2 adsorbates is absent.
We also see the prospect of time resolved studies. In this

case, switching between different isotopes provides a way to
gain direct insights into catalytic investigations.
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(18) Yang, C.; Wöll, C. IR spectroscopy applied to metal oxide
surfaces: adsorbate vibrations and beyond. Advances in Physics: X
2017, 2, 373−408.
(19) D'Amico, K. L.; McFeely, F. R.; Solomon, E. I. HIGH
RESOLUTION ELECTRON ENERGY LOSS VIBRATIONAL
STUDIES OF CO COORDINATION TO THE (1010) SURFACE
OF ZNO. J. Am. Chem. Soc. 1983, 105, 6380−6383.
(20) Wang, Y.; Kovacik, R.; Meyer, B.; Kotsis, K.; Stodt, D.;
Staemmler, V.; Qiu, H.; Traeger, F.; Langenberg, D.; Muhler, M.;
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