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The interaction of CO molecules with a model catalyst system formed by alumina-supported vanadia particles
was studied utilizing infrared (IR) spectroscopy. A thin, well-ordered alumina film grown on the NiAl(110)
alloy surface was used as a support oxide. The structural characterization of this model system has been
performed previously by applying scanning tunneling microscopy, X-ray photoelectron spectroscopy, and IR
spectroscopy. Exposure to CO at 90 K results in a complex adsorption behavior as a function of vanadia
particle size. At high vanadia coverages, only one CO species can be detected that interacts with vanadyl
groups (VdO) present at the surface of the particles. At lower coverages, however, three further species
were observed. Their existence seems to be correlated with either defect sites or with special sites provided
at the vanadia-alumina interface. Furthermore, particles in this coverage regime are capable of adsorbing a
maximum amount of CO molecules. Regarding the reactivity of our model system, we found only molecular
desorption of CO upon thermal treatment. However, exposing the CO covered particles to low-energy electrons
renders a reaction possible. A portion of the adsorbed CO gets oxidized to CO2 via a redox mechanism, i.e.,
by a transfer of lattice oxygen. According to our experiments, the vanadyl oxygen does not seem to be the
species that is consumed during the course of the reaction.

1. Introduction

Submonolayer to monolayer quantities of oxide-supported
vanadium oxides are known to be active in a variety of
industrially applied oxidation and reduction reactions.1,2 Con-
sequently, many past investigations have attempted to correlate
structural properties of supported vanadia particles with their
reaction behavior. However, there are still many open questions,
in regard to, for example, the role of the supporting oxide or
the role of vanadyl groups, which are always present in technical
catalysts.1,2 To contribute to these issues, we have prepared a
model catalyst system under ultrahigh vacuum (UHV) conditions
that exhibits a reduced complexity, thus rendering a more-
detailed structural characterization possible. The results of our
investigations on this topic have been published recently in
another issue of this journal3 and shall be therefore just briefly
repeated here.

The model system is prepared via the evaporation of
vanadium onto a thin, well-ordered alumina film that can be
grown on the NiAl(110) surface. During evaporation, the sample
is kept at a temperature of 300 K and in an oxygen ambient of
1 × 10-7 mbar O2. This procedure leads to the growth of small,
roundish particles with diameters in the range of 20-30 Å. A
strong interaction of vanadium with the alumina support, as well
as with the oxygen ambient results in a comparatively high
particle number density of∼2 × 1013 particles/cm2 and partial
incorporation of the particles into the alumina film. The average

oxidation state of vanadium is close to+3; however, the
structure of the particles is quite different from that of V2O3.
As evidenced by infrared (IR) spectroscopy, surface-localized
vanadyl groups (VdO) and interface-localized species, which
comprise a combined vibration of V, O, and Al ions, are present
in the system.

In this second paper, we focus on the interaction of our model
catalyst system with carbon monoxide (CO) and the question
of how this interaction is dependent on the structural properties.

2. Experimental Section

All CO adsorption and reaction experiments were performed
in the multichamber UHV system that was already described
previously.3 This system is operated at a base pressure of<2
× 10-10 mbar and is equipped with facilities to perform scanning
tunneling microscopy (STM), X-ray photoelectron spectroscopy
(XPS), and IR spectroscopy. Because, essentially, the latter
technique was used to obtain the results presented in the
following, we refer to our previous publication3 for a description
of the STM and XPS setup. IR spectra were acquired with a
Fourier transform infrared (FTIR) spectrometer (Bruker model
IFS 66v/S). P-polarized light was coupled into the UHV
chamber via viton sealed KBr windows and reflected from the
sample surface at an angle of 84°. Spectra were recorded using
a liquid-nitrogen-cooled MCT detector operating in the mid-IR
region at frequencies of>600 cm-1. Typically, 4000 scans were
accumulated for the reference spectra, i.e., for the clean NiAl
substrate and the clean vanadia particles, and 1000 scans for
the CO covered system. Spectral resolution after apodization
was 3.3 cm-1. For the following, it is important to note that the
metal surface selection rule applies for the system that is
discussed here, because of the limited thickness of the alumina
film and the metal substrate underneath it. As a result, only
structures that exhibit a nonzero component of the dynamic
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dipole moment perpendicular to the NiAl substrate can be
observed in the IR spectra.

The preparation of the model catalyst system was conducted
in two steps, comprising the growth of the alumina thin-film
support and the deposition of vanadia particles. In a first step,
a sputter-cleaned NiAl(110) surface that was kept at a temper-
ature of 550 K was exposed to∼3000 L of O2 (1 L ) 10-6

Torr s) and subsequently annealed at∼1100K.4 Usually, two
oxidation/annealing cycles were employed to ensure complete
oxidation of the NiAl surface. This results in a well-ordered
alumina film∼5 Å thick.4-6 After the preparation, the quality
of the oxide film was checked by STM and low-energy electron
diffraction (LEED). In a second step, vanadium (>99.8%,
Goodfellow) was deposited by means of an electron-beam
evaporator (model EFM3T, Focus) in an oxygen ambient of 1
× 10-7 mbar O2. During vanadium evaporation, the sample was
held on a retarding potential, to prevent V ions from being
accelerated toward the sample. The deposition rate of 0.36
monolayers per minute (0.36 ML/min) was determined by means
of a quartz crystal microbalance and counterchecked by two-
dimensional submonolayer growth on NiAl(110) and subsequent
STM measurements. Because the stoichiometry and morphology
of the prepared vanadia particles may change with increasing
vanadium loading, all coverages cited are expressed in terms
of the number of monolayers of vanadium metal deposited. One
monolayer of vanadium (1 MLV) was calculated on the basis
of the interlayer distance between the close-packed (110) planes
of bulk vanadium of 2.14 Å, which corresponds to 1.54× 1015

atoms/cm2.
The adsorption of CO (>99.997%, AGA) was conducted

directly in the IR cell, utilizing a gasdoser system (pinhole doser)
and with the sample being kept at∼90 K. To remove any
contaminants from the CO gas feed (e.g., nickel carbonyls
present in the gas cylinder), we passed the CO gas through a
cooling trap that was operated at liquid nitrogen temperature.
Furthermore, it is important to note that, at a sample temperature
of 90 K, CO does not adsorb on the clean alumina substrate.
Consequently, all CO signals observed in our IR spectra are
due to the presence of the vanadia overlayer.

3. Results

The results presented in the following discussion are grouped
into three sections. The first section involves the low-temper-
ature adsorption behavior of CO on the vanadia particles as a
function of particle size, whereas the second section concentrates
on the interaction between adsorbed CO and oxide vibrations
of the vanadia overlayer. The last section describes the condi-
tions under which CO can be oxidized to CO2.

3.1. CO Adsorption. In Figure 1, IR spectra are presented
for CO-saturated vanadia particles. The three spectra shown are
representative for three different regions into which the CO
adsorption behavior can be subdivided, as a function of vanadia
particle size.7 An analysis of an entire series of CO saturation
spectra is shown in Figure 2. The way in which the different
CO peaks develop, as a function of vanadium coverage, can be
used to define the above-mentioned three regions of CO
adsorption as follows: (i) “low coverage”, 0-0.15 MLV (0-
10 V atoms per particle); (ii) “medium coverage”, 0.15-0.6
MLV (10-50 V atoms per particle); and (iii) “high coverage”,
0.6-2.0 MLV (50-180 V atoms per particle).

Altogether, four different CO peaks (denoted as P0-P3) can
be distinguished, among which P1 is clearly the dominating CO
peak. It belongs to the most intense feature and is the only one
present in the entire coverage regime. As a function of increasing

coverage, its width decreases from 40 to 20 cm-1, whereas its
position shifts from 2169 cm-1 up to 2196 cm-1. Hence, peak
P1 is blue-shifted with respect to the gas-phase value (2143
cm-1), as expected for CO that is adsorbed on oxide surfaces.8-12

According to theoretical calculations on MgO and NiO,13 the
bonding with CO is almost entirely electrostatic in nature, i.e.,
no significantσ donation orπ back-donation contributions are
involved, even in the case of transition-metal oxides with
partially filled d-shells. Instead, the observed blue-shift is
essentially due to the so-called wall effect, i.e., the Pauli
repulsion between carbon lone-pair electrons and the surface
charge distribution. Consistent with that statement, blue-shifted
CO signals were found on well-ordered V2O3 films14,15and on
reduced vanadia catalysts for which the following classification
was published:16 V3+, 2178-2190 cm-1; and V4+, 2180-2212
cm-1. Note that, in contrast to the system under discussion, only
a small frequency shift (of approximately+7 cm-1) was
observed as a function of the vanadium loading for CO
adsorption on alumina-supported vanadia catalysts prepared by
wet impregnation techniques.17

Figure 1. IR spectra of CO-saturated vanadia particles. Their size is
indicated on the right side, in terms of the number of monolayers (ML)
of vanadium metal deposited. Symbols plotted next to the given
frequency values refer to those used in Figure 2a. Experimental
conditions: CO exposure and data acquisition were carried out at 90
K; spectra were referenced to the corresponding clean vanadia particles.

Figure 2. Analysis of an entire series of IR spectra of CO-saturated
vanadia particles. Experimental conditions are as in Figure 1. (a) CO
stretching frequency plotted for the four species P0-P3, as a function
of vanadium coverage; the vertical dotted lines indicate the division
into three coverage regimes, as discussed in the text, whereas the
horizontal dashed line marks the stretching frequency of CO in the
gas phase (2143 cm-1). (b) Total peak area, as calculated by integration
over all CO peaks (filled square symbols), and CO exposure required
to saturate the vanadia particles (open circular symbols).

9004 J. Phys. Chem. B, Vol. 107, No. 34, 2003 Magg et al.



Unlike the P1 species, the P2 and P3 peaks are visible only
in the medium- or low-coverage regime and are found to be
red-shifted with respect to the gas-phase value, indicating a non-
negligible contribution ofπ-back-donation electrons. The cor-
responding adsorption sites are, therefore, likely to involve
defect sites. In fact, for the P3 species, we were able to show
that its intensity is correlated to the number of steps on the
alumina support. This was achieved by replacing the NiAl
crystal that is usually used for the alumina film growth by
another NiAl crystal where the step density was a factor of 5
greater. In this case, the intensity of the P3 peak also was 5
times larger than that usually observed. It should be emphasized
in this context that the alumina steps themselves cannot be
directly responsible for the P3 species, because CO does not
adsorb onto alumina at the temperature applied. Instead, the
vanadia particles grown at such alumina steps must exhibit a
special type of adsorption site, which leads to the appearance
of the P3 peak. The P0 species, finally, exists only in the low-
coverage range and is characterized by a very narrow peak width
of ∼6 cm-1 and a position of∼2180 cm-1.

So far, we have focused our discussion on the frequency
behavior of the adsorbed CO species. However, the absorption
intensity that is due to CO stretching vibrations also shows an
interesting dependence on the vanadia particle size: for a
coverage of∼0.3 MLV, the IR intensity gets maximal, reaching
a value that is∼5 times larger than that obtained in the high-
coverage regime. This is already visible in Figure 1 and is shown
in more detail in Figure 2b. There, the CO peak intensity,
integrated over all peaks, is plotted as a function of the vanadium
coverage. It seems that particles in the medium-coverage regime
(i.e., ∼0.3 MLV, or 25 V atoms per particle) are capable of
adsorbing a maximum amount of CO. However, only compo-
nents of the CO dynamic dipole moment that are oriented
perpendicular to the metal substrate contribute to the measured
IR signal;18 therefore, it is conceivable that the observed intensity
maximum is due to a vanadium-coverage-dependent change in
CO orientation with respect to the substrate surface. To exclude
this possibility, we also have plotted, in the same graphic, the
amount of CO that had to be supplied to saturate the vanadia
particles. Obviously, the two curves follow exactly the same
trend, i.e., a high absorption signal is correlated to a large CO
saturation dosage and vice versa. Also, an increasing dipole-
dipole interaction between neighboring CO molecules, as a
function of vanadium coverage, can be excluded as an explana-
tion for the observed intensity decline:18 the P1 species, which
clearly dominates the intensity behavior, shows only a very small
frequency shift as a function of increasing CO exposure, being
-3 cm-1 for vanadium coverages of∼0.3 MLV and∼0 cm-1

at high vanadium coverages. This proves that dipole-dipole
interactions are negligible in our case. Further evidence for
the idea of a particle-size-dependent CO adsorption capability
comes from the observation that the interaction of CO with Vd
O also becomes maximal at∼0.3 MLV (see section 3.2).
Interestingly, the CO desorption temperature of the P1 species
(more details are given in section 3.3) also was found to follow
a similar trend, as a function of the vanadium coverage: 140 K
(low coverage), 175 K (medium coverage), and 140 K (high
coverage).

Finally, we must mention that the overall CO absorption
intensity measured on our particles is quite low, as compared
to other systems. Although the peak height of the most intensive
species (P1) ranges between∼0.05% (for low and large
vanadium coverages) and∼0.25% (for medium vanadium
coverage), considerably higher signals were found on metal

particle systems that had been prepared on the same alumina
support. On iridium particles,19,20 for example, the following
peak heights were found:∼0.25% (low iridium coverage) and
∼4% (large iridium coverage). The same is true for CO on metal
single crystals, e.g., on Ir(111), where a peak height of∼2%
was reported.21

There are two possible scenarios that could explain why the
absorption intensity for our CO-saturated vanadia particles is
that low. One possibility could simply be that only a small
number of CO adsorption sites is present in our system; the
other possibility to explain the low intensity is a CO adsorption
geometry in which the molecules are oriented almost parallel
to the NiAl substrate. Angle-resolved ultraviolet photoelectron
spectroscopy (ARUPS) experiments revealed that the latter
scenario is responsible for the low IR absorption intensity (peak
height of∼0.5%) measured for CO adsorption on a well-ordered
Cr2O3(0001) film grown on Cr(110), a system that has been
studied intensively in our group.22,23Note that, in this case, the
CO frequency shifted by approximately-8 cm-1, as a function
of CO exposure. Analogous ARUPS results were obtained for
CO adsorption on well-ordered, isostructural V2O3 films,14,15

so that a similar adsorption geometry also could apply in our
case. However, our small IR signal intensities cannot be
explained on the basis of a strongly tilted adsorbate geometry
only, because XPS measurements (Al KR, 150 eV pass energy)
on CO-saturated vanadia particles (0.4 MLV) revealed only a
very small C 1s signal. The small CO-coverage-dependent
frequency shift (less than or equal to-3 cm-1) points in the
same direction.

Possibly, the termination of our particles with vanadyl groups
has a strong impact on their CO adsorption capability. This is
suggested by recent experiments on thick, well-ordered V2O3

films that could be prepared either with or without terminating
VdO groups. In the latter case, ARUPS evidenced a signifi-
cantly larger amount of CO that could be adsorbed on the
film.14,15

3.2. Interaction of CO with Oxide Vibrations. So far, only
the frequency regime of 2000-2200 cm-1 (i.e., the region of
CO stretching vibrations) has been discussed. However, there
are also signals to be observed at lower frequencies that are
typical for the oxide vibrations of our system (700-1100 cm-1)
already discussed previously.3 In Figure 3, IR spectra of CO-
saturated particles (0.1 and 0.9 MLV) are presented which are
split into the region of (a) CO stretching and (b) oxide vibrations.

Figure 3. Set of IR spectra of CO-saturated vanadia particles of two
different coverages (0.1 and 0.9 MLV): (a) region of CO stretching
vibrations and (b) region of oxide vibrations. Experimental conditions
are as in Figure 1.
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In this latter region, signals can be observed that point in the
direction opposite to the usual absorption peaks; therefore, these
signals will be called “anti-peaks” in the following discussion.
Their development as a function of CO exposure proceeds
entirely synchronously to that of the CO stretching signals (i.e.,
anti-peaks increase (decrease) as long as CO peaks increase
(decrease) and also saturate after the same CO exposure) and
was proven to be reproducible by many different experiments.

To understand what is causing these anti-peaks to appear,
one must know that the IR spectra shown in Figure 3 are
measured with respect to the clean vanadia particles.24 Since
CO adsorption can be conducted directly in the IR cellswithout
the need to change the sample positionsspectra with a very
well-defined, horizontal baseline can be obtained that way. As
will become clear in the following, this allows us to observe,
unambiguously, small frequency and intensity changes of
vanadium oxide vibrations that are induced by their interaction
with CO molecules adsorbed on the particles. Because of the
above-described relative spectrum acquisition, these changes
manifest themselves as sharp anti-peak features that are easy
to observe. To make the changes that result in these anti-peaks
visible, one must divide both the single-channel spectra of the
clean particles and that of the CO-covered particles by a single-
channel spectrum of the NiAl metal substrate, which was
measured beforehand, during the alumina film preparation. Note
that, in this case, the baseline of the spectra is less well-defined,
making the use of baseline correction methods necessary.

Panels a and c of Figure 4 show the result of such a reference
change performed for the high- and low-coverage preparation
presented in Figure 3. The spectra plotted at the top are just a
copy of those from Figure 3b, whereas the spectra at the bottom
are those referenced to NiAl. Obviously, the CO-induced
changes are very small; nevertheless, they are reproducible, as
already stressed previously. For a better understanding, the
interesting parts of the spectra are presented as close-ups in
Figure 4b and 4d, respectively, and shall be discussed in the
following.

For the 0.9 MLV preparation, only one anti-peak is found,
at a frequency of 1046 cm-1. Consequently, only the region of
vanadyl vibrations is modified upon CO adsorption, as can be
observed in Figure 4a. The close-up reveals that the interaction
of CO with vanadyl groups causes a shift of the VdO stretching
frequency by approximately-2 cm-1, accompanied by a
decrease in the intensity of the VdO band. This proves that
the VdO groups present in our system are, as suggested
previously,3 localized at the surface of the vanadia particles,
where they are accessible for adsorbed CO. Similar observations
were reported in the literature on supported vanadia catalysts
for the interaction of VdO with CO16,25 but also with other
molecules, such as 2-propanol,26 for instance.

It should be mentioned that the observed interaction between
the CO molecules and the VdO groups is mutual, in the sense
that not only the adsorbed CO molecules influence the VdO
vibration frequency inducing ared-shift but also vice versa.
Unfortunately, this latter case cannot be studied as easily as
the CO-induced influence, because there is no simple way to
change the VdO coverage. However, we have a set of
experiments where vanadia particles of a certain size had been
prepared twice but where the number of VdO groups present
at the surfacesjudged from the corresponding IR intensity,
assuming a fixed adsorbate geometryshappened to differ by a
factor of∼2.5. In the case of the high VdO density preparation,
the observed CO peak P1 was found to beblue-shifted, by ∼10
cm-1.

In regard to the low-coverage preparation (0.1 MLV), the
anti-peak observed there, at 1026 cm-1, can readily be under-
stood in terms of the interaction between VdO and CO. (Note
that the VdO frequency is dependent on the vanadium coverage.
As shown previously,3 the VdO frequency shifts to higher
values, as a function of the increasing vanadium coverage.) The
interesting frequency region in this experiment is located at
∼900 cm-1, where the interface-localized Al-O-V vibrations
are known to develop. However, at a vanadium coverage of
only 0.1 MLV, the interface mode has not yet gained enough
intensity to be unambiguously identified in the IR spectra.
Instead, the spectra are still dominated by the presence of
alumina substrate phonons (Figure 4c). For the uncovered
alumina film kept at 90 K, these vibrations are found27 at 871
and at 954 cm-1. Upon CO adsorption on the vanadia-covered
alumina, these bands remain basically unperturbed. However,
some changes are visible in the region of∼900 cm-1, as
evidenced by the close-up in Figure 4d. It is important to note,
in this context, that previous CO adsorption experiments on
rhodium, palladium, and iridium particles grown on the same
support have revealed that the alumina phonons are influenced
by adsorbed CO.27 In theses cases, clear changes of the
absorption maxima at∼871 and ∼954 cm-1 have been
observed. They were attributed to changes in the metallicity of
the adsorbing metal particles, which, in turn, influenced the
alumina phonons. However, no modifications in the region
between these phonons have been detected. Therefore, it is likely

Figure 4. Set of IR spectra of CO-saturated vanadia particles of two
different coverages (0.1 and 0.9 MLV): (a) 0.9 MLV, frequency region
of oxide vibrations; (b) close-up of panel a in the region of VdO
stretching vibrations; (c) 0.1 MLV, frequency region of oxide vibrations;
and (d) close-up of panel c in the region of Al2O3 and Al-O-V
vibrations. Of the three spectra displayed in each of the four panels,
the top spectrum represents just a copy of the corresponding spectrum
in Figure 3b; i.e., these spectra are referenced to the clean vanadia
particles. The other two spectra are referenced to clean NiAl ((s) clean
vanadia particles and (‚‚‚) CO-saturated particles; consequently, dividing
the dotted curve by the solid curve would lead again to the topmost
spectrum).
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that the existence of the anti-peak observed in Figure 3b is
correlated to the Al-O-V interface species that are character-
istic of our vanadia system. This idea is confirmed by recent
CO adsorption experiments on vanadia particles of very similar
properties which were grown on top of a silica thin-film support.
There, neither an interface-localized oxide vibration nor an anti-
peak signal, such as the one under discussion could be
observed.28 In contrast to that, such an anti-peak was also
observed when CO was adsorbed on small vanadium particles
that were deposited onto the alumina film under UHV condi-
tions.29 From previous investigations, we know that small
amounts of vanadium are oxidized as they are deposited onto
the alumina film.29,30Obviously, this strong interaction between
vanadium and the alumina film will lead to a modified interface
region also in this case.

Interestingly, the appearance of a second anti-peak in the 0.1
MLV preparation coincides with the presence of the CO species
P0 at∼2180 cm-1. Both features are only observed in the low-
coverage regime. The other anti-peak, on the contrary, is present
over the entire coverage range, in analogy to the P1 species.
Unfortunately, we did not succeed in providing further experi-
mental evidence for a correlation between the CO species and
the anti-peaks, because all these features develop in a parallel
manner, both as a function of CO exposure and as a function
of sample temperature.

3.3. CO Reaction.After having studied the low-temperature
adsorption of CO on our alumina-supported particles, we have
investigated their reactivity with respect to CO. In a first set of
experiments, this was done by heating the sample and monitor-
ing changes in the IR spectra. In the top panel of Figure 5, the
corresponding result for a high-coverage preparation (0.9 MLV)
is shown. Starting from CO-covered particles (spectrum (1),
∼0.1 L of CO), the sample was heated from 90 K to a
temperature of∼140 K, where the intensity due to CO stretching
vibrations had completely vanished. To have a proper baseline,
the sample was subsequently cooled back to 90 K, where the

IR spectrum labeled (2) in Figure 5 was taken. This procedure
results in the recovery of a 100% line, i.e., the clean vanadia
particles. (Note that there is some intensity at the CO position
and the corresponding anti-peak position, because of CO that
had been readsorbed during the last cooling step.) Now,
exposing the particles a second time to∼0.1 L of CO leads
back to spectrum (1). From this reversibility, we can conclude
that CO desorbs from our vanadia particles molecularly, i.e.,
without dissociation or reaction to CO2. Indeed, if one of these
processes had taken place, the spectra would have shown an
irreversible behavior in the oxide vibration region either due to
atomic carbon left on the surface or due to oxygen vacancies
that are generated there. An example for such an irreversibility
will be discussed in the following.

Regarding the reactivity properties of our system, the above-
described investigations reveal that there is no thermal channel
accessible for the oxidation of CO. To check whether the process
can be activated nonthermally, in a second set of experiments,
CO-saturated vanadia particles were exposed to low-energy
electrons. This can either be done by directly supplying them
via the electron gun of a LEED system or, for example, by
exposing the sample to X-rays, thus producing photoelectrons.
Such an experiment is presented in the lower portion of Figure
5. Spectrum (1) is taken from CO-saturated vanadia particles
(0.9 MLV) at 90 K. After these particles were exposed at this
temperature to LEED electrons with an energy of 100 eV for
∼30 min, spectrum (2) was measured. In addition to a decrease
in the CO intensity, a new species can be identified in the
spectrum at 2355 cm-1, which can be assigned to the asymmetric
stretching vibration of a linear CO2 species. In the oxide
vibration region, an increase of the VdO-derived anti-peak can
be noticed. It is important to note in this context that no
carbonate or carboxylate species were observed. In addition,
exposing the clean particles directly to CO2 also renders just a
linearly adsorbed species at the same frequency of 2355 cm-1.
Spectrum (3) shows the situation after desorption of the carbon
oxide species and after subsequent cooling back to the reference
temperature of 90 K. In contrast to what was shown in the top
portion of Figure 5, the situation now is not reversible anymore;
i.e., CO and CO2 have completely disappeared from the
spectrum but the anti-peak is still there, although somehow
diminished with respect to the previous step.

There are two different conceivable reaction mechanisms that
could explain the findings: (a) a Boudouard type of mechanism,
where two CO molecules join to form CO2, leaving atomic
carbon on the surface, and (b) a redox or Mars van-Krevelen
type of mechanism, where lattice oxygen is transferred to the
adsorbed CO molecule to form a CO2 species. In both cases,
the surface would have been altered irreversibly. To decide
between these two mechanisms, the surface was exposed to
molecular oxygen at 90 K. Evidently, an exposure of just 0.5 L
of O2 was sufficient to recover the 100% line, as shown in
spectrum (4). Because there is no indication of newly formed
CO, we conclude that the reaction proceeds via a redox
mechanism. A definite proof, however, would require a prepara-
tion of our vanadia particles utilizing the oxygen isotope18O.
Mechanism (b) then should lead to a lower CO2 stretching
frequency, whereas in the case of mechanism (a), a frequency
of ∼2355 cm-1 would be expected again.

To check whether the observed irreversibility could also be
a direct consequence of the exposure to LEED electrons, we
have performed a corresponding set of experiments, using clean,
adsorbate-free vanadia particles. Indeed, irradiating the sample

Figure 5. Sets of IR spectra of vanadia particles prepared by the
evaporation of∼0.9 MLV. Experimental conditions are as in Figure
1. Upper panel: (1) after exposure to 0.1 L of CO and (2) after heating
to 140 K. Lower panel: (1) after CO saturation, (2) after exposure to
LEED electrons (100 eV, 30 min), (3) after heating to 200 K, and (4)
after exposure to 0.5 L of O2.
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with electrons that have an energy of 100 eV and for∼30 min
did not lead to any changes.

Another important aspect is, of course, the question how the
observed CO oxidation is dependent on the particle size. To
answer this question, we have performed a corresponding set
of experiments in the range of medium and high vanadium
coverages: 0.24, 0.4, 0.9, and 1.8 MLV. In all these cases, the
resulting CO2 species exhibited a frequency and an integrated
intensity that was comparable to the signal shown in Figure 5.
Considering the higher number of adsorbed CO molecules in
the case of the medium-coverage preparations, this means that
the fraction of CO molecules that is converted to CO2 is highest
in the case of the high-coverage preparations. Another interesting
observation is that the number of CO2 molecules produced on
a 0.9 MLV sample increased considerably (by a factor of∼2)
when the particles were not saturated with CO prior to the
oxidation step but just exposed to approximately one-third of
the saturation dose.

4. Discussion

Following the presentation of the experimental results, their
interpretation shall be discussed in this section, regarding, for
example, the observed particle-size-dependent adsorption prop-
erties, the influence of the vanadia-alumina interface, and the
role of vanadyl groups. The section is organized using the same
format as that used in section 3.

4.1. CO Adsorption.The most conspicuous result of our CO
adsorption experiments is the observed dependence on vanadium
coverage. Particles that consist of∼25 V atoms per particle
(0.3 MLV) are capable of adsorbing a maximum amount of
CO molecules. In the low- and medium-coverage range, several
different CO species are detected, whereas, for larger particles,
only one adsorption site (P1) is present. The frequency and width
of this dominating P1 species are strongly dependent on
coverage. The same is true for the interaction between VdO
groups on the particle surface and adsorbed CO molecules,
which is strongest for medium-sized particles. At low coverages,
CO was found to even influence Al-O-V interface vibrations.

How can these coverage dependences be explained? First, it
must be emphasized that all the previously listed peculiarities
are observed in the low- to medium-coverage region. From our
previous structure investigations, we know that vanadia and
alumina strongly interact with each other. It was shown that
vanadia particles are partially incorporated into the alumina film
and that the structure of the film becomes considerably distorted
upon vanadia particle growth, accompanied by an increase in
the thickness of the alumina film. Interestingly, the most drastic
changes, such as the onset of alumina film growth, the
disappearance of the alumina LEED pattern and the alumina
phonons, as well as the appearance of Al-O-V vibrations occur
in the same coverage regime (∼0.2-0.4 MLV). It is quite
unlikely that this is just a coincidence; rather, this indicates that
the vanadia-alumina interface has a decisive role in our system,
in regard to not only structural properties but also adsorption
properties. The appearance of a second anti-peak at low
coverages can be regarded as direct evidence for this idea of a
mutual influence.

Further support comes from the observation that the frequen-
cies of the P2 and P3 species, which exist only in the low- to
medium-coverage range, are red-shifted with respect to the gas-
phase value, indicating that they are not due to regular terrace
sites. Instead, defect sites are likely to be involved, which are,
at higher coverages, either not present or not accessible anymore.
One example for defects which could lead to a red-shifted CO

frequency are oxygen vacancies (color centers). Theoretical
calculations on MgO,31 for example, predict a transfer of
negative charge to a CO molecule adsorbed on an oxygen
vacancy; also, recent calculations on V2O5(010) single-crystal
surfaces32 suggest the same phenomenon. However, there is no
simple explanation why these defects should not exist anymore
at higher vanadium coverages. A type of defect that could
explain the findings under discussion more easily is a special
kind of impurity. One example that has been discussed in the
literature31 is that of Ni2+ ions replacing Mg2+ ions in MgO.
There, a non-negligibleπ-back-donation from Ni2+ to CO was
observed (in contrast to the case of Ni2+ in NiO). Given the
strong interaction between the vanadia particles and the alumina
supportspartial incorporation, Al-O-V interface vibrationss
similar defects are to be expected in our system also, i.e., V3+

ions replacing Al3+ ions in Al2O3. (Note that, as shown in
previous experiments,20 CO adsorbs on the clean alumina film
only at temperatures<60 K and at a frequency of 2172 cm-1.)
Another type of defect that frequently has an important role for
the adsorption and reaction behavior of particle systems involves
low-coordination sites (steps and corners). On alumina-supported
rhodium particles, for example, it was found that particles that
consist of∼100-200 Rh atoms are capable of dissociating a
maximum amount of adsorbed CO. This could be explained on
the basis of a particle-size-dependent number of steps on the
particles.19 However, a corresponding particle size effect does
not seem to apply for the system under discussion, because CO
adsorbed on low-coordination sites should exhibit a frequency
that is even further blue-shifted, as evidenced by calculations33

and experiments.10

In conclusion, special conditions present at the vanadia-
alumina interface are the most likely explanation for the
observed particle size dependence in the CO adsorption
behavior. To supply further evidence, we are currently studying
vanadia particles of very similar structural and electronic
properties that have been grown on top of a silica thin-film
support.28 For this system, a significantly reduced particle-
support interaction was observed. Preliminary CO adsorption
experiments on a 0.74 MLV preparation rendered a CO species
that was similar to the P1 species at a frequency of 2198 cm-1.
At a medium coverage of 0.2 MLV, however, no extra peaks
and no frequency shift of the P1-like species were detected,
thus corroborating the idea of an adsorption behavior, which is
less influenced by the interface.

4.2. Interaction of CO with Oxide Vibrations. A well-
known phenomenon in surface science is the fact that adsorbed
molecules are able to interact with each other. The most
intensively studied case is probably that of CO molecules
adsorbed on metal surfaces where a CO-coverage-dependent
blue-shift of the IR signals is observed. This frequency shift
essentially consists of two different contributions: a chemical
contribution and a vibrational contribution.18 The chemical shift
can be understood on the basis of the Blyholder model, i.e.,
with an increasing competition forπ-back-donation electrons
as a function of CO coverage. The vibrational shift is caused
by dipole-dipole interactions, i.e., by the coupling of dipoles
with the oscillating electric field produced by neighboring
dipoles. However, the corresponding dipoles must have very
similar frequencies to achieve an efficient coupling. In the
present case of interaction between CO stretching vibrations
and oxide vibrations (VdO and Al-O-V), this condition is
definitely not fulfilled, so a dynamic coupling mechanism can
be excluded from consideration. Alternatively, static dipole
interactions (the Stark effect) might have a role. In this case,
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the vibration frequency of an adsorbed molecule is influenced
by the presence of an electric field that can be applied either
externally (cf. CO/Ni(110)34,35) or which can be produced by
neighboring dipoles (cf. CO coadsorption experiments36). The
resulting frequency shift of an adsorbed dipole is dependent on
its orientation, relative to the electric field with which it
interacts: a parallel orientation leads to a red-shift, whereas an
antiparallel orientation leads to a blue-shift.37 Note that, in the
case where two different dipoles interact with each other, the
frequencies of both of them are shiftedin the same direction.
However, as shown in section 3.2 for the interaction between
CO and VdO, this does not seem to apply for the system under
discussion, in marked contrast to the assumption that static
dipole interactions are the dominant mechanism. Instead, an
indirect interaction via modifications in the local electronic
structure that are induced by CO (and VdO) is more likely.

4.3. CO Oxidation. Vanadia-based catalysts are generally
applied in the partial oxidation of hydrocarbons; therefore, only
a few studies on the oxidation of CO to CO2 are available in
the literature.25,38,39 According to these studies, CO can be
oxidized thermally on both alumina-supported and polycrys-
talline vanadia.25 In the latter case, CO oxidation has already
occurred at temperatures as low as 170 K, where an intense
band that is centered at 2340 cm-1 and has a shoulder at 2355
cm-1 was found in the IR spectra. The authors proposed V5+

centers to be responsible for the oxidation reaction. Conse-
quently, it is maybe not too surprising that our vanadia
particlessbeing characterized by an average oxidation state of
+3sexhibit such a low reactivity. Indeed, hydrogen and
hydrocarbon oxidation experiments on thin, well-ordered V2O3

films revealed that oxygen removal from vanadium oxide
becomes more difficult as the oxide is reduced.40 However,
according to a recent theoretical study on the interaction of CO
with an ideal, VdO-terminated V2O5(010) single crystal, a
completely oxidized surface that exhibits only V5+ centers is
also unreactive.32 Calculations for the energy barrier regarding
a reaction between CO and the differently coordinated O atoms
present in V2O5 rendered comparatively high values of up to 2
eV. Consequently, desorption is the process that is predicted
upon heating. Interestingly, an excitation of the V2O5 surface
via a highest occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LUMO) transfer of electrons from
O 2p into V 3d orbitals resulted in a considerably reduced
reaction barrier on the order of∼1 eV. Experimentally, such
an excitation could be achieved, for example, by an irradiation
of the surface with low-energy electrons or with X-rays. In
analogy to the previously presented results, this should lead to
the formation of CO2 also in the case of a V2O5(010) surface.

Because the vanadia particles investigated in this study are,
in accordance with technical catalysts, terminated with VdO
groups, we can use our experiments to examine the role of
vanadyl groups during oxidation reactions, which is an issue
that has been under debate for quite a long time.1,2 To elucidate
what is happening to the VdO groups on our sample, we must
reference the spectra presented in Figure 5 to the clean NiAl.
The result is displayed in Figure 6, where a close-up of the
corresponding spectra in the region of VdO stretching frequen-
cies is shown. In addition to spectra (1)-(4), we have also added
a spectrum labeled (0), which represents the situation before
CO adsorption, i.e., for the clean vanadia particles. Comparing
spectrum (0) and spectrum (2), one could come to the conclusion
that the VdO groups are indeed consumed during the reaction,
because the corresponding peak intensity has considerably
decreased. However, the VdO intensity had already decreased

just upon CO adsorption, where no consumption of the vanadyl
oxygen is expected. Finally, the fact that the VdO intensity
grows again upon desorption of CO and CO2 is definitely in
conflict with the idea of vanadyl oxygen being consumed. We
therefore suggest that the observed intensity and frequency
changes are only due to the interaction between adsorbates and
VdO groups, possibly mediated via modifications of the
electronic structure in the vicinity of the adsorption site, which
leads to changes in the VdO bond length and in the orientation
of the VdO bond axis. In conclusion, it is more probable that
the VdO groups on our vanadia particles are just spectator
species that are not directly involved in the reaction process.
Instead, bridging V-O species are more likely to deliver the
active oxygen. This might explain also why the fraction of CO
molecules converted to CO2 is highest in the case of the high-
coverage preparations, where a larger number of bridging V-O
species should be available, in comparison to the medium-
coverage preparations. Unfortunately, we could not identify a
corresponding V-O species in the coverage regime under
discussion (<2 MLV), revealing that their dynamic dipole
moment is either too small to be detected in the IR spectra or
must be oriented essentially parallel to the NiAl substrate.

5. Summary and Conclusion

Utilizing infrared (IR) spectroscopy, we have studied the
interaction of carbon monoxide (CO) molecules with a model
catalyst system that is composed of vanadia particles deposited
onto a thin-film alumina support grown on NiAl (110).
Combining the results of these studies with our previous
investigations3 regarding the structural characterization of the
system by means of scanning tunneling microscopy (STM),
X-ray photoelectron spectroscopy (XPS), and IR spectroscopy,
we have arrived at the following conclusions.

Low-temperature CO adsorption leads to a very complex
behavior, as a function of vanadia particle size. For large
particles, only one CO species is observed, which is shown to

Figure 6. Spectra (1)-(4) are those presented in the lower panel of
Figure 5 but are now referenced to clean NiAl. In addition, a
corresponding spectrum for the clean, uncovered vanadia particles is
shown (spectrum (0)). Frequency and intensity changes are both
indicated in the graphic; the values given there refer to the correspond-
ing changes, with respect to the previous spectrum, as one follows the
development from spectrum (0) to spectrum (4). The frequency change
is given in units of cm-1, and the intensity change∆I is given as a
percentage, according to the following example:∆I(1,0) ) (I1 - I0)/
I0.
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interact with vanadyl groups (VdO) present at the surface of
the particles. At lower vanadium coverages, however, the CO
adsorbates seem to become increasingly influenced by the
presence of the alumina-vanadia interface, resulting in a red-
shifted stretching frequency. In addition to that, three further
CO species are detected on the smaller particles, the existence
of which is most likely correlated to the presence of defects
and to the interaction with the interface. Generally, the alumina-
vanadia interface has a decisive role in regard to the adsorption
behavior. This is evidenced, for example, by an additional,
interface-related feature present in the IR spectra of low-
coverage preparations but also by the observation that particles
in the medium-coverage regime are capable of adsorbing a
maximum amount of CO. In summary, the most intensive
interaction with adsorbed CO occurs in a regime where the
alumina support is covered with a large number of densely
packed, small vanadia particles.

The reactivity of our model system was quite limited, as
thermal treatment resulted only in a molecular desorption of
CO. Nevertheless, an oxidation reaction could be induced by
means of low-energy electrons that are supplied either by an
electron gun or by exposing the sample to X-rays. The
interaction between the CO molecules and the VdO groups
evidently is a helpful way to provide information about the
processes on the surface. The results suggest that CO oxidation
on our alumina-supported vanadia particles proceeds via a redox,
i.e., a Mars-van Krevelen mechanism. The vanadyl oxygen,
however, does not seem to be the active oxygen. Instead,
bridging V-O species are more likely to supply the active
oxygen.
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