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Model Catalyst Studies on Vanadia Particles Deposited onto a Thin-Film Alumina Support.
2. Interaction with Carbon Monoxide
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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 (\=0) 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 vanadiaalumina 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, tei&® 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 oxidation state of vanadium is close tb3; however, the
. . structure of the particles is quite different from that ofO¢.

Submonolayer to monolayer quantities of oxide-supported ag evidenced by infrared (IR) spectroscopy, surface-localized
vanadium oxides are known to be active in a variety of yanadyl groups (¥0) and interface-localized species, which
industrially applied oxidation and reduction reactid@<Con- comprise a combined vibration of V, O, and Al ions, are present
sequently, many past investigations have attempted to correlatgp, the system.
structural properties of supported vanadia particles with their | this second paper, we focus on the interaction of our model
reaction behavior. However, there are still many open questions,catalyst system with carbon monoxide (CO) and the question

in regard to, for example, the role of the supporting oxide O of how this interaction is dependent on the structural properties.
the role of vanadyl groups, which are always present in technical

catalystst? To contribute to these_issues, we have prepa_r_ed a2, Experimental Section

model catalyst system under ultrahigh vacuum (UHV) conditions

that exhibits a reduced complexity, thus rendering a more- All CO adsorption and reaction experiments were performed

detailed structural characterization possible. The results of ourin the multichamber UHV system that was already described

investigations on this topic have been published recently in Previously? This system is operated at a base pressure 2f

another issue of this jourrfand shall be therefore just briefly > 107*°mbar and is equipped with facilities to perform scanning

repeated here. tunneling microscopy (STM), X-ray photoelectron spectroscopy
The model system is prepared via the evaporation of (XPS), and IR spectroscopy. Because, essentially, the latter

vanadium onto a thin, well-ordered alumina film that can be (€chnique was used to obtain the results presented in the

grown on the NiAI(110) surface. During evaporation, the sample following, we refer to our previous publicatidfor a description
is kept at a temperature of 300 K and in an oxygen ambient of of thg STM and X.PS setup. IR spectra were acquired with a
1 x 10" mbar Q. This procedure leads to the growth of small, Fourier transform infrared (FTIR) spectrometer (Bruker model

roundish particles with diameters in the range of30 A. A ”;S 6b6V/ S_)' P_-polarizle?j I!gBht \_/v:;s coupléed filnto Lh;—:‘ UH;]/
strong interaction of vanadium with the alumina support, as well chamber via viton seale r windows and reflected from the

as with the oxygen ambient results in a comparatively high sa'mp.le sgrface atan angle of'8&pectra Were.rec.orded u§ing
particle number density 0f2 x 103 particles/crd and partial a liquid-nitrogen-cooled MCT detector operating in the mid-IR

incorporation of the particles into the alumina film. The average region at frequencies o600 cn™. Typlcall_y, 4000 scans were
accumulated for the reference spectra, i.e., for the clean NiAl
- Auth - p hould be add 4 Email substrate and the clean vanadia particles, and 1000 scans for
freundu(t@ fc;1r| égr"vr\]/ rgrr)ré Sé’"espc’” ence should be addressed. E-mall tha CO covered system. Spectral resolution after apodization
*Present address: University of Ottawa, Ottawa, Canada. was 3.3 cmil. For the following, it is important to note that the
8 Now with Yarmouk University, Irbid, Jordan. metal surface selection rule applies for the system that is
U Present address: European Synchrotron Radiation Facility, Grenoble, discussed here. because of the limited thickness of the alumina
France. : ; i
e film and the metal substrate underneath it. As a result, only
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Physikalische Chemie, Bremen, Germany. 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 T 0.10
in two steps, comprising the growth of the alumina thin-film *2169
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 t03000 L of & (1 L = 10°©
Torr s) and subsequently annealed~&t100K.# Usually, two
oxidation/annealing cycles were employed to ensure complete
oxidation of the NiAl surface. This results in a well-ordered
alumina film ~5 A thick4—® After the preparation, the quality

of the oxide film was checked by STM and low-energy electron ‘\f' - | 920
* 2189 0.1% I

/V
42181

0.24

diffraction (LEED). In a second step, vanadiurh99.8%,
Goodfellow) was deposited by means of an electron-beam
evaporator (model EFM3T, Focus) in an oxygen ambient of 1
x 1077 mbar Q. 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 Figure 1. IR spectra of CO-saturated vanadia particles. Their size is
of a quartz crystal microbalance and counterchecked by two- indicated on the right side, in terms of the number of monolayers (ML)

. . . of vanadium metal deposited. Symbols plotted next to the given
dimensional submonolayer growth on NiAl(110) and SUbS'equemfrequency values refer to those used in Figure 2a. Experimental

STM measurements. Because the stoichiometry and morphologyeongitions: CO exposure and data acquisition were carried out at 90
of the _prepareq vanadia particles may change with INcreasingk; spectra were referenced to the corresponding clean vanadia particles.
vanadium loading, all coverages cited are expressed in terms

[ML]

" 1 " 2 2 1
2200 2000
Energy [cm™]

of the number of monolayers of vanadium metal deposited. One % pesancasaneg ARARARAAAAARRRE PN
monolayer of vanadium (1 MLV) was calculated on the basis ¢ 2180 b *__.""" * 1l = » (b) 12
of the interlayer distance between the close-packed (110) planesZ *.** (a) 2t ¥y 17z
of bulk vanadium of 2.14 A, which corresponds to 1540 S oo fi 8 2t ¢ g
atoms/cr. g i g fos §

The adsorption of CO>99.997%, AGA) was conducted g 2073 "$7i"" """ """"""" 1 ofFi Go— 06 ¢

. K .. . £ ¢ A PO Orm L £ o
directly in the IR cell, utilizing a gasdoser system (pinhole doser) § . s ki 'y oa B
and with the sample being kept at90 K. To remove any £ 2% fg* o P2 g1 _ g0 | 3
contaminants from the CO gas feed (e.g., nickel carbonyls g 2050T; of ¢ P b rweg 1027
present in the gas cylinder), we passed the CO gas through a 2000 . 2 2 . . . 0.0

. . . . 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

cooling trap that was operated at liquid nitrogen temperature. coverage [ML V] coverage [ML V]

Furthermore, itis important to note that, ata sampl_e temp(_:‘ratur(:‘\Figure 2. Analysis of an entire series of IR spectra of CO-saturated
of 90 K, CO does not adsorb on the clean alumina substrate.,anadia particles. Experimental conditions are as in Figure 1. (a) CO
Consequently, all CO signals observed in our IR spectra are stretching frequency plotted for the four species-P8, as a function

due to the presence of the vanadia overlayer. of vanadium coverage; the vertical dotted lines indicate the division
p y g
into three coverage regimes, as discussed in the text, whereas the
3. Results horizontal dashed line marks the stretching frequency of CO in the

gas phase (2143 c. (b) Total peak area, as calculated by integration
The results presented in the following discussion are groupedover all CO peaks (filled square symbols), and CO exposure required
into three sections. The first section involves the low-temper- 10 saturate the vanadia particles (open circular symbols).
ature adsorption behavior of CO on the vanadia particles as a o )
function of particle size, whereas the second section concentrate§Overage, its width decreases from 40 to 20 &mwhereas its
on the interaction between adsorbed CO and oxide vibrations Position shifts from 2169 cmt up to 2196 cm™. Hence, peak
of the vanadia overlayer. The last section describes the condi-P1 is blue-shifted with respect to the gas-phase value (2143
tions under which CO can be oxidized to €0 cm1), as expected for CO that is adsorbed on oxide surfadés.
3.1. CO Adsorption. In Figure 1, IR spectra are presented According to theoretical calculations on MgO and Nitthe
for CO-saturated vanadia particles. The three spectra shown aréonding with CO is almost entirely electrostatic in nature, i.e.,
representative for three different regions into which the CO no significanto donation orz back-donation contributions are
adsorption behavior can be subdivided, as a function of vanadiainvolved, even in the case of transition-metal oxides with
particle siz€. An analysis of an entire series of CO saturation partially filled d-shells. Instead, the observed blue-shift is
spectra is shown in Figure 2. The way in which the different €ssentially due to the so-called wall effect, i.e., the Pauli
CO peaks develop, as a function of vanadium coverage, can begepulsion between carbon lone-pair electrons and the surface
used to define the above-mentioned three regions of CO charge distribution. Consistent with that statement, blue-shifted

adsorption as follows: (i) “low coverage”~®.15 MLV (0— CO signals were found on well-ordered®; films'415and on
10 V atoms per particle); (ii) “medium coverage”, 0-16.6 reduced vanadia catalysts for which the following classification
MLV (10—50 V atoms per particle); and (iii) “high coverage”, was published® V3", 2178-2190 cnt’; and V**, 2180-2212
0.6-2.0 MLV (50—180 V atoms per patrticle). cm~L. Note that, in contrast to the system under discussion, only

Altogether, four different CO peaks (denoted as-P@) can a small frequency shift (of approximately7 cnrl) was
be distinguished, among which P1 is clearly the dominating CO observed as a function of the vanadium loading for CO
peak. It belongs to the most intense feature and is the only oneadsorption on alumina-supported vanadia catalysts prepared by
present in the entire coverage regime. As a function of increasingwet impregnation techniqués.
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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 ofr-back-donation electrons. The cor- 0.1
responding adsorption sites are, therefore, likely to involve W
defect sites. In fact, for the P3 species, we were able to show 2169
that its intensity is correlated to the number of steps on the 10.05% -[0-1%
alumina support. This was achieved by replacing the NiAl
crystal that is usually used for the alumina film growth by 0.9
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 2189
times larger than that usually observed. It should be emphasized (a) v (b)
in this context that the alumina steps themselves cannot be [ , . . | | L MEY ] .
directly responsible for the P3 species, because CO does not 2400 2200

907
1026

1046

2000 1200 1000 800
adsorb onto alumina at the temperature applied. Instead, the Energy [cm""] Energy [cm™1]

vanadia particles grown at such alumina steps must exhibit a _. . )

; . - . Figure 3. Set of IR spectra of CO-saturated vanadia particles of two
special type of adsorption site, which leads to the appearanceyigerent coverages (0.1 and 0.9 MLV): (a) region of CO stretching
of the P3 peak. The PO species, finally, exists only in the Iow- viprations and (b) region of oxide vibrations. Experimental conditions
coverage range and is characterized by a very narrow peak widthare as in Figure 1.
of ~6 cnt! and a position 0f~2180 cnt1l.

So far, we have focused our discussion on the frequency particle systems that had been prepared on the same alumina
behavior of the adsorbed CO species. However, the absorptionsupport. On iridium particle¥}?° for example, the following
intensity that is due to CO stretching vibrations also shows an peak heights were found:0.25% (low iridium coverage) and
interesting dependence on the vanadia particle size: for a~4% (large iridium coverage). The same is true for CO on metal
coverage of-0.3 MLV, the IR intensity gets maximal, reaching ~ single crystals, e.g., on Ir(111), where a peak height-2%o
a value that is~5 times larger than that obtained in the high- Wwas reported?
coverage regime. This is already visible in Figure 1 and is shown  There are two possible scenarios that could explain why the
in more detall in Figure 2b. There, the CO peak intensity, absorption intensity for our CO-saturated vanadia particles is
integrated over all peaks, is plotted as a function of the vanadiumthat low. One possibility could simply be that only a small
coverage. It seems that particles in the medium-coverage regimenumber of CO adsorption sites is present in our system; the
(i.e., ~0.3 MLV, or 25 V atoms per particle) are capable of other possibility to explain the low intensity is a CO adsorption
adsorbing a maximum amount of CO. However, only compo- geometry in which the molecules are oriented almost parallel
nents of the CO dynamic dipole moment that are oriented to the NiAl substrate. Angle-resolved ultraviolet photoelectron
perpendicular to the metal substrate contribute to the measuredspectroscopy (ARUPS) experiments revealed that the latter
IR signal®therefore, it is conceivable that the observed intensity scenario is responsible for the low IR absorption intensity (peak
maximum is due to a vanadium-coverage-dependent change inheight of~0.5%) measured for CO adsorption on a well-ordered
CO orientation with respect to the substrate surface. To excludeCr,03(0001) film grown on Cr(110), a system that has been
this possibility, we also have plotted, in the same graphic, the studied intensively in our grou$:?®Note that, in this case, the
amount of CO that had to be supplied to saturate the vanadiaCO frequency shifted by approximateh8 cm 2, as a function
particles. Obviously, the two curves follow exactly the same of CO exposure. Analogous ARUPS results were obtained for
trend, i.e., a high absorption signal is correlated to a large CO CO adsorption on well-ordered, isostructuralOg films,14:15
saturation dosage and vice versa. Also, an increasing dipole so that a similar adsorption geometry also could apply in our
dipole interaction between neighboring CO molecules, as acase. However, our small IR signal intensities cannot be
function of vanadium coverage, can be excluded as an explana-€xplained on the basis of a strongly tilted adsorbate geometry
tion for the observed intensity declidgéthe P1 species, which  only, because XPS measurements (A,K50 eV pass energy)
clearly dominates the intensity behavior, shows only a very small on CO-saturated vanadia particles (0.4 MLV) revealed only a
frequency shift as a function of increasing CO exposure, being very small C 1s signal. The small CO-coverage-dependent
—3 cn! for vanadium coverages 0.3 MLV and~0 cm frequency shift (less than or equal 63 cnm™) points in the
at high vanadium coverages. This proves that dipdigole same direction.
interactions are negligible in our case. Further evidence for  Possibly, the termination of our particles with vanadyl groups
the idea of a particle-size-dependent CO adsorption capability has a strong impact on their CO adsorption capability. This is
comes from the observation that the interaction of COwith V. suggested by recent experiments on thick, well-orderg@;V
O also becomes maximal at0.3 MLV (see section 3.2). films that could be prepared either with or without terminating
Interestingly, the CO desorption temperature of the P1 speciesV=0 groups. In the latter case, ARUPS evidenced a signifi-
(more details are given in section 3.3) also was found to follow cantly larger amount of CO that could be adsorbed on the
a similar trend, as a function of the vanadium coverage: 140 K film.14.15
(low coverage), 175 K (medium coverage), and 140 K (high 3.2 Interaction of CO with Oxide Vibrations. So far, only
coverage). the frequency regime of 206200 cn? (i.e., the region of

Finally, we must mention that the overall CO absorption CO stretching vibrations) has been discussed. However, there
intensity measured on our particles is quite low, as compared are also signals to be observed at lower frequencies that are
to other systems. Although the peak height of the most intensive typical for the oxide vibrations of our system (700100 cnt?)
species (P1) ranges betweer0.05% (for low and large already discussed previouslyn Figure 3, IR spectra of CO-
vanadium coverages) and0.25% (for medium vanadium  saturated particles (0.1 and 0.9 MLV) are presented which are
coverage), considerably higher signals were found on metal split into the region of (a) CO stretching and (b) oxide vibrations.
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In this latter region, signals can be observed that point in the  (a) | 09 MLV | | 0.1 MLV | (c)
direction opposite to the usual absorption peaks; therefore, these o0 026 907
signals will be called “anti-peaks” in the following discussion. LN ] A\t

Their development as a function of CO exposure proceeds

entirely synchronously to that of the CO stretching signals (i.e., v=0
anti-peaks increase (decrease) as long as CO peaks increase Al,04 / ;
(decrease) and also saturate after the same CO exposure) and onset of
was proven to be reproducible by many different experiments. Al-O-V

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 partié¢l&nce
CO adsorption can be conducted directly in the IR-ealithout

Al,0;
Io.s% Io.s%

the need to change the sample positispectra with a very 000500 1000900 800

well-defined, horizontal baseline can be obtained that way. As Energy [cm™] Energy [cm™]

will become clear in the following, this allows us to observe, d
(b) 507 | @

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

Al,0,

clean particles and that of the CO-covered patrticles by a single-
channel spectrum of the NiAl metal substrate, which was IO'Z%
measured beforehand, during the alumina film preparation. Note \ A . . A

that, in this case, the baseline of the spectra is less well-defined, 1060 1040 1020 950 900

making the use of baseline correction methods necessary.  Figure 4. Set of IR spectra of CO-saturated vanadia particles of two

Panels a and ¢ of Figure 4 show the result of such a referencedifterent coverages (0.1and 0.9 MLV): (a) 0.9 MLV, frequency region

h f d for the high- and low- ti of oxide vibrations; (b) close-up of panel a in the region 6F®
change periormed for the high- and low-coverage preparation stretching vibrations; (c) 0.1 MLV, frequency region of oxide vibrations;
presented in Figure 3. The spectra plotted at the top are just aang (d) close-up of panel ¢ in the region of,@ and A—O—V
copy of those from Figure 3b, whereas the spectra at the bottomvibrations. Of the three spectra displayed in each of the four panels,
are those referenced to NiAl. Obviously, the CO-induced the top spectrum represents just a copy of the corresponding spectrum
changes are very small; nevertheless, they are reproducible, a§" Figure 3b; i.e., these spectra are referenced to the clean vanadia

already stressed previously. For a better understanding, thesggt;ﬂ?:blnii Iztshggm?épo?gg% ae éegzrr’;g%esqégﬁéi%’&g‘r?yﬁgei%mg
m_terestmg parts of the Sp?Ctra are presented as close-yps Nhe dotted curve by the solid curve would lead again to the topmost
Figure 4b and 4d, respectively, and shall be discussed in thespectrum)_

following.

For the 0.9 MLV preparation, only one anti-peak is found, In regard to the low-coverage preparation (0.1 MLV), the
at a frequency of 1046 cm. Consequently, only the region of  anti-peak observed there, at 1026 ¢prcan readily be under-
vanady! vibrations is modified upon CO adsorption, as can be stood in terms of the interaction betweer® and CO. (Note
observed in Figure 4a. The close-up reveals that the interactionthat the \=0 frequency is dependent on the vanadium coverage.
of CO with vanadyl groups causes a shift of the® stretching As shown previously, the V=0 frequency shifts to higher
frequency by approximately-2 cni?, accompanied by a values, as a function of the increasing vanadium coverage.) The
decrease in the intensity of the=\D band. This proves that interesting frequency region in this experiment is located at
the V=0 groups present in our system are, as suggested~900 cnt?, where the interface-localized AD—V vibrations
previously? localized at the surface of the vanadia particles, are known to develop. However, at a vanadium coverage of
where they are accessible for adsorbed CO. Similar observationsonly 0.1 MLV, the interface mode has not yet gained enough
were reported in the literature on supported vanadia catalystsintensity to be unambiguously identified in the IR spectra.
for the interaction of ¥=O with CO!®2> but also with other  |nstead, the spectra are still dominated by the presence of
molecules, such as 2-proparibfior instance. alumina substrate phonons (Figure 4c). For the uncovered

It should be mentioned that the observed interaction betweenalumina film kept at 90 K, these vibrations are fodhdt 871
the CO molecules and the=xO groups is mutual, in the sense and at 954 cm®. Upon CO adsorption on the vanadia-covered
that not only the adsorbed CO molecules influence tkeO/ alumina, these bands remain basically unperturbed. However,
vibration frequency inducing aed-shift but also vice versa.  some changes are visible in the region €900 cn?, as
Unfortunately, this latter case cannot be studied as easily asevidenced by the close-up in Figure 4d. It is important to note,
the CO-induced influence, because there is no simple way toin this context, that previous CO adsorption experiments on
change the ¥O coverage. However, we have a set of rhodium, palladium, and iridium particles grown on the same
experiments where vanadia particles of a certain size had beersupport have revealed that the alumina phonons are influenced
prepared twice but where the number o=@ groups present by adsorbed C@’ In theses cases, clear changes of the
at the surfacejudged from the corresponding IR intensity, absorption maxima at~871 and ~954 cnmt! have been
assuming a fixed adsorbate geomethappened to differ by a  observed. They were attributed to changes in the metallicity of
factor of~2.5. In the case of the high=vO density preparation,  the adsorbing metal particles, which, in turn, influenced the
the observed CO peak P1 was found tdhee-shiftedby ~10 alumina phonons. However, no modifications in the region
cm L, between these phonons have been detected. Therefore, it is likely

manifest themselves as sharp anti-peak features that are easy onsetof

to observe. To make the changes that result in these anti-peaks Al-0-v

visible, one must divide both the single-channel spectra of the a o“'-
2V3))
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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~+0.1 L of CO leads
. back to spectrum (1). From this reversibility, we can conclude
1000 800 that CO desorbs from our vanadia particles molecularly, i.e.,
without dissociation or reaction to GOndeed, 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
}-05% {0-2% 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-

2356 2186 described investigations reveal that there is no thermal channel

accessible for the oxidation of CO. To check whether the process

ARSI | (3) can be activated nonthermally, in a second set of experiments,
st anad A TWWLTNE W

AR A A | (4) CO-saturated vanadia particles were exposed to low-energy
electrons. This can either be done by directly supplying them

2400 2200 2000 1200 1000 800 via the electron gun of a LEED system or, for example, by
Energy [cm™] Energy [cm™] exposing the sample to X-rays, thus producing photoelectrons.
Figure 5. Sets of IR spectra of vanadia particles prepared by the Such an experiment is presented in the lower portion of Figure
evaporation 0f~0.9 MLV. Experimental conditions are as in Figure 5. Spectrum (1) is taken from CO-saturated vanadia particles
tl- Lllz)geé pfmeli (1) af?er(%p?tsurg gJ 0-% L fif Co(g)nd f(tZ) after heati?g (0.9 MLV) at 90 K. After these particles were exposed at this
(] . Lower panel: arter saturation, arter exposure to H
LEED electrons (100 eV, 30 min), (3) after heating to 200 K, and (4) 'f?r:)prenriitusrset;rbEmE([z))e\lbzc;t';?]gsaxl:zdaﬁlne;deég%r? ];Olg%ee(\:/',efgge
after exposure to 0.5 L of O . P o . A . e -
in the CO intensity, a new species can be identified in the
that the existence of the anti-peak observed in Figure 3b is spectrum at 2355 cm, which can be assigned to the asymmetric
correlated to the AHO—V interface species that are character- stretching vibration of a linear COspecies. In the oxide
istic of our vanadia system. This idea is confirmed by recent vibration region, an increase of the\D-derived anti-peak can
CO adsorption experiments on vanadia particles of very similar be noticed. It is important to note in this context that no
properties which were grown on top of a silica thin-film support. carbonate or carboxylate species were observed. In addition,
There, neither an interface-localized oxide vibration nor an anti- exposing the clean particles directly to €@lso renders just a
peak signal, such as the one under discussion could belinearly adsorbed species at the same frequency of 2353.cm
observed® In contrast to that, such an anti-peak was also Spectrum (3) shows the situation after desorption of the carbon
observed when CO was adsorbed on small vanadium particlesoxide species and after subsequent cooling back to the reference
that were deposited onto the alumina film under UHV condi- temperature of 90 K. In contrast to what was shown in the top
tions?® From previous investigations, we know that small portion of Figure 5, the situation now is not reversible anymore;
amounts of vanadium are oxidized as they are deposited ontoje., CO and C® have completely disappeared from the

the alumina film2®3°Obviously, this strong interaction between  spectrum but the anti-peak is still there, although somehow
vanadium and the alumina film will lead to a modified interface  diminished with respect to the previous step.

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 where two CO molecules join to form GQleaving atomic

~ 1 [ -
PO at~2180 cn™. Both features are only observed in the low- o5 o the surface, and (b) a redox or Mars van-Krevelen

coverage regime. The other antl-pgak, on the contrary, is pre;en&ype of mechanism, where lattice oxygen is transferred to the
over the entire coverage range, in analogy to the P1 species.

Unfortunately, we did not succeed in providing further experi- adsorbed CO molecule to form a g8pecies. In both cases,

mental evidence for a correlation between the CO species andthe surface would have been altered irreversibly. To decide

the anti-peaks, because all these features develop in a para”epetween these two meChan'.SmS’ the surface was _exposed to
manner, both as a function of CO exposure and as a function molecular oxygen at 90 K. Evidently, an exposure of just 0.5 L
of samplle temperature of O, was sufficient to recover the 100% line, as shown in

3.3. CO Reaction After having studied the low-temperature spectrum (4). Because there is no_indication of ne\_/vly formed
adsorption of CO on our alumina-supported particles, we have €O: We conclude that the reaction proceeds via a redox
investigated their reactivity with respect to CO. In a first set of Mechanism. A definite proof, however, would require a prepara-
experiments, this was done by heating the sample and monitor-tion of our vanadia particles utilizing the oxygen isotc3e.
ing changes in the IR spectra. In the top panel of Figure 5, the Mechanism (b) then should lead to a lower £8retching
corresponding result for a high-coverage preparation (0.9 MLV) frequency, whereas in the case of mechanism (a), a frequency
is shown. Starting from CO-covered particles (spectrum (1), ©f ~2355 cn* would be expected again.
~0.1 L of CO), the sample was heated from 90 K to a  To check whether the observed irreversibility could also be
temperature of-140 K, where the intensity due to CO stretching a direct consequence of the exposure to LEED electrons, we
vibrations had completely vanished. To have a proper baseline,have performed a corresponding set of experiments, using clean,
the sample was subsequently cooled back to 90 K, where theadsorbate-free vanadia particles. Indeed, irradiating the sample
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There are two different conceivable reaction mechanisms that
could explain the findings: (a) a Boudouard type of mechanism,
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with electrons that have an energy of 100 eV and~¥80 min frequency are oxygen vacancies (color centers). Theoretical

did not lead to any changes. calculations on MgG! for example, predict a transfer of
Another important aspect is, of course, the question how the negative charge to a CO molecule adsorbed on an oxygen

observed CO oxidation is dependent on the particle size. To vacancy; also, recent calculations 0pO¢(010) single-crystal

answer this question, we have performed a corresponding setsurface® suggest the same phenomenon. However, there is no

of experiments in the range of medium and high vanadium simple explanation why these defects should not exist anymore

coverages: 0.24, 0.4, 0.9, and 1.8 MLV. In all these cases, theat higher vanadium coverages. A type of defect that could

resulting CQ species exhibited a frequency and an integrated explain the findings under discussion more easily is a special

intensity that was comparable to the signal shown in Figure 5. kind of impurity. One example that has been discussed in the

Considering the higher number of adsorbed CO molecules in literaturé! is that of N? ions replacing Mg" ions in MgO.

the case of the medium-coverage preparations, this means thaThere, a non-negligible-back-donation from Ni" to CO was

the fraction of CO molecules that is converted tohighest observed (in contrast to the case ofNin NiO). Given the

in the case of the high-coverage preparations. Another interestingstrong interaction between the vanadia particles and the alumina

observation is that the number of g@olecules produced on  support-partial incorporation, AHO—V interface vibrations-

a 0.9 MLV sample increased considerably (by a factorg} similar defects are to be expected in our system also, i%¥., V

when the particles were not saturated with CO prior to the ions replacing A" ions in ALOs. (Note that, as shown in

oxidation step but just exposed to approximately one-third of previous experiment®,CO adsorbs on the clean alumina film

the saturation dose. only at temperatures 60 K and at a frequency of 2172 ct)
Another type of defect that frequently has an important role for
4. Discussion the adsorption and reaction behavior of particle systems involves

. . . . low-coordination sites (steps and corners). On alumina-supported

Following the presentation of the experimental results, their ; . . .

interpretation shall be discussed in this section, regarding, for rhod|.um particles, for example, it was found that .parthle.s that
' '~ consist of~100-200 Rh atoms are capable of dissociating a

example, the observed particle-size-dependent adsorption prop-___". ! .
erties, the influence of the vanaeialumina interface, and the maximum amount of adsorbed CO. This could be explained on

role of vanadyl groups. The section is organized using the samethe _bas%of a partlcle—3|ze-depen_dent nu_mber_ of steps on the
format as that used in section 3 particles!® However, a corresponding particle size effect does

4.1. CO Adsorption. The most conspicuous result of our CO not seem to apply for the system under discussion, because CO

- ! . . adsorbed on low-coordination sites should exhibit a frequency
adsorption experiments is the observed dependence on Vanadlurﬂ]at is even further blue-shifted, as evidenced by calculatfons
coverage. Particles that consist ©25 V atoms per particle . ' y
. . and experiment&

(0.3 MLV) are capable of adsorbing a maximum amount of ) ] » )
CO molecules. In the low- and medium-coverage range, several N conclusion, special conditions present at the vanadia
different CO species are detected, whereas, for larger particles @lumina interface are the most likely explanation for the
only one adsorption site (P1) is present. The frequency and widthobserved particle size dependence in the CO adsorption
of this dominating P1 species are strongly dependent on behav!or. To §upply further eyldgnce, we are currently studylng
coverage. The same is true for the interaction betwes©OV vanadlall particles of very similar structural aqq equtromc
groups on the particle surface and adsorbed CO molecules Properties that have been grown on top of a silica thin-film
which is strongest for medium-sized particles. At low coverages, SUPPOrt? For this system, a significantly reduced particle
CO was found to even influence AD—V interface vibrations. ~ SUPPOrt interaction was observed. Preliminary CO adsorption

How can these coverage dependences be explained? First, {fXPeriments on a 0.74 MLV preparation rendered a CO species
must be emphasized that all the previously listed peculiarities that was similar to the P1 species at a frequency of 2198.cm
are observed in the low- to medium-coverage region. From our At @ medium coverage of 0.2 MLV, however, no extra peaks
previous structure investigations, we know that vanadia and @nd no frequency shift of the P1-like species were detected,
alumina strongly interact with each other. It was shown that thus porroboratmg the |Qea of an adsorption behavior, which is
vanadia particles are partially incorporated into the alumina film 1€ss influenced by the interface.
and that the structure of the film becomes considerably distorted 4.2. Interaction of CO with Oxide Vibrations. A well-
upon vanadia particle growth, accompanied by an increase inknown phenomenon in surface science is the fact that adsorbed
the thickness of the alumina film. Interestingly, the most drastic molecules are able to interact with each other. The most
changes, such as the onset of alumina film growth, the intensively studied case is probably that of CO molecules
disappearance of the alumina LEED pattern and the aluminaadsorbed on metal surfaces where a CO-coverage-dependent
phonons, as well as the appearance of®@+V vibrations occur blue-shift of the IR signals is observed. This frequency shift
in the same coverage regime-@.2—0.4 MLV). It is quite essentially consists of two different contributions: a chemical
unlikely that this is just a coincidence; rather, this indicates that contribution and a vibrational contributiédThe chemical shift
the vanadia-alumina interface has a decisive role in our system, can be understood on the basis of the Blyholder model, i.e.,
in regard to not only structural properties but also adsorption with an increasing competition for-back-donation electrons
properties. The appearance of a second anti-peak at lowas a function of CO coverage. The vibrational shift is caused
coverages can be regarded as direct evidence for this idea of @y dipole-dipole interactions, i.e., by the coupling of dipoles
mutual influence. with the oscillating electric field produced by neighboring

Further support comes from the observation that the frequen-dipoles. However, the corresponding dipoles must have very
cies of the P2 and P3 species, which exist only in the low- to similar frequencies to achieve an efficient coupling. In the
medium-coverage range, are red-shifted with respect to the gaspresent case of interaction between CO stretching vibrations
phase value, indicating that they are not due to regular terraceand oxide vibrations (#O and A-O-V), this condition is
sites. Instead, defect sites are likely to be involved, which are, definitely not fulfilled, so a dynamic coupling mechanism can
at higher coverages, either not present or not accessible anymorebe excluded from consideration. Alternatively, static dipole
One example for defects which could lead to a red-shifted CO 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 (4)
externally (cf. CO/Ni(113*33 or which can be produced by +9]

neighboring dipoles (cf. CO coadsorption experim&ud he

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 (2
antiparallel orientation leads to a blue-siifiNote that, in the

case where two different dipoles interact with each other, the ) U
frequencies of both of them are shiftedthe same direction |1, . 1l
However, as shown in section 3.2 for the interaction between AT[%] %, - .

CO and =0, 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 (aneF®) is more likely.

4.3. CO Oxidation. Vanadia-based catalysts are generally »
applied in the partial oxidation of hydrocarbons; therefore, only Energy [cm™]
a few studies on the oxidation of CO to ¢@re available in Figure 6. Spectra (1)-(4) are those presented in the lower panel of
the literature?>38.39 According to these studies, CO can be Figure 5 but are now referenced to clean NiAl. In addition, a
oxidized thermally on both alumina-supported and polycrys- gﬁg@ip?gdél?rfﬁeigﬁmpf% the clean, uncovered vanadia parfcles s
talline vanadia® In the latter case, CO oxidation has aIr_eady indicated i?] the graphic; the \c/]aluesygiven there ref%er to thg correspond-
occurred at temperatures as low as 170 K, where an intense€jng changes, with respect to the previous spectrum, as one follows the
band that is centered at 2340 chand has a shoulder at 2355  gevelopment from spectrum (0) to spectrum (4). The frequency change
cm~t was found in the IR spectra. The authors proposéd V s given in units of cm?, and the intensity changal is given as a
centers to be responsible for the oxidation reaction. Conse- percentage, according to the following examplel(1,0) = (I — lo)/
quently, it is maybe not too surprising that our vanadia 'o-
particles—being characterized by an average oxidation state of ] )
+3—exhibit such a low reactivity. Indeed, hydrogen and iustupon CO adsorption, where no consumption of the vanadyl
hydrocarbon oxidation experiments on thin, well-ordere®y ~ ©Xygen is expected. Finally, the fact that the=¥ intensity
films revealed that oxygen removal from vanadium oxide 9rows again upon desorption of CO and £6 definitely in
becomes more difficult as the oxide is reduéeddowever, conflict with the idea of vanadyl oxygen being consumed. We
according to a recent theoretical study on the interaction of CO therefore suggest that the observed intensity and frequency
with an ideal, \=O-terminated YOs(010) single crystal, a changes are only due to the interaction betwggn quorbates and
completely oxidized surface that exhibits only*Vcenters is V=0 groups, posslbly mg@gted via mOdIfIC.atlon.s of t.he
also unreactivé? Calculations for the energy barrier regarding €l€ctronic structure in the vicinity of the adsorption site, which
a reaction between CO and the differently coordinated O atoms!€2ds to changes in the=O bond length and in the orientation
present in \Os rendered comparatively high values of up to 2 of the V=0 bond axis. In conclu.smn, it is more probable that
eV. Consequently, desorption is the process that is predictedtN® V=0 groups on our vanadia particles are just spectator
upon heating. Interestingly, an excitation of thgO¢ surface  SPecies that are not directly involved in the reaction process.
via a highest occupied molecular orbitdbwest unoccupied Instead, bridging VO species are more likely to deliver the

molecular orbital (HOMG-LUMO) transfer of electrons from active oxygen. This might explgin alsp why the fraction O.f €O
O 2p into V 3d orbitals resulted in a considerably reduced Molecules converted to GGs highest in the case of the high-

reaction barrier on the order ofl eV. Experimentally, such coverage preparations, \(vhere a larger ““f.“ber of bridgiﬁ@\_/

an excitation could be achieved, for example, by an irradiation species should be_ available, in comparison to the_ med_lum-
of the surface with low-energy electrons or with X-rays. In coverage p'reparatlons. U.nfor'tunately, we could nqt identity a
analogy to the previously presented results, this should lead tocprresp_ondlng VO species n the coverage regime under

the formation of C@also in the case of a Xs(010) surface. discussion €2 MLV), revealing that their dynamic dipole

. . . . L moment is either too small to be detected in the IR spectra or
_ Because the vanadia particles investigated in this study are, ., he oriented essentially parallel to the NiAl substrate.
in accordance with technical catalysts, terminated withQ/
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 fifi€o elucidate Utilizing infrared (IR) spectroscopy, we have studied the
what is happening to the=O groups on our sample, we must interaction of carbon monoxide (CO) molecules with a model
reference the spectra presented in Figure 5 to the clean NiAl. catalyst system that is composed of vanadia particles deposited
The result is displayed in Figure 6, where a close-up of the onto a thin-film alumina support grown on NiAl (110).
corresponding spectra in the region 6@ stretching frequen-  Combining the results of these studies with our previous
cies is shown. In addition to spectra{i}#), we have also added  investigations regarding the structural characterization of the
a spectrum labeled (0), which represents the situation beforesystem by means of scanning tunneling microscopy (STM),
CO adsorption, i.e., for the clean vanadia particles. Comparing X-ray photoelectron spectroscopy (XPS), and IR spectroscopy,
spectrum (0) and spectrum (2), one could come to the conclusionwe have arrived at the following conclusions.
that the \=0 groups are indeed consumed during the reaction, Low-temperature CO adsorption leads to a very complex
because the corresponding peak intensity has considerablybehavior, as a function of vanadia particle size. For large
decreased. However, thexxO intensity had already decreased particles, only one CO species is observed, which is shown to
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5. Summary and Conclusion
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interact with vanadyl groups (&#O) present at the surface of  of vanadium, MLV) the average number of V atoms per particle, which is

the particles. At lower vanadium coverages, however, the CO often a more meaningful quantity, to characterize the patrticle size. Of course,
) . inal i fl ’ h the vanadia particles additionally contain a certain number of O atoms whose
adsorbates seem to become increasingly influenced by thegyact value is not known but which can be estimated on the basis of our

presence of the alumiravanadia interface, resulting in a red-  XPS analysis to be-1.5 times greater than the number of V atoms.)

shifted stretching frequency. In addition to that, three further g tt(8) SchFrgnl\t;leclé, M.; %apspu?, SD._;lgggkgEngé;.; Freund, H.-J.;
H H H etterson, L. G. M.] Bagus, P. surt. SCI. f .

CcO species are dgtected on the smaller particles, the existenc (9) Vesecky, S. M.: Xu. X.: Goodman, D. W. Vac, Sci. Technol. A

of which is most likely correlated to the presence of defects 199412 2114.

and to the interaction with the interface. Generally, the alumina (10) Zaki, M. I.; Knitzinger, H.J. Catal. 1989 119, 311.

vanadia interface has a decisive role in regard to the adsorption (11) Escalona Platero, E.; Coluccia, S.; ZecchinaSArf. Sci.1986

behavior. This is evidenced, for example, by an additional, 171 465.

; _ ; _ (12) Davydov, A. A.lnfrared Spectroscopy of Adsorbed Species on the
interface-related fgature present in the IR spectra of IQW Surface of Transition Metal OxideWviley: New York.
coverage preparations but also by the observation that particles 13y pacchioni, G.; Cogliandro, G.; Bagus, P.Ssuf. Sci.1991 255,

in the medium-coverage regime are capable of adsorbing a344.
maximum amount of CO. In summary, the most intensive  (14) Dupuis, A.-C. Thesis, Humboldt Univergiterlin, Germany, 2002.
interaction with adsorbed CO occurs in a regime where the (15 Dupuis, A.-C.; Kuhlenbeck, H.; Freund, H.-J., to be published.

alumina support is covered with a large number of densely Phgllssigcgg”feggéoln' P.; Reddy, B. M.; Keinger, H.Phys. Chem. Chem.

packed, Sm@_‘”_ vanadia particles. o (17) Jonson, B.; Rebenstorf, B.; Larsson, R.; Andersson, S. L. T.; Lundin,
The reactivity of our model system was quite limited, as S. T.J. Chem. SocFaraday Trans. 11986 82, 767.

thermal treatment resulted only in a molecular desorption of  (18) Hoffmann, F. M.Surf. Sci. Rep1983 3, 107.

CO. Nevertheless, an oxidation reaction could be induced by (19) Frank, M.; Bamer, M.Phys. Chem. Chem. Phy200Q 2, 3723.

means of low-energy electrons that are supplied either by an(m(é%)r ;:ra”k' M. Thesis, Humboldt UniversitBerlin, Germany, 2000.

?'ec'[ror] gun or by exposing the sample to X-rays. The " (21 Lauterbach, J.: Boyle, R. W.: Schick, M.: Mitchell, W. J.; Meng,
interaction between the CO molecules and theQY groups B.; Weinberg, W. H.Surf. Sci.1996 350, 32.

evidently is a helpful way to provide information about the (22) Seiferth, Thesis, O. Ruhr-Univerditaochum, 1997. (In Ger.)
processes on the surface. The results suggest that CO oxidatiog0(23) Pykavy, M.; Staemmler, V.; Seiferth, O.; Freund, HSdrf. Sci.

on our alumina-supported vanadia particles proceeds via a redox 01, 479 11.
pp P P ' (24) Note that, in IR spectroscopy, it is convenient to measure relative

i.e., a Mars-van Krevelen mechanism. The vanadyl oxygen, changes instead of absolute signals, to eliminate contributions from the
however, does not seem to be the active oxygen. Instead,spectrometer setup (light source, beam splitter, mirrors, etc.). This is done

idai _ ; ; ; by dividing two single-channel spectra by each other (sample spectrum/
bridging V—0 species are more likely to supply the active reference spectrum). In the present case, the intensity reflected from CO-

oxygen. saturated vanadia particles (sample spectrum) was divided by the intensity
reflected from the clean particles (reference spectrum).
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