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Model Catalyst Studies on Vanadia Particles Deposited onto a Thin-Film Alumina Support.
1. Structural Characterization
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A model system of alumina-supported vanadia particles, representing catalysts of the typ®xixigewas
prepared under ultrahigh vacuum (UHV) conditions and characterized regarding its structural and electronic
properties. As supporting oxide we used a thin, well-ordered alumina film grown on NiAl(110), which allows
the application of scanning tunneling microscopy (STM), infrared reflectadssorption spectroscopy (IRAS),
and X-ray photoelectron spectroscopy (XPS) without charging effects. Vanadium oxide particles were prepared
via metal evaporation in an oxygen ambient, leading to the growth of small, roundish oxide particles with
vanadium in thet+3 oxidation state. The particles are shown to interact strongly with the alumina support,
resulting in an increased alumina film thickness and a distortion of the alumina film structure. IR absorption
signals of the deposits could be successfully assigned to specific V-containing species, thus providing insight
into the inner structure of the particles. The species identified are surface-localized vanadyl gre@s (V
interface-localized vibrations involving V, O, and Al ions, and lattice structures typical of bylk.V

1. Introduction the system from preparation and structural characterization to
adsorption and reaction properties. In this first paper, we focus
on structural issues, whereas the interaction with gas molecules
will be disussed in a forthcoming publicatiéf.

Vanadium oxides supported by a second oxide such ag TiO
SiO,, or Al,O3 represent an important class of active catalysts
industrially applied to a variety of reactions. These include
oxidation as well as reduction reactions, e.g., the oxidation of
o-xylene to phthalic anhydride, the oxidation of sulfur dioxide 2. Experimental Section
to sulfur trioxide, the ammoxidation of aromatic hydrocarbons,
and the selective catalytic reduction of N@ith ammoniat-2
Typically, submonolayer to monolayer quantities of vanadium
oxides are dispersed on the substrate using impregnation
grafting, or chemical vapor deposition techniques followed by
calcination cycles. Numerous investigations have been dedicate
to the role of the support oxide and to the identification of active
species. It was found that the choice of the support oxide can
influence the activity of a catalyst system by several orders of

magnitude:* The reducibility of the support oxide and the performed in constant-current mode with voltages in the range
I h i i OV ‘o illed ti
coupling between the support and vanadia, mediated vie of +2.2t0+3.0V, i.e., electrons tunneled from filled tip states

support bonds, have been proposed to play a decisive role.; ; ; e stat d : d-6008 A
However, many questions remain unanswered, such as the rol nto empty sample states, and currents aroun NA. .
hotoelectron spectra were recorded by a concentric hemi-

of vanadyl groups or of vanadium oxides in an oxidation state . .
lower than+5.2To obtain a deeper understanding, experiments SPherical analyzer (Scienta SES 200) set to a pass energy of
150 eV. A dual-anode X-ray tube served as an excitation source.

on model catalyst systems exhibiting a reduced complexity are

necessary. In fact, in the past 10 years there have been severa’ffI Ka_radiati_ohn was ch(_)senl tof avoi?] ove_rl:lslp og O1ls ancfi v 25
studies dealing with the characterization of well-defined model €MISSIons with Auger signals from the NiAl substrate. Infrare

; ; tra were acquired with a Fourier transform infrared spec-
systems prepared under ultrahigh vacuum (UHV) conditfofts. ~ SPEC -t uar .
Most of these studies were restricted to the system vanadia/trometer (Bruker IFS 66v/S). P-polarized light was coupled into
TiO,(110), and only a limited number of publications on the the UHV chamber via viton sealed KBr windows and reflected

adsorption and reaction behavior of such systems are avail-T0™M the sample surface at an angle of*8&pectra were
able81011proceeding in this direction, we have investigated a '¢¢0rded using a liquid nitrogen cooled MCT detector operating

model catalyst system consisting of vanadium oxide particles " the mid-infrared region at frequencies above 60¢hm
on an alumina thin-film support. Utilizing scanning tunneling Typically 4096 scans were accumulated. Spectral resolution after

microscopy (STM), X-ray photoelectron spectroscopy (XPS), apodization was 3.3 cm. For the following it i; important to
and infrared (IR) spectroscopy, we are aiming to understand note that the metal surface selection rule applies for the system
discussed here. This is due to the limited thickness of the

* Corresponding author. Telephone:49 30 8413 4220. Fax:-49 30 alumina film and the metal subs_trate underneath. As a res_ul_t,
8413 4101. E-mail: baeumer@fhi-berlin.mpg.de. only structures can be observed in the IR spectra which exhibit
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The experiments were performed in a multichamber UHV
system operated at a base pressure below 20710 mbar.
Sample preparation as well as XPS and infrared measurements
'were carried out in one part of the UHV system, whereas STM
jmages were taken in another part. The transfer between these
wo stages had to be done with the sample kept at room
temperature. Consequently, all STM images were generated at
this temperature, even though a variable-temperature scanning
tunneling microscope (Omicron) was used. Tunneling was
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a nonzero component of the dynamic dipole moment perpen-
dicular to the NiAl substrate.

The preparation of the model catalyst system was carried out %
in two steps comprising the growth of the alumina thin-film
support and the deposition of vanadia particles. The first step &
comprised the oxidation of a sputter-cleaned NiAI(110) surface
at 550 K by exposure to about 3000 L @1 L = 10°° Torr s)
and subsequent annealing at about 1108 Kisually two
oxidation/annealing cycles were employed to ensure complete
oxidation of the NiAl surface. This results in a well-ordered
alumina filmt3 of ~5 A thicknessi3-15 After the preparation,
the oxide film quality was checked by STM and LEED (low- (a) 0.01 MLV, 300 K
energy electron diffraction). In a second step vanadie®9(8%,
Goodfellow) was deposited by means of an electron-beam
evaporator (EFM3T, Focus) in an oxygen ambient of 107
mbar Q. During vanadium evaporation, the sample was held
on a retarding potential to prevent vanadium ions from being
accelerated toward the sample. The deposition rate of 0.36
monolayer (ML) per min was determined by means of a quartz
crystal microbalance and counterchecked by two-dimensional & 2
submonolayer growth on NiAI(110) and subsequent STM
measurements. Since the stoichiometry and morphology of the &
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prepared vanadia particles may change with increasing vanadium 2 8 4 5 @ CH
loading, all coverages cited are expressed in terms of monolayer Voltage [V] '
of vanadium metal deposited. One monolayer of vanadium (1 (d) 0.32 ML V, 300 K

MLV) as calculated on the basis of the interlayer distance Figure 1. Room-temperature STM images (100 nmlL00 nm) after
between the close-packed (110) planes of bulk vanadium of 2.14deposition of vanadium onto a thin alumina film at 300 K in an oxygen
A corresponds to 1.54& 105 atoms cm?. ambient. (a) 0.01 MLV £3.0 V, 0.1 nA). The white lines mark
antiphase domain boundaries of the thin-film alumina support. (b) Line
3. Results and Discussion scan from image (a) taken ann_g the _White arrow. (c) VoItage
: dependence of the apparent particle height determined at a single
The results presented are grouped into three sections, dealin f_gag'\"’} pgrg;:lig;)m 20.03 MLV deposition experiment. (d) 0.32 MLV
with the characterization of the model catalyst system by STM, o '
XPS, and IR spectroscopy, respectively. height of the alumina film (4 A) moves the reference level
3.1. STM Results. Two representative STM images are toward the surface of the alumina film and reveals that our
shown in Figure 1 for vanadia particles grown at a substrate vanadia particles are partially incorporated into the surface. This
temperature of 300 K: one for the very low coverage of 0.01 in turn suggests that vanadium deposited in an oxygen environ-
MLV and the other for an intermediate coverage of 0.32 MLV. ment interacts strongly with the alumina film.
The preparation conditions applied lead to the growth of  The vanadia particles are homogeneously distributed over the
roundish, but comparatively flat vanadia particles. Their diam- alumina support. In particular, no preferential growth was found
eter is in the range of 2630 A and appears to be coverage at the line defects of the alumina substrate as has been observed
independent. It has to be taken into account, however, that tipin previous studies for metal particles, such as Rh and*Pd.
convolution effects can lead to a substantial overestimation of The most prominent line defect type on the alumina film are
the particle diameter, especially in the low coverage regime, antiphase domain boundaries which are visible in Figure 1a as
possibly up to a factor of % protruding lines running parallel to each other at a distance of
The particle height, on the other hand, depends on the vanadiaabout 106-200 A. They represent the nucleation centers with
coverage. Upon increasing the coverage from 0.01 to 0.1 MLV, the deepest potential well. Another type of nucleation centers
the particle height increases from average values arowi#l 3  present on the surface are point defects. Although these defects
A to values in the range of 56 A, as extracted from could not be directly imaged by STM, their number density
corresponding line scans (Figure 1b shows such a line scan forwas determined by comparative nucleation studies to be about
a 0.01 MLV deposit). For the interpretation of these values, it 1 x 10 cm~21920 Depending on the predominant nucleation
is important to know that the height measured by STM depends site, characteristic curves for the particle number densities as a
also on the gap voltage. For voltages belowt-3 V the particle function of the metal coverage have been determined. Which
heights are measured with respect to the NiAl surface whereasnucleation site actually dominates is crucially affected by the
at voltages higher thary +5 V the reference level is located diffusion length of the metal atoms on the substrate, i.e., by the
in the surface region of the alumina film. This leads, as substrate temperature and the interaction strength between metal
demonstrated in Figure 1c, to a change of the apparent particleand oxide film. Figure 2 shows a comparison of the corre-
height by~4 A, which is in good agreement with the thickness sponding data for vanadia particles with results from our
of the alumina film as determined by other technigtfeSimilar previous metal nucleation studies. It can be seen that vanadia
results have been found previously for the clean alumindfilfn particles grow with a significantly higher number density as
and for alumina-supported Pd depodftsSince all our STM compared to all other cases examined. This observation suggests
images were taken at voltages betweeh2 and+3.0 V, where that the interaction of vanadium atoms with the surrounding
the image quality usually was superior, the above-mentioned oxygen ambient decreases their diffusion length on alumina to
values for the average particle heights are given with respect tosuch an extent that nucleation is mainly restricted to regular
the NiAl substrate. Subtracting from these heights the apparentsurface sites. This is reflected in the low average number of
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Figure 2. Development of vanadia particle number density as a Figure 3. Al Ka excited XP spectra of room-temperature-grown
function of vanadium metal coverage. The particle number density was vanadia particles on a thin alumina film. (@) O 1s and V 2p
determined by counting the particles in several STM images and photoelectron emissions for increasing vanadium loading (0, 0.18, 0.32,
averaging the area-normalized values. Furthermore, curves are showr0.46, 0.92, 1.83, and 18.3 MLV). The inset illustrates the linear
which are typical of metal nucleation on line defects and point defects correlation between binding energy shift and reciprocal particle
as determined from our previous work on Rh, Pd, Ir, Pt, and Co diameter, the latter being proportional to the expression (number of
particlest* vanadium atoms per particte}. (b) Al 2p photoelectron emissions
from aluminum in a metallic and an oxidic environment. The signal

vanadium atoms per particle, being-2 and 25 for the two from the clean alumina film (thin line) is compared to two different

. : . - room-temperature preparations, one where vanadium is deposited under
dlffgre_nt vanadium coverag_es ShOV\{n in Figure 1. UHYV conditions (dotted line) and one where vanadium is deposited in
Similar results are found in experiments where the substrate an oxygen ambient (thick line).

temperature was changed to 90 K; i.e., also at this temperature

observed which nucleate on regular surface sites. deposited result from the two spirbit splitted V 2p com-
That oxygen indeed plays an important role for the nucleation ponents. Since the V 2p signal overlaps with O 1s satellite
behavior is corroborated by investigations dealing with the features, only the V 2 emission was used for the analysis.
growth of vanadium under UHV conditions. In this case, lower After formation of multilayer amounts of vanadia, its binding
particle number densities which are in accordance with point energy is 515.5 eV. Comparing this number to the liter&fure
defect nucleation have been foutid?? An important question, — 515.7 (\03), 516.2 (VQ), and 516.9 eV (YOs) — it is
of course, is whether the vanadium atoms are oxidized in the gbvious that, at high coverages, vanadia grows with an oxidation
gas phase during their way from the evaporation source to thestate close te-3. At low coverages, however, the V 2gsignal
substrate or after deposition on the surface. Considering the lowis shifted to higher binding energies, suggesting at first glance
partial pressure of oxygen during the preparation, the systemthat smaller particles grow with a higher oxidation state.
certainly is in the molecular flow regime where intermolecular However, final state effects are known to result in similar size-
collisions are no longer important. Thus, the reaction between dependent BE shifts for small conducting particles on insulating
vanadium and oxygen should occur only after condensation of substrate€? This is due to the Coulomb interaction between
vanadium on the substrate. In contrast to that, experiments arethe leaving photoelectron and the positively charged particle.
reported in the literature where vanadia cluster were successfullyAs many lower valence vanadium oxides, such a®y are
generated in the gas phase by exposure to oxygen partialmetallic at 300 K, such considerations apply here as well. By
pressures in a region of 1 mb&r> plotting the binding energy shift versus the (number of vanadium
3.2. XPS ResultsThe electronic properties of the vanadia/ atoms per particle)}3, a quantity that is inversely proportional
alumina system were investigated by XPS experiments usingto the particle diameter, a linear correlation is obtained, revealing
Al K o radiation as an excitation source. Two different binding that it is indeed the Coulomb contribution in the final state
energy regimes are of particular interest: the region betweenand not an increasing oxidation state which is decisive in the
510 and 535 eV where photoelectrons from O 1s and V 2p core present case (see inset of Figure 3a). The breakdown of this
levels are observed, providing information on the oxidation state linear relationship for the largest particles is probably due to
of the vanadia particles, and the region between 70 and 78 eVthe onset of coalescence.
where photoemission signals from the Al 2p substrate levels In conclusion, the data show that, at low coverage, the
are found. observed BE shift is dominated by final state contributions. At
In Figure 3a, O 1s and V 2p features are displayed as a higher coverages, however, the BE detected for O 1s and V
function of the vanadium coverage. The clean alumina film is 2pz» point toward an oxidation state of vanadia closet8.
characterized by an O 1s signal at 531.1 eV (small X-ray satellite This idea is supported by NEXAFS (near edge X-ray absorption
features (Al Kus 4) which are shifted to lower binding energies fine structure) measurements of vanadia particles prepared under
(BE) by 9.5-11.7 eV are also observ&l Upon vanadium identical conditions on AD3(0001) where the formation of
deposition, the intensity of the oxygen signal increases, indicat- V,03; overlayers also in the regime of low vanadium coverages
ing the formation of an oxidized vanadium overlayer. Its position was reported? Furthermore, vanadia in the oxidation st&t8
shifts to a value of 530.1 eV at the highest coverage examinedturns out to be the oxide that preferentially grows under typical
(18.3 ML) where no emission signals originating from the alumi- UHYV conditions such as those applied in the present study. Even
na substrate can be detected anymore. The corresponding valuehe choice of the substrate seems to have only a minor impact
found in the literature for vanadium oxides at room temperature on the oxidation state as deduced from corresponding experi-
are 530.1 (¥0s3), 529.9 (VQ), and 529.8 eV (YOs).2” ments found in the literature: Cu(11¥)Au(111)3132W(111)33



Alumina-Supported Vanadia Particles J. Phys. Chem. B, Vol. 106, No. 34, 2002759

and TiG(110)3 It is important to note, however, that the

structure of the vanadia overlayer prepared in this way does 266 w09 0 o1

not necessarily reflect the bulk,@; structure. Photoelectron 0.02 0.1

diffraction measurements of the system vanadiag{i®0), for 0.10

instance, revealed that the vanadia overlayer grows in a substratg N 018 V(ALO,)

stabilized rutile structure with an epitaxial relationship to the | ——~ " 0.32

TiO»(110) surfacé? AV 0.92 0.46
Figure 3b shows XP spectra in the range of Al 2p photo- '—-V\/w" 183 05

electrons. The spectrum from the clean alumina substrate is M 18.3 vo,

dominated by an Al 2p signal at 72.5 eV originating from ™) %45 778 v b vALoy || v

metallic aluminum in the NiAl substrate. Al 2p electrons from @ v W[y ®) . | Nl

the ALO; film give rise to a broad shoulder on the high binding 1200 1000 80 600 1000 900 800
energy side at about 75.0 eV. Upon deposition of vanadium Energy [em™] Energy [em™]

metal under UHV conditions, both features are attenuated in '(:k;?Lge 4. (@ IR s?ectra taken at 300 }I<Rfor avan?dia coyelrage seriesd

- - - , omparison of room-temperature IR spectra for particles prepare
the same wgy, thus .preservmg' a 'Constant |ntenS|ty ratio. under UHV conditions (V, thin line) and in an oxygen ambient (/O
However, during vanadia preparation in an oxygen ambient, the yick jine). All spectra are referenced to spectra from clean NiAl taken
metallic part of the Al 2p SIgna' IS SUbStaﬂtla”y decreased while gzt the corresponding temperature.

the oxide signal is enhanced. The obvious explanation for this ) i

change in the ratio between oxidized and metallic aluminum is Lgﬁﬁaii:mﬁﬁq(%ﬁﬂ%ﬁér)t ﬁgq_ t':rlélév(ggzjhea\t/ibrations
an Iincrease of the alumma f"f" thickness. Since the C'?a” Identified in Figure 4a, Bond Length, and Bond Order?
alumina film is absolutely inert with respect to a further reaction

with oxygen under the conditions applied, the vanadia particles viem*  fwhm/cnt  bond length/A  bond order
have to act as an oxidation catalyst, in agreement with what »; 1046 13 1.57 1.96
has already been observed for higher deposition temperatures. 2 945 110 1.63 1.62

A similar but less pronounced catalytic behavior has recently "3 715 120 L 1.06

been found for Pd particles supported on the same substrate @Values for the bond length and the bond order of the three species
after exposure to an £atmospheré® were calculated on the basis of empirical relations published in ref 39.

In an attempt to reduce the interaction between vanadia andy,,icjes, the characteristic diffraction pattern of the alumina
alumln_a, an experiment was carried out where vanadium wasg pstrate disappears already after deposition of aboutti
dep(_)sned at low temperature (100 K) but at the_ Same O0Xygen\y v whereas it is still visible in the case of metallic vanadium
partial pressure. As ex_pe(_:t_ed (not shown),_ thls_redL_Jces theparticles prepared by evaporation of 1 MLV.
above-described effect significantly. The Vagsignal is shifted The new bands observed in Figure 4a are not present in the

to higher binding energy as compared to room-temperature gpecira of metallic vanadium particles and must therefore be
deposits of comparable size, indicating that more oxygen is 4yribyted to V-containing oxide vibrations. A closer look at

bound now in the vanadia particles. However, as soon as theyeir intensity evolution shows that the two bands at higher
sample is heated to 300 K, the Vs2peak shifts back to lower  gnargy saturate after a vanadium deposition of about 1 MLV.
BE. From our previous studies on metal particles we know that The yanadium-oxygen species giving rise to these bands are
sintering effects are negligible in this temperature ratigenis consequently localized either at the surface of the particles or
is especially true for vanadia particles which interact much a¢ their interface to the alumina substrate. The third band at
stronger with the alumina film than all the metals examined so 715 ¢prt appears later and grows with increasing amount of
far. Thus the observed peak shift is not connected to changesanadia. In fact, only for the highest coverage examined here
in the particle size, which again would involve final state effects, -an it be unambiguously identified. This behavior suggests the
but is caused by a reduction of vanadia. At the same time, thepresence of a bulk species.
oxide derived Al 2p signal increases, indicating that there is a = a gefinite assignment of the IR absorption bands is possible
transfer of oxygen from the vanadia particles to the NiAl by a comparison with literature data. The most detailed
substrate. information is available for YOs single crystals where a
3.3. IRAS Results.In Figure 4a IR spectra are shown for a complete normal coordinate analysis has been carried out,
complete vanadia coverage series. For the clean alumina filmrendering an assignment of transverse and longitudinal optical
several surface optical phonons can be observed, the mosfrequencies (TO and LO) to specific vanaditmxygen bonds
prominent of which is located at 866 cth With increasing possible?®3” However, since our IR absorption data originate
amount of vanadia deposited, this feature gets attenuated veryfrom nanometer-sized and most likely amorphous particles, a
rapidly, once again confirming the strong interaction between comparison with results derived from measurements on single
the vanadia deposits and the alumina support. At the same timecrystals might be misleading. In particular, there should be no
new features appear in the IR spectra. At the highest vanadiumTO—LO splitting present in our case. It turns out that powder
coverage examined, three absorption bands are visible whosesamples and supported vanadia catalysts, where molecularly
frequencies and full widths at half-maximum (fwhm) are listed  dispersed species are prepared by wet impregnation or grafting
in Table 1. In addition, some intensity remaining from the techniques, bear the closest resemblance to the structures found
strongest alumina phonon is still visible as a shoulder on the on our sample338 Thus, a first quantitative classification of
low-energy side of the band at 945 cinComparison to the  the bands observed can be achieved on the basis of an
situation found after deposition of vanadium under UHV empirically developed correlation between Raman stretching
conditions, as presented in Figure 4b for two different vanadium frequencies and crystallographically determined bond leridths.
coverages, reveals that the perturbation of the substrate structur@his so-called HardcastteVachs model is expected to be
is much more severe for the vanadia deposits. This is in perfectgenerally applicable to all vanadates if medium-range order is
agreement with LEED observations. In the case of vanadia absent. Using these empirical expressions, values for th@ V
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bond lengths and bond orders can be calculated (see Table 1),

motivating the following band assignments. Avi=+2 om’! T(prep)=300 K

According to Table 1, théand v, represents a species in 3(10}K
which vanadium and oxygen form a double bond, i.e., a vanadyl 90 K
group (\=0). On supported vanadia catalysts they are routinely
found and are considered to play a decisive #1¥:41Since
vanadyl groups prefer end-standing positions, one expects them 300 K
to be localized at the surface of the particles. This is proven in n
a forthcoming publicatioA? where adsorbed CO is shown to 90 K

interact with \=0. Surprisingly, vanadyl groups are not a
structure element of bulk truncated®; surfaces. On the other
hand, similar observations have been made for vanadium oxide
layers of different stoichiometry grown on Pd(1¥%)as well }5/

Avy=-12cm”

T(prep)=90 K T

as for CpO3(0001)/Cr(110) films which grow in an isostructural Avmta e (meas)

corundum phase and which are terminated by chromyl groups L iZ 1 L

(Cr=0), after the surface has been exposed6*@ccordingly, 1100 1000 900 800 700

surface-localized double-bonded oxygen does not seem to be Energy [cm™]

an untypical feature of early transition metal oxides prepared figyre 5. IR spectra for vanadia particles prepared at two different

under UHV conditions. temperaturesT(prep), 300 (top) and 90 K (bottom). After taking spectra
A bond order close to 1, as calculated for thaend v, is at T(prep), the samples were cooled/heated to the complementary

typical for the asymmetric stretching vibrations of a single bridge témperature, 90 (top) and 300 K (bottom). All spectra are referenced
species (V-O—V).% The fact that vanadium oxides in an to spectra from clean NiAl taken at the corresponding temperature.
oxidation state close té-3 can indeed exhibit bands around
715 cnmt! was proven by HREELS (high-resolution electron
energy loss spectroscopy) studies on,XRd (111) inverse

catalysts, where strong absorption bands between 630 and 74 . L .
cmL were shown to be characteristic for a bulkQ4 like of the corresponding bonds. These findings underline the

phase2 Whether the species on our sample are present in a@SSignment ob; to a more isolated species €0), whereas
linear or in a bent configuration could, in principle, be decided € SPecies> seems to be in closer contact with the alumina
on the basis of IR selection rules by monitoring the frequency Substrate whose most intense phonon also shifts-5yen
region of the corresponding symmetric stretching vibration: in Under the same thermal treatment.
an isotropic surrounding the symmetric stretching frequency In the lower part of Figure 5, spectra are shown for the
should be IR-inactive for a linear configuration and IR-active reversed experiment, where the same amount of vanadium was
for a bent one. Unfortunately, this frequency region is below deposited at 90 K and then heated to 300 K. Now the observed
our detection limit. frequency shifts Avy = —12 cnm?l, Av, = +4 cnm?) reflect

An assignment of théand v, at 945 cntt is more compli- not only the.reaction of the system to the thermal treatment,
cated. For powder samples no suitable absorption bands havé-€-, & softening of the corresponding bonds, but also morpho-
been reported and the bands found in this frequency regime onlogical changes. From the XPS results dlscussgd in sgctlon_s.z,
supported vanadium oxide catalysts are attributed either toWe know that these changes are connected with an intensified
V=0 groups in chains of polyvanadate iéher to protonated partu;le—s_,uppo_rt interaction mamfe_stlng itself in an_lncrea_\sed
VO, or VOj3 functionalities** Both explanations are not very alumina film thickness and a reduction of the vanadia particles.
likely in our case since neither vanadate ions nor OH groups, The oxygen transferred from vanadia to alumina in the course
which are necessary to form protonated species, are present ifff this process must at least partially originate from vanadyl
our model system. groups as deduced from the intensity loss of the band'he

; P s
However, since we know from the saturation behavior of the large frequency shift of-12 cnm* points in the same direction.

band v, that the corresponding species could be localized at Decreasing dipoledipole interactions are probably responsible
for this red shift, in analogy to the well-known coverage-

the interface to the alumina substrate, it is conceivable that we !
are not dealing with a pure VO species but with a species dependent shifts found for CO adsorbed on metal surféces.

involving V, O, and Al. In the case of alumina-supported Very similar results have been published on supported vanadia
vanadia catalysts, the formation of ANGpecies has been ~catalysts®
suggested to be the origin of bands around-98a5 cnt1.45 As shown in the lower part of Figure 5, the peak height of
Infrared spectroscopic and crystallographic investigations on the band; increases upon heating the 90 K deposits to 300 K,
AIVO 4 powder samples identified absorption bands around 950 implying a growth of the corresponding species as a conse-
cm~1 (fwhm ~ 130 cnm?) which were ascribed to the vibrations quence of the morphological changes under discussion. This is
of tetrahedral V@ groups? A strong coupling to A+O in agreement with the blue shift observed for this band (from
vibrations was reported to be responsible for the blue shift of Figure 4a we know that the band shifts to higher energies
about+100 cnt! as compared to the more isolated YO while its intensity is growing) which overcompensates the
groups in orthovanadates. thermally induced red shift.

To verify the idea that the band at 945 this connected to The behavior of the shoulder on the low-energy side’.of
an interface-localized species, we have studied the propertiespoints in the same direction. It reflects some remaining intensity
of this band as a function of the deposition and measurementof the strongest alumina phonon and is significantly enhanced
temperature. In the upper part of Figure 5, IR spectra are shownin the case where vanadia deposition was carried out at 90 K
for vanadia particles (0.92 MLV) grown at 300 K. Spectra were as compared to the 300 K preparation. Obviously, the alumina
taken at this temperature and after a subsequent cooling to 90film structure is less perturbed under these conditions. However,

K. Since this thermal treatment involves no morphological
changes, the blue shift observed for the two absorption bands
§Ave = +2 cmt, Avp = +5 cnr?) is only due to a stiffening
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as soon as the sample is heated, the part®lgpport interaction (3) Zzhang, Z.; Henrich, V. ESurf. Scil992 277, 263.

increases and the alumina phonon vanishes. (4) Negra, M. D.; Sambi, M.; Granozzi, Gurf. Sci.1999 436, 227.

- (5) Guo, Q.; Lee, S.; Goodman, D. \Burf. Sci.1999 437, 38.
These changes, together with the XPS results, show thatthe (&) madix, R. J.; Biener, J.; Ramer, M. Dinger, AFaraday Discuss.
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