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The structure, stability, and vibrational properties of isolatg@:\tlusters on the AD;(0001) surface have

been studied by density functional theory and statistical thermodynamics. The most stable structure does not
possess vanadyl oxygen atoms. The positions of the oxygen atoms are in registry with those of the alumina
support, and both vanadium atoms occupy octahedral sites. Another structure with one vanadyl oxygen atom
is only 0.12 eV less stable. Infrared spectra are calculated for the two structures. The highest frequency at

922 cn1! belongs to a V-0 stretch in the VO—Al interface bonds, which supports the assignment of such
a mode to the band observed around 941 cfor vanadia particles on alumina. Removal of a bridging
oxygen atom from the most stable cluster at theQ/Al interface bond costs 2.79 eV. Removal of a (vanadyl)
oxygen atom from a thin vanadia film an-Al,O3 costs 1.3 eV more, but removal from a®(001) single-
crystal surface costs 0.9 eV less. Similar to th®¥001) surface, the facile reduction is due to substantial
structure relaxations that involve formation of an additional®-V bond and yield a pair of V(d') sites
instead of a V'(d?)/VV(d?) pair.

I. Introduction vanadia layers or large flat particles, the present study examines
models for dispersed aggregates at low vanadia loading.

We investigate YOs clusters supported on tleAl ,03(0001)
surface, combining periodic density functional theory (DFT) and
statistical thermodynamics. Recently, such a model catalyst

rEupported on clean and hydroxylated Fi€urfaces has been
investigated®-20 Different coordinations YOs of clusters onto

the Al and O surface sites are considered and the most stable
identified. The energy costs required to reduce the supported
clusters are calculated. Comparison is made with supported
vanadia films oro-Al,03*15to assess possible size effects on
the reducibility (that include the existence of differently

Vanadium oxides supported on another metal oxide (e.g.,
TiO,, ZrO,, and SiQ) are important industrial catalysts used
in selective oxidation processts! The catalytic activity can
change by several orders of magnitude depending on the suppo
and is related to the surface reducibifity However, despite
considerable work, the nature of the vanadiapport interaction
is poorly understood on the atomic scale. This is due to the
complexity of the surface structure of theal supported
catalyst$:” The study of well-definednodelsystems of increas-
ing complexity, both experimental and theoretical, is of impor-

.tgln.ce for danaly;mg thfe ﬁuppo.rt EffECt on the stability, reduc- coordinated sites) and with the cleanQ4(001) surfacé to
ibility, and reactivity of the active phase. evaluate differences due to the presence of the alumina substrate.

Vanadia/alumina model catalysts have been investigated special attention will be paid to surface relaxations which play
under ultrahigh-vacuum (UHV) conditiois? Vanadium oxide an important role in the reduction.

has been grown on an-Al;05(0001) surfacé, and more We also compare the stability of the supported vanacdi®¢Vv
recently dispersed vanadia particles {20 A wide and 3-6 and V,0,) clusters with the stability of differently terminated

A t_hlck_) have been deposited on an ultrathin aI_umma film. \,anadia films on ther-Al ,05(0001) surfacé$ We do this for
Using infrared (IR) spectroscopy, surface-localized vanadyl gitferent temperatures and different preparation conditions
groups (\=0) have been identified. The IR spectrum features (oxygen pressure and vanadium supply) by means of a phase

also a broad band at 941 cfrthat has been assigned te-0— diagram. We also characterize the supported clusters by their
Al interface specie®!! The alumina film itself, grown on @  \iprational frequencies.

NiAl support, has a structure with 4-fold and 5-fold coordinated
Al atoms which is different from all known ADs poly-
morphst?13

Theoretically, ultrathin vanadia filmss(1.6 A) supported on Density functional theory with the gradient-corrected Per-
a-Al,O; (ref 14) and thicker films (up to~6 A) have been ~ dew—Wang exchange-correlation functional (PWA# as
considered® The calculations indicate that the presence of implemented in the Vienna ab initio package (VABHjwas
surface vanadyl groups is indeed a dominant feature of theused. The core electrons were described by the projector
termination of the various film structures that may form at a augmented-wave (PAW) methdel?’ The core radii for Al, V,
given temperature, depending on oxygen pressure and vanadiunand O atoms were 1.90, 2.30, and 1.52 au, respectively. A plane-
concentration. While these models represent alumina-supportedvave basis set was used with a kinetic energy cutoff of 400

eV. The Brillouin zone was sampled using Monkhorst-Pack

*To whom correspondence should be addressed: e-mail sek.qc@ 971ds?® The particulak-point set is given in the description of
chemie.hu-berlin.de. each system. All atoms were allowed to relax in all systems

Il. Methods
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TABLE 1: Changes in the Interlayer Spacings of the Clean
o-Al;,03(0001) Surface and the Surface with the
Chemisorbed L1 Cluster Relative to the Bulk Truncated
Geometry of a-Al,O3(0001}

Al;05(0001) LP
[A] (%] (Al (%]
All—0? —0.73 -86 —0.25 -29
0—Al® +0.03 +4 +0.07 +9
Al—Al* —0.27 —45 -0.19 -39
Al4—0S +0.17 +20 +0.12 +14
O5—AlI® +0.04 +5 +0.00 +0
AlS—Al7 —0.03 -7 +0.03 +6
Al"—0F +0.01 +1 —0.02 -2
OP—Al® —0.02 -2 —0.01 -2
AlS—A|10 +0.04 +8 +0.03 +5
Al10—Qt —0.02 -2 —0.01 -2

aThe changes in the bottom half of the slab with the supported cluster

differ by at most by 1% from the clean slabAveraged values.

until the total energy change was smaller than®1€V. This
criterion leads to forces smaller than 0.01 eV/A. The vibrational
modes were obtained by finite differences of the forces, with
the atomic displacement 0.02 A at a 400 eV cutoff. No
imaginary frequencies were found.

The rhombohedral cell of bulé-Al ;O3 was optimized using
the stress tensor algorithm implemented in VASP with an 800
eV cutoff and a (4x 4 x 4) k-point mesh. The optimized
parametersg = 5.176 A andp = 55.31) differ from the
experimental valué&by less than 1%. The corresponding lattice
parameters of the hexagonal cell are= 4.804 A andc =
13.108 A.

I1l. Models

A. Al,03(0001) Support. The atoms in the hexagonal unit
cell of a-alumina (corundum) are stacked along the [0001]
direction in 12 planes of Al atoms and six planes of O atoms in
a sequence AtO3;—Al—Al—0O3—Al —...—Al, with oxygen atoms
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Figure 1. Gas-phase vanadia clusters. (aPycyclic cluster, (b) \\Os

linear cluster, (c) YO, cyclic cluster trans configuration, (d)%, cyclic
cluster cis configuration, (e)2D, cyclic cluster with two vanadyl bonds

on one V atom (V@V(0O)0), (f) V20, linear cluster (OVOV(0O)0),

and (g) VQ cluster. Bond lengths (in A) as calculated in this work.
Bond lengths in parentheses are from all-electron calculations, refs 34
and 37 for the YOs and V,O, clusters, respectively.

bridging oxygen atoms. The bridging oxygen atoms and the
vanadium atoms form a ¥O®—-V—-0@ ring.

The clusters were placed in a cubic cell wih= 10 A, and
the T" point was used. The cyclic cluster is by 0.96 eV more
stable than the linear one. This is in agreement with an all-
electron calculation (B3LYP functional, TZVP basis s&t),
which gives a total energy difference of 0.81 eV. Our calcula-
tions give bond lengths systematically longer by 6:0104 A
(cf. Figure 1).

We also considered XD, clusters in the gas phase, which
are the reference for evaluating the adsorption energy of reduced
V205 clusters. According to multireference wave function-based

in an almost hexagonal close-packed stacking and Al in the calculations’’ the most stable configuration has a four-

resulting interstitial sites. Al atoms occupy two-thirds of the

membered V-0@—-V—0® ring and two vanadyl oxygen atoms

available octahedral sites and are hexagonally arranged (in onein the trans configuration. There is one d electron at each of
of the three types of hexagonal networks, which differ in the the two V atoms. Their spins form an open-shell singlet state
position of the vacant octahedral sites). In the following, the which is about 93 meV below the corresponding triplet state.
term trilayer is used for the repeating AlO;—Al unit. The All-electron B3LYP calculations give qualitatively the same
hexagonal unit cell includes six such trilayers. The cleai®O4l result, with the open-shell singlet 112 meV below the triplet.
(0001) surface terminated by a single Al layer has no dipole The energy of the low-spin states was obtained from the energies
moment in the (0001) direction and is the most stable3n&. of the broken symmetry solution and the triplet state at the same
To model it, we use a six-trilayer (0001) oriented slab (supercell geometry. The present calculations predict the open-shell singlet
approach) in the hexagonal cell with a vacuum region-6fA state 177 meV below the triplet state. Figure 1 shows the
(c =18 A). The mesh is (4« 4 x 1). Table 1 lists distances  calculated distances of the vanadyl=¥®) and the \-0®
between the atomic planes in the relaxed system, relative tobonds (1.61 and 1.82 A, respectively) and compares them with
the bulk truncated geometry. The atomic planes are denoted byprevious B3LYP result33

superscripts, e.g., AlO? Al3, etc. The top Al plane relaxes The cis isomer is less stable than the trans isomer (Table 2).
inward by 87%, while the second?(lane relaxes slightly  Note that with the PW91 functional a broken symmetry solution
outward, so that it is almost in one plane with the surface Al is not found for this isomer, and the energy of the open-shell
atoms. The results are very similar to those obtained by othersinglet state cannot be obtained.

periodic DFT calculations, and they have been discussed Two other less stable D, isomers are a cyclic VO,VV-
elsewheré! This slab is used to model the-Al,O3 support (O)O cluster with two vanadyl bonds on one V atom and none
for the V,0s clusters. on the other and a linear A\OVV(O)O cluster (see Figure 1,

B. V205 and V0, Clusters and O, Molecule. DFT e and f, respectively). They are 0.92 and 1.77 eV, respectively,
calculations on YOs clusters in the gas phase predict two stable less stable than the open-shell singleOytrans structure. The
structures: a linear and a cyclic one (see Figure &,85.The electronic ground state of these clusters is a triplet witH"a V
linear cluster C, point group) has four single coordinated (d?)/VvV(d® electron configuration. Two V@species are 4.70
oxygen atoms (vanadyl oxygens{®and one doubly coordi- eV less stable than the trans®; cluster.
nated oxygen atom (bridging oxygen{2) The cyclic cluster The total energy of the isolated ;Qnolecule, which is
(Cs point group) has three vanadyl oxygen atoms and two involved in the calculation of the oxygen vacancy formation
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TABLE 2: Total Energy Differences (in eV) of Different

V,0, Gas Phase Clusters

Brazdovaet al.

notation, namelt AAIXAI', wherej = k = | andj, k, | can be
either 1, 3, or 4. The middle number indicates the position of

PW91/ B3LYP/ the bridging oxygen and the first and third one the positions of

cluster spin state PAW? AEP the vanadyl oxygen atoms above the surface Al atoms (see
V0 cyclic trans singlet open shell  ©0 0 Figure 2). Three such structures can be generated.
V20, cyclic trans triplet B 0.177  0.112 The case with two vanadyl bonds pointing down is denoted
&84 gyg::g g:g tsr'i”%‘;’gpe” shell 0957 ooéésg LAIIAl, with j = 1, 3, or 4. This notation indicates above which
Vioz Iizear (OVOV(0)0) triFr))let 1765 ) Al atoms from the surface (i.e., AlAI3, or Al%) are the two O
V,0; cyclic (VOV(0)O)  triplet 0.920 atoms from the cluster located. Thél*Al! and theLAl*Al4-
2VO; 2x doublet 4.704 Al structures were also considered as a starting point for the

simulated annealing runs. In total, 12 starting structures with
the linear clusters have been considered.

Cyclic V,0s Cluster. The cluster was put above the alumina
surface so that two or one vanadyl bond was pointing down. In
energy, has been calculated in a tetragonal cell of side lengthsthe former case the four-membered ring was approximately
a=10A b= 11A, andc = 12 A with I'-point sampling of parallel to the alumina surface. The two vanadyl oxygens closest
the Brillouin zone (other parameters as described above). Theto the surface were positioned either both above Al surface
binding energy in @is 3.13 eV per O atom and the bond atoms (the notation i€AIIAIK, nowj can be equal tk; see
distance 1.235 A. The experimental results are 2.59 eV/atom Figure 3 for an example) or one above an Al atom and the other
(obtained after adding the contributions due to zero-point above a 6-fold hollow siteGAlih®) or both above hollow sites
vibrations to theT = 0 K value) and 1.207 A® The (ChShs).
overestimation of the binding energy and the bond distance are |n the case of one vanadyl bond pointing down, the four-
in line with earlier density functional calculations that used membered ring was slightly tilted, so that the V atom which
gradient corrected functionai®3°4% Sauer and Doler have has only one vanadyl bond (Mwas closer to the surface. The
shown that this overestimation does not change relative valuesp atom closest to the surface was positioned above an Al atom
of oxygen vacancy formation energiés. and the V atom either above a surface oxygen atd@AliO?,

C. Adsorbed V,;0s Clusters. A (2 x 2) o-Al,03(0001) see Figure 3) or above a 6-fold hollow sit@Alih%). In total,
surface unit cell (9.608 A« 9.608 A) with a vacuum region of 16 initial configurations with the cyclic cluster were constructed.
11 A (c = 23 A) was used. The ¥Ds clusters were placed above
the surface on one side of the slab so that the closest distancgy Results and Discussion
between the cluster and the surface was longer than 2.0 A. There
are two V atoms per four surface Al atoms in thex22) cell. Tables 3 and 4 list relative energies of all considered linear
A (2 x 2 x 1) k-point mesh was used. Initial guesses for and of the most stable cyclic,®s/Al,03 systems, respectively.
different adsorption geometries were obtained by considering The calculated relative ¥Ds adsorption energies using ultrasoft
the relative positions of the clusters’ O atoms and the atoms in pseudopotentials and a 250 eV cutoff and those using PAW
the first four atomic planes of the clean surface. These planespotentials and 400 eV follow the same trend. The only exception
are AR, O, Al3, and Al (see below). Additionally, selected s the LAI4AI3AI! system for which the higher accuracy led to
configurations were used as initial structures in a short finite the formation of an additional bond. Thus, only linear structures
temperature molecular dynamics (MD) simulafibfollowed that, at the lower accuracy, are not more thaheV above the
by a relaxation performed within the quasi-Newton scheme. most stable configuration and selected adsorbed cyclic clusters

For the purpose of preselecting the more stable adsorg@¢l V' were further optimized at higher accuracy. Figure 4 shows the
clusters, ultrasoft pseudopotenti@lsvith a cutoff of 250 eV optimized structures of the most stable configurations.
were used. Core radii of these pseudopotentials were 2.65, 2.40, A. Adsorbed Linear V,0s Cluster. The most stable system
and 1.90 au for Al, V, and O atoms, respectively. With these is the adsorbed AI*AI4Al* cluster. It will be denoted L1. The
computational parameters the geometries of the gas-phée V' optimization of four other initial structure& AI“AITAIL, LAI3-
clusters and of the M0s/Al,O3 systems are comparable with ~ Al4AI%, LAI“AISAIL, and LAI“Al%) leads to virtually the same
those obtained at higher accuracy. In particular, for the gas- final geometry that is less stable 5y0.1 eV and will be denoted
phase clusters bond lengths differ by less than 0.02 A. Moreover, 2.
the total energy differences of different optimizegO#/Al 203 The general observation is that a0 unit would bind as
systems are qualitatively the same as those obtained using PAWmych as possible to the surface, so that the undercoordinated
potentials and a 400 eV cutoff (see section 4). surface Al and O atoms can increase their coordination (see

Linear V705 Clusters. They can be positioned above the Table 5). The most stable L1 system has four®?—A|!
surface so that either three, two, or none of the vanadyl bondshonds and one ¥O®-V,All bond. @ denotes a 2-fold
point toward the surface (see Figure 2). If three vanadyl bonds coordinated oxygen atom in bothAO®@—V and V—O@—A|
point initially toward the surface, two oxygen atoms lie directly bridges, and @ indicates a 3-fold coordinated oxygen atom.
above Al atoms from the same plane, while the third oxygen However, it does not have any vanadyl group. Al Atoms
atom is above an Al atom from a different plane. These are thus “occupied”. One V atom (V1) occupies the octahedral
configurations will be denoted heteAlAI*AI%, wherej andk site above an Alatom that Al atoms would occupy in bulk
can be 1, 3, or 4 anfl= k. The fourth vanadyl bond points  Al,Os; however, it is 5-fold coordinated (see Table 5). The V2
away from the alumina surface. Six such structures can be atom above an Alatom is also 5-fold coordinated but occupies
constructed. a vacant octahedral site instead. The oxygen atoms are ap-

If none of the vanadyl bonds point toward the surface, the proximately in a plane parallel to the surface at positions that
bridging oxygen atom and two vanadyl oxygen atoms are aboutare in registry with those of the support; i.e., they follow the
the same distance from the surface and will be included in the hexagonal stacking of the oxygen layers. However, the oxygen

aThis work. PW91 functional, PAW, plane wavésRReference 37.
B3LYP functional, all electron calculations, TZVP basis $éthe
projection was done assuming= 1.
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LARAIRAI

LAIAIRAI

Figure 2. Initial configurations for linear YOs clusters abover-Al,03(0001). Oxygen and vanadium atoms of the cluster are black and green,
respectively. Oxygen atoms of the alumina slab are ret. dF, and AF atoms are white, medium gray, and gray, respectively. The atoms from

the plane @and beneath are drawn as lines. The left column corresponds to clusters with three vanadyl bonds pointing down. Configurations with
two or no vanadyl atoms approaching the surface are shown in the middle and right column, respectively (see text).

. o TABLE 3: Relative Energies AE (in eV) of the Adsorbed
CAI'Al Linear Clusters with Respect to the Most Stable System
starting structure final structure  AE/25(% AE/400°
three vanadyl bonds initially pointing down
LAITAIAI® 3.
LAITAI4Al4 L1 Qe o°
WO _ LAITAI4Al4 2.8
LAISAITAIL 2.1
o LAIPAI“AI4 2.8
LAI“AITAlL L2 0.1 0.12
LAI“AIBAI® 35
coAr - .
20M and 1@ atoms initially at the same distance from the surface
LAISAI4AIL L2 0.2 0.12
LAI“AIAI® 21
LAI“AIRAIL L2 1.1 0.12
two vanadyl bonds initially pointing down
m : LAI'AIL 3.6
o LAIAILd L4 0.7 0.78
LAISAI® L3 0.8 0.74
Figure 3. Examples of initial configurations for cyclic clusters above | Al4al4 L2 0.2 0.12

0-Al,05(0001).CAIIAIK, j = k = 1 (top) andCO?All, j = 3 (bottom).

The color code is the same as in Figure 2. a Ultrasoft pseudopotentials. Cutoff 250 eVPAW. Cutoff 400 eV.

¢ Reference point! MD optimization. ¢ Optimized structuresAl“Al*Al%,

“plane” is in this case much closer to the V atoms than an
oxygen plane would be to the Al atoms in budicAl,Os.
Adsorption of the ¥Os cluster induces lattice relaxations that

LAIBAI4AI4, LAI“AISAIY, and LAI“Al“ are virtually identical.

TABLE 4: Relative Energies AE (in eV) of the Adsorbed
Cyclic Clusters with Respect to the Most Stable System,

cause buckling of the atomic planes of the support (see FigureWhich Is the Optimized Adsorbed Linear Cluster L1

4) an_d result in an overall expa_nsion of the outermost interlayer starting structure final structure  AE/25G% AE/400°
spacings. In Table 1 averaged interlayer spacings are listed. The w0 vanadvl bonds initiallv bointing down
larger changes are found for the first interlayer distance with CAJIAL Y yp 1.79 162
an expansion of~60% with respect to the clean surface. CAI1A|® 58

For the second most stable L2 clusters, one of their V atoms cAlIhe 1.8 1.75
(V1, see Figure 4) is above an“%dtom, as in the most stable Chh® 1.9 1.86
system, but it is 6-fold coordinated, and the other is above an one vanady! bond initially pointing down
0? atom and is tetrahedrally coordinated. There are three CAI'0? . 2.50
V—0@—Al1 bonds, one VO®@—V bond, and one ¥OW CAlzo: C2 11 1.04
bond. The oxygen atoms that are bound to the support are at gﬁ:‘*ﬂﬁ C1 %; ll'gf

positions similar to those for the L1 cluster. The total energy
difference between the L1 and L2 clusters is 0.12 eV. The

correction for zero-point vibration changes this difference to
0.13 eV and can therefore be neglected. bonds compared to L2, except for the bonds between the V1

The optimized_Al3Al3 structure (denoted L3) is 0.62 eV less atom and the O atoms of the substrate. The difference for the
stable than the L2 clusters. It possesses one vanadyl bond. Itdatter is at least twice as large. It is likely that the fault in the
V2 atom is above an ©atom and is 4-fold coordinated, while  stacking and the reduced coordination of the V1 atom causes
the V1 atom occupies a vacant tetrahedral site (above &n Al the energy difference.
atom, not Af) and is 5-fold coordinated (see Figure 4). The The structures obtained from the initial configuratidus 1-
calculated bond lengths differ by no more than 0.02 A for most Al and LAIZAI%Al* after the relatively short (3 ps) simulated

a Ultrasoft pseudopotentials. Cutoff 250 éVPAW. Cutoff 400 eV.
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Figure 4. Optimized structures of the adsorbed lineaOy cluster. The color code is the same as in Figure 2. Bond lengths are in A.

TABLE 5: Coordination of Atoms in the Al ;03 and V,05/Al,03 Species

Al,05(0001) L1 L2 L3 L4 C1l Cc2
All all 3 1x5,3x4 3x4,1x3 3x4,1x3 all 4 3x4,1x3 3x4,1x3
o2 all 3 4%x4,8x%x3 4x4,8x3 3%x4,9%x3 4%x4,8x3 3x4,9%x 3 3x4,9%x 3

5(octf 6(oct) 5(vac) 6(oct) 6(oct) 6(oct)

V2 5(vacy 4(on-top G)° 4(on-top G) 4(on-top G) 4(vac) 4(vac)
V=0Wm 0 1 1 0 2 1
V—-0R—-Al 4 3 3 4 1 2
V—-0@-v 0 1 1 1 0 1
V—-0®-V Al 1 0 0 0 2 1
AEY 0.00 0.12 0.74 0.78 1.04 1.04

2 An octahedral site that would be occupied in bulAl,0s. ® An octahedral site that would be vacant in balkAl,Os. ¢ Above an G surface
atom.d Total energy difference (in eV) with respect to L1.

annealing runs and a subsequent structure optimizafien The V2-04 bond is 0.1 A longer than the vanadyl bond in L2.
K) did not have energies lower than L1. They are about 0.7 The positions of most of the oxygen atoms of this cluster are
and 2.8 eV, respectively, less stable (calculated at the lower laterally displaced from those following the hexagonal stacking
accuracy). The former was further optimized at the higher of the oxygen layers. Moreover, the “plane” formed by the
accuracy, and the final L4 structure (Figure 4) is 0.66 eV above oxygen atoms is buckled. Ultimately, keeping the vanadyl bond
the L2 cluster. In the L4 structure, as in L2, V1 is octahedrally means less distortion and stabilizes the structure.
coordinated above Aland the V2 atom is coordinated to aR O Summarizing, V atoms prefer to occupy octahedral sites (that
site. There is one ¥O@—V bridge and four (instead of three) may correspond either to an occupied or a vacant site of the
V—0@-Al* bonds. Hence, there is no free vanadyl group left bulk stacking) in which their coordination to O atoms can be

in the final structure. Because of the additional @@—A|L largest (cf. Table 5), while O atoms remain almost in one plane
bond, the final L4 structure is distorted compared to L2 (see occupying sites that maximize the—@ lateral ion spacing.
Figure 4). In particular, the O5/2—04 angle is by 10 Moreover, most of the oxygen atoms at the interface between

narrower and rotated with the O4 atom (the vanadyl oxygen in vanadia and the alumina support are 2-fold coordinated (V
L2) toward the surface Al atom, enabling the bond formation. O@—AI%). This is different from the models for 4Dz supported
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Figure 5. Optimized structures of the adsorbed cycligO¢ clusters
C1 (left) and C2 (right). The color code is the same as in Figure 2.
Bond lengths are in A.

vanadia filmst415 which contain 3-fold coordinated oxygen
atoms at the interface only.

B. Adsorbed Cyclic V05 Cluster. Cyclic V,0s clusters are
about 1 eV less stable than the most stable system (L1, se
Table 4). This is not surprising because the cyclic cluster itself
is stabilized by the VO@—-V—0® ring, and therefore it does

not bind so strongly to the substrate. The two systems with a

relative energy of 1.04 eV have only slightly different structures
(CAI®h® and CAI30?, see Figure 5). They will be denoted C1

and C2, respectively. Both systems have one 6-fold coordinated

V atom (V1) in the octahedral site above*Adnd one 4-fold
coordinated (V2) in the vacant site above® Alote that due to
the presence of the ring, not all of the oxygen atoms are in
registry with those of the AD3 support. In C1 both O atoms
in the ring are bound to surface Aitoms, so that they are
3-fold coordinated. One of the originally vanadyl O atoms is
bound to an Al atom, forming a \-O®—AI* bridge. The

system has two single coordinated oxygen atoms. The C2
system, on the other hand, has only one vanadyl oxygen, two

V—0®@—Al' bridges, and one 3-fold coordinated O atom,

whereas the other O atom in the ring does not bind to substrate
atoms. In summary, the placement of V atoms is the same as
in the most stable adsorbed linear cluster. The tendency to bind
to the substrate as much as possible by forming bridges is also E, = E(V,0,/Al,05)¢0iq —

similar for both the linear and cyclic clusters. However, the
rigidity imposed by the ring results in considerably less stable
systems which will therefore not be discussed any further.

C. Stability and Comparison with TiO »-Supported V,0s5
Clusters. The V,0s cluster adsorption energy can be defined
as

Ead = E(Al 203)solid + E(Vzos)gas_ E(VZOSIAI 203)solid (1)

where positive values indicate an exothermic procefg,Os/
Al203)s0iigs E(Al203)s01i0, andE(V20s)gas are the total energies

of the slab with the supported cluster, the clean support slab,

and the most stable (cyclic) XDs cluster in the gas phase,
respectively.
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The adsorption energies of the L1 and L2 clusters on a (2
2) a-Al,03(0001) surface unit cell are 6.80 and 6.67 eV. The
coverage is two V atoms per four surface Al atoms (i.e., 0.5
monolayers (ML)), and the surface unit cell has an area of 80
A2 A similar value (6.43 eV) has been obtained for the
adsorption of \Os clusters on the unreconstructed (anatase)
titania (001) surface in a (2 2) surface unit celt817 Although
there are two V atoms per six surface Ti atoms in this system
(i.e., 1/3 ML), the (3x 2) surface area (86 % is comparable
to that of our (2x 2) cell. Indeed, using a (2 2) TiO»(001)
surface unit cell (area 57 % the \,Os adsorption energy
decreases by 1.24 eV due to a larger overlap betweenibe V
units. Consequently, adsorption o6®s units on the (3x 2)
TiO(001) and (2x 2) (0001) surfaces, even though the former
has six Ti surface atoms and the latter four Al atoms, yields a
similar dispersion of the clusters. The adsorption energies of
the L1 and L2 clusters dispersed onx22) a-Al,05(0001) are
only by 0.27 and 0.15 eV larger than that of the most stable
cluster on a (3x 2) TiO,(001) surface. On the clean 3 2)
TiO,(001) surface all six Ti atoms are 5-fold coordinated and
all six O atoms 2-fold coordinated (in the bulk 6- and 3-fold,
respectively). Upon YOs cluster adsorption only one Ti atom
and one surface O atom “gain” one bond each. On the clean (2
x 2) Al,03(0001) surface each of the four surface Al atoms is
missing three bonds compared to the bulk, i.e., is 3-fold
coordinated, and each of the 12 O atoms has one bond less.
Upon cluster adsorption five new AO bonds are created as
well as four new \*-O bonds (cf. Table 5).

D. Adsorbed V,0,4 Clusters. Concerning the function of the
supported vanadia catalysts in oxidation reactions, isotopic

qabeling studies indicated the participation of lattice oxygen

atoms as reactive intermediatég? Moreover, mechanistic
studies have shown that reduced V center (& V'V) are
present during steady-state catal{sfé and that the extent of
reduction of vanadium oxides during catalytic oxidation cor-
relates with turnover frequencies (see e.g. refs 46 and 47). Thus,
the ease of oxygen removal from the supported catalyst is a
property of interest. Also, an understanding of the effect of the
support on the reducibility of vanadia particles appears desirable
in view of the observed variations in catalytic activity with the
type of support®

In the following we consider the initial reduction of the two
most stable supported clusters, namely L1 and L2 by removing
each of the five oxygen atoms. The stability difference between
L1 and L2 is only~0.1 eV, suggesting that both structures may
form during vanadium evaporation on the alumina substrate at
finite temperatures. Table 6 summarizes the calculated oxygen
defect formation energies

1
E(VZOS/AI Zos)solid + EE(OZ)gas
(2)

where positive values indicate an endothermic prodg84,04/
Al,03)s0iid and E(Oy)gas are the total energies of the slab with
the supported reduced cluster and the free oxygen molecule,
respectively. To assess the effect of structure relaxations on
defect formation energies, Table 6 also shdwsvalues for
unrelaxed geometries upon oxygen removal.

We first discuss the reduction of the most stable L1 cluster.
The structures resulting from removal of the 2-fold coordinated
01 and O2 atoms (bound to the V1 site) are virtually the same
(cf. Figure 6). They undergo a significant rearrangement upon
reduction that is accompanied by~&.6 and 1.6 eV decrease
in the vacancy formation energy, respectively. In particular,
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TABLE 6: Oxygen Vacancy Formation Energy Ep(1/,0,) (in coordination of both V1 and V2 decreases by one. The V2 atom,

eV per /,0, Molecule) for the Relaxed and Unrelaxed initially above an oxygen atom of the support, moves above an

23;%%%%’%353;nEVis(tggted and Reduced Clusters octahedral site following the ADs stacking, and the monomeric
units become further separated from each other. The twg VO

Ovacancy — Ep"™™ Eo monomers in the L205 cluster are 0.07 eV more stable than

system type (M20,) (120)  Eof the linear L2-04 cluster, while in the gas phase they are 2.94
L1-05 V-0®-V,Al 5.33 4.75 4.81 eV less stable (cf. Table 2). The stabilizing effect of the surface
L1-01 V_OZ;_N 5.38 2.79 6.77 is largest for the species with the lowest coordination in the
H:gg x:g(z):ﬁ: j:g? g:g(l) g:g gas phase, as already mentioned. . o
L1-04 V—O@—Al  5.34 451 5.06 Two VO, monomers are also obtained when the bridging
L2—-03 V-0®—-Al  5.66 4.77 4.67 3-fold coordinated O5 atom is removed from L1, but relaxation
L2-01 V—0@—-Al  5.49 4.53 4.92 is smaller (0.58 eV) and the reduction more difficult (defect
I[g_gé x_gg_ol g-gf; ‘3‘-% g-% formation energy 4.75 eV) with one O atom of each /O
L2904 —0oW 106 377 5 68 coordinated to the same surface Al atom (see figure in
YN0 HALOL V=0 4.14 4.11 Supporting Information).
V,05(001F V-0@-v 5.09,5.09 3.62,3.68 Removal of the 2-fold coordinated oxygen atoms O1, O2,
V,05(001Y V-0®-2v 440,445 3.94,4.00 and O3 from the VO@—Al interface bonds of the L2 cluster
VaOs(001F ] Vfo(l) 3.76 1.93 costs~4.4—4.8 eV with relaxation contributions within the 6:7
OVO,VO (cyclic) V=01 2.77 ; .
OVOV(0)O (linearf V—0@—Vv 453 1.0 eV range. The resulting structures are shown in the

2 Ad i ith 10 the cleaiAl O : g Supporting Information.
sorption energy with respect to the cleanAl,Os surface an . ,
the gas-phase )0, cluster.? Reference 15E,(%/202) for Y4 ML of the Summarizing, among the oxygen atoms in th@ysurface

terminating vanadyl oxygen atoms removed from a thi©y/film clusters L1 and L2 the least bound are the bridging 01/02 and
supported on AD;. The same computational details as in this work. O3 atoms of the VO®@—Al interface of the L1 cluster. Their

¢ Reference 21E4(Y,0;) for Y/, ML of (the two inequivalent) @ defects removal requires 2.79/2.80 and 3.31 eV, respectively, while 3.77
at the \bO5(001).9 Reference 21E,(Y20,) for /4 ML of (the two and 3.70 eV are required to remove the O atom from tfie=O
inequivalent) @& defects at the ¥05(001).¢ Reference 21Ey(*/;0,) V group and the V-O@—V Dridge of the L2 cluster, respec-

for ¥s ML vanadyl oxygen defects at the,®@s(001) surface. DFT/ : : :
PWO91.f With respect to the gas-phase cycligQ¥ cluster. ;lr\é)er’r:y.tf;re h?()lgli'[)e;l:srf;g?pﬁ;?fr:eistoafgagog\ﬁ{n ovinipXatoms

We now turn to the electronic structure of the reduced
clusters. Upon oxygen removal two electrons are left in the
system. They occupy d states localized either on one or on both

when the O1 atom is removed, the O2 atom moves into the
vacant O1 site, and in turn the 2-fold coordinated O3 atom
moves toward the V1 atom and becomes 3-fold coordinated.
As a result, a second-YO®—V bridge is formed which creates V atoms. Thus, reduction yields either 4 )VY(d) situation

a four-membered ¥O,®—V ring. The coordination of the v1 ~ 92 v\_/(dl)/vl\,/(dl) pair. The ground state of ‘,"‘" redgced systems
increases from 5 to 6, while that of V2 remains 5. The reduced S @ tplet. Figure 7 shows the spin density projected on the
cluster possesses two-\D®—Al and two V—0O®-V All vanadium d states (DOS), ng-n(down, for selected
bonds; i.e., upon reduction two-YO@—Al bonds are given ~ reduced clusters, namely ED1, L1-03, L2-04, and L2-
up, and a new O®—V,Al bond has formed (cf. section 4.1). 05. The_peaks right b_elow the Fermi IeveI_ result from the partlal
The resulting WO cluster binds as much as possible to the occupation of vanadium 3d states. The integral of thes_e spin-
o-Al,0s surface, and the total number ofAD and O-Al bonds projected DOS reflects that removal of the 2-fold coordl_nated
between the cluster and the surface is the same as in the L1O1 atom from the L1 cluster yields a pair of\centers with

cluster. Hence, it is no surprise that the binding energy with PoPulations 0f~0.93-0.97 d electrons for both V2 sites.

respect to the most stable (cyclic transj0f gas-phase cluster, ~ Similarly, a pair of V¥ centers is obtained when the-\D(@—v

6.77 eV, is very similar to the binding energy of the L1 cluster P'idging oxygen atom is removed from L2 (EDS), but the

itself, 6.80 eV. two VIV centers are not equivalent. In contrast, forHQ3 and
Upon removal of the 2-fold coordinated O3 and 04 atoms L-2~0O4 the d-projected spin densities show 4 wenter with

bound to the V2 site, the relaxations are smaliet gV, Table € two electrons localized at the V2-site.

6), and the resulting structures are similar to the unrelaxed ones. The results of the DOS analysis show that, for those systems

The removal of the O4 atom is by1.2 eV more difficult. Figure ~ for which reduction induces large relaxations, a pair ¢f V

6 shows the final linear L+O3 structure. The defect formation ~ centers is formed (cf. 101, L1-02, L2-05). For the L1

energy is 3.31 eV, and the adsorption energy with respect to ©1 and L1-O2 clusters these relaxations lead to formation of

the (also linear) OVOV(0)O gas phase cluster is 8.02 eV. This @ new V-O—V bond. This is similar to the reduction of the

linear cluster binds more strongly to the surface than the cyclic Single crystal ¥Os(001) surfacé!

one because it is coordinatively more unsaturated. As a result, For the gas-phase clusters we have an analogous situation.

the stability difference between the linear (¢®3) and cyclic ~ The reduction of the cyclic 305 cluster leading to the cyclic

(L1—01) structure is smaller on the surfaceH,y = 0.52 eV, trans cluster costs 2.77 eV, whereas forming the less stable linear

cf. Table 6) than in the gas phase (1.77 eV, cf. Table 2). A OVOV(O)O cluster costs 4.53 eV (cf. Table 6). The latter has

linear surface cluster is also obtained upon removal of the a V" (d?)V¥(d°) electronic structure with a triplet ground state,

vanadyl oxygen atom from the L2 cluster (£®4, cf. Figure while the cyclic trans cluster has an additionat®—V bond

6). This reduction has a similar energy cost as-3 (3.77 with a VV(d)V'V(d?) pair with the d electrons antiferromag-

eV) and is accompanied by small relaxations on0(3 eV). netically coupled (singlet open-shell state).
Removing the O5 atom from theMO®@—V bridge of the E. Vibrational Analysis. Vibrational spectroscopy is a useful
L2 cluster yields two monomeric V{species (L2-O5) with tool for structural characterizatidh;*¢-52 but the interpretation

the vanadium atoms above“dtoms (Figure 6). Because of a  of the measured spectra is not always straightfordhpéiWe
large relaxation effect (1.77 eV), it requires 3.70 eV. The report the vibrational frequencies of the two most stabl®y/
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Figure 6. Optimized structures of the selected reduced clusters of Figure 4, which were created from the L1 and L2 clusters. The labeling of the
removed atom (€ corresponds to that in Figure 4. The color code is the same as in Figure 2. Bond lengths are in A.

+ p — observable line in the whole spectrum that is characteristic of
- /\ q\ the adsorbed clusters. The lower lying peaks caused-b®V
/ Lz/“ SN 0 stretching (cf. Table 8) are “hidden” in the more intense peak
L L1-01 ] Li1-03 v\/2 at 845 cnm?, caused by stretchings of the surface-& bonds
in the outermost A-Oz;—Al—Al atomic layers.
- /\f& 1 ) f\N 12 With decreasing energy of the vibrations more Al and O
z R\’l layers contribute to the vibrations, and below 760~&rthe
L 12-05 \/I L2-04 \/ 12 whole slab vibrates. Down to about 560 chthe stretching
I 0 w} modes dominate the vibrations. At lower wavenumbers there
E-Epom (V] is an increasing participation of deformations, and bete®50
Figure 7. Spin density n(gh)—n(ckowr) projected on d states of V atoms ¢ * the vibrations are pure deformations.
in reduced L+Oi and L2-0i clusters (cf. Figure 6). The labeling of Table 8 lists the highest vibrational frequencies of the L2
the removed atom (corresponds to that in Figure 4. Solid line, V1, system. In this calculation the bottom three-&b;—Al trilayers
dashed line, V2. For labeling of atoms see Figure 4. were fixed. Here the band at 1059 charises from the vanadyl

Al,O; systems and compare with other W@ ,0; model bond stretch. This is lower than obtained for theOy(001)
systems. The (X 2) surface unit cell of the supportec,®s surface (10851_102 cnt?! for the model from ref 21 and the
clusters contains 127 atoms, which means that the vibrationalS8Me computational setup as used here; 095 cn?, ref
spectra will have 378 optical and 3 acoustic modes. 14) and _Wlthln the range of vanadyl-terminated vang@a films
For both clusters all resulting frequencies are real which ©n alumina (1058, 1076 cr, ref 14). Thus, the position of
shows that the structures are minima. The three lowest frequen-the vanadyl band cannot be used to discriminate between small
cies, which should be zero, are less than 10 Xmwhich is clusters and thin films of vanadia on alumina.
well within the range of numerical error. Tests have been made  In this system the O® bonds are shorter than in L1, and
to see how much the frequencies are shifted if the atoms in thethe vibrations caused by their stretching lie lower than for L1
bottom of the slab (up to four AlOs—Al trilayers) are fixed.  (cf. 922 and 871 crm). The V—O@ stretches are also coupled
Fixing half of the slab (three AtO;—Al trilayers) causes a shift o Al—O stretching more than in the case of the L1 system.
of at most 1 cmt in the resulting frequencies (see Table 8). The V—0O@ stretching modes (cf. Table 8) are again not
Fixing one additional trilayer caused a shift of up to 4¢rin distinguishable in the spectrum because the lines caused by
the region of interest. Therefore, the results described below Al—O stretching are more intense. For example, the line at 871
correspond to calculations with the bottom three trilayers of ¢m ! forms a broader peak together with a more intense line
the alumina slab fixed. For the calculation with no fixed atoms, (863 cnm') caused by A+O stretching.
vibrations located at the bottom of the slab correspond to  Figure 8 shows the calculated harmonic spectra of the L1
vibrations of the cleam-Al,03(0001) surface. Those parallel and L2 systems as well as that of theAl,0O5(0001) surface.
to a surface would not be visible in an IR spectrum. The broad intense peak between 700 and 800'dmall the
The spectrum of the most stable adsorbed cluster (L1) hasspectra corresponds to alumina vibrations. This peak is shifted
lines in the 76-922 cn1 range without large gaps. The highest by the adsorbed cluster by30 cnm* with respect to the clean
frequency modes (922803 cnt?) involve a few atoms, namely  o-Al20s surface.
the V,Os unit and the support atoms localized at the surface  We have already shown in a previous stifdhat V—0O—
(i.e., within the outermost AtOs;—Al —Al atomic layers), while (Al) bonds with 3-fold coordinated oxygen atoms do not give
in all others mostly all atoms of the slab participate. Table 7 rise to bands higher than 805 chk(cf. Figure 9). In this work,
shows the calculated highest frequencies. the highest V-0O—(Al) vibration at 922 cm? arises from the
The vibration at 922 cmtt is an in-phase stretching of the presence of short YO® bonds at the interface. In bulk AIVD
two short V—=O®@(—Al) bonds (1.67 and 1.68 A). It involves  the shortest *O@—(Al) bonds are also 1.67 A long (ref 53),
deformations of the corresponding~®®@—Al angles, but only but the corresponding stretching frequencies are in the-1025
All atoms of the first layer are involved. This is the only 882 cnt! range. In this system, however, the-®®@(—Al)

©
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TABLE 7: Vibrational Frequencies (in cm ) for the L1 System

Brazdovaet al.

no. fixed bottom trilayers

0 3 4 description
949-947 3 lines, back of the slab, parallel to surface
922 922 (2. 922 V—0®@ short bonds in-phase str
919-905 5 lines, back of the slab, parallel to surface
882 882 (0.3) 882 +O®@ short bonds out-of-phase str1 V—0® long bond str
876 876 (0.2) 874 alumina surfdce
867 866 (1.4) 866 V0@ long bonds in-phase str 1 V—0®@ short bond str
845 844 (8.3) 843 alumina surféce
837 837 (2.8) 835 alumina surféce
834 834 (0.1) 832 V0@ long bonds out-of-phase str V—0® short bonds str
816 815 (0.1) 812 alumina surféce 1 long V—0®(—Al) bond str
803 803 (0.2) 800 alumina surfdce

a Al—0 vibrations within the outermost AlO;—Al—Al atomic layers.” Vibrations of all (nonfixed) A-O bonds.° Relative IR intensities are
given in parentheses.

TABLE 8: Vibrational Frequencies (in cm 1) for the L2

V=0 V-0i3i-(2Al)

System V0, filmia-AlLO, -I r . T r : - T
wavenumber description I ‘Wﬂﬁ
V,0; clusters/u-Al,O, T T T T T T T T
1059 (4.2)  \=OWstr V-02-(A] V-Olz-Al, V-OF1-2A1
897 (2.1)  alumina surfaée AIVO, : : : : i
871(2.5) alumina surfaée- V2—O®R(—Al) str 4600 &0 800 peees
863 (6.6) alumina surfaée Wavenumber (cm-)
857 (0.1)  alumina surfaée ) o ) ) )
837(0.2) V2-O@(—Al) str Figure 9. Harmonic vibrational frequencies of alumina-supported thin
830 (0:4) alumina surfage vanadia films'* alumina-supported ¥0s clusters (L1, L2), and bulk
817 (8.4) V2-0@(—Al) str + V1—0®@—V2 str alumina surfade AlVOy, (ref 53).
810 (0.0 V2-0@(—Al) str + alumi face . . . .
800 §2_6g amminé Surzasé;_ V‘iﬂrg'(’z‘;'("fﬂ) ;r varying thicknes3® In this work, we include results for allXDs
794 (8.7)  alumina surfaer V2—0O®@(—Al) str and L0, (i.e., reduced) supported clusters and discuss the
788 (100)  AbOs3 support stability of systems that would represent the formation of
773(10.1) AIOs support + V2—0O@)(—Al) str dispersed dimeric vanadia units on the alumina support. The

procedure has been described in detail in ref 54, and we follow
closely the notation of ref 15.
We consider the equilibrium reaction

aAl—0O vibrations within the outermost AIO;—Al—Al atomic
layers.? Vibrations of all (nonfixed) A-O bonds.

A
[

— LI

- kh0,0001 nv + m%O2 + Al,04(0001)= VO, /Al O 3)

1000 1100

The corresponding reaction energy is

AE = EViOniAI0s | EAIZ0000) _ e mEo 4)
2

Intensity [arbitrary units]

\
III \ where EV:On/Al0s js the total energy of the slab with a given
N composition and structure arfeh'20:0001) is the total energy of
, the cleam-Al,O3 support, respectivelyn andm are the number
CIORINRRTRES i s S~ AT\ VN, of V and O atoms of the supported particle, respectivEly.
200 400 600 800 1000 and Eo, are total energies of metallic bcc bulk vanadium and

-1 .
Wavenumber [cm '] the free oxygen molecule, respectively. We can express the

Figure 8. Harmonic vibrational frequencies of the L1 and L2 clusters chemical potentials of V and O as
and theo-Al,03(001) frequencies. The IR intensities are calculated from

the change in the component of the dipole moment perpendicular to uM(T,a,) = E{’/U"‘ + Auy(T.a,) (5)
the surface. The lines were broadened by Gaussian functions. Inset:
spectra of L1 and L2 between 800 and 1100-&m 1

S40,TiP) = Eq, + Auo,(T.P) (6)

bonds belong to rings composed of alternating metal and oxygen
atoms leading to highly coupled vibrations. The present results
and those for AIVQ support the previous assignm¥&naf the
observed band at 941 crhfor vanadia particles on alumifa
to V—0O—Al interface modes. It is likely that 2-fold coordinate
oxygen atoms are present at the interface.

F. Thermodynamical Stability of Different Surfaces.
Supported vanadia aggregates are prepared by evaporation of
metallic vanadium in an oxygen ambient (see e.g. ref 9). We The Gibbs free energies of the 583(0001) surface and the
have used statistical thermodynamics to take into account theV,0,/Al,O3; supported cluster components have been ap-
effects of temperature, oxygen pressure, and vanadium concenproximated by the calculated DFT total energies at zero
tration on the stability of differently terminated,®, films with temperatureT) and at a given unit cell volum€. This means

whereay is the vanadium activity ang the oxygen partial
pressure. Now the change in the surface free energy ac-
companying the reaction can be expressed as

A(TP) = H{AE — N, — Mo @)
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p, (atm) It does not have any vanadyl oxygen atoms as those terminating
RV 10" 10° s 10° 1200K vanadia films; however, the system contains ®@—A| sites
10°  10%510° 107 , g (that are not present at the film/support interface). It is the

existence of these sites (with their 1:67.68 A V—0O bonds)
which gives rise to V-0 stretching frequencies up to 922 tn
For the epitaxial films andx-Al,O3 there are no frequencies
higher than 805 cm! except for the vanadyl bond stretch. This
result provides further support for the assignreat the band
observed around 941 crhfor vanadia particles on alumifito
the V—O—Al interface mode. The nature of the vanadia
support interface is different for small particles (i.e., clusters)
-2+ and epitaxial films, as differently coordinated sites are involved
(V—0O@—Al compared to e.g. VO®—Al,), and this yields to
(1x1) 0=V (6V-layers) differences in the “anchoring” support effect (that hinders the
vacancy formation).

We have determined the thermodynamic stability oDy
0 - | . - . and L0y (i.e., reduced) supported species relative to differently

V,0, cluster

V,0, cluster

A, [eV]

-3 -2 -1 0 terminated vanadia films of varying thickné$sjepending on
Al [eV] the oxygen pressure and amount of evaporated vanadium at a
Figure 10. Phase diagram as a function of the chemisad andAuy given temperature. At low V concentration, disperse@atinits
for alumina-supported MO clusters and films (ref 15)Auo is may cover the surface occupying positions that resemble
translated into a pressure scaléTat- 800 and 1200 K. “epitaxial growth”. Increasing the V loading can lead to

that contributions depending on vibrational states of the systems/ormation of films (or wider and thicker particles) for which

and those resulting from theV term are neglectedA is the the presence of vanadyl te_rminating species is a predominant
area of the surface unit cell. feature as those observed in ref 9.

Using eq 7, we predict which surface structure is the most Removal of 2-fold coordinated oxygen atoms at the cluster/
stable by searching for the model with the lowest surface free alumina interface is facilitated by lattice relaxation that leads
energyAy for given Auo andAuy values. It is understood that ~ to formation of an additional ¥O—V bond and lowers the
the V and O particle reservoirs are in equilibrium with (metallic) €nergy by about 2.5 eV. As a result, pairs d¥ \enters are
bulk V and Q in the (ideal) gas phase so thtio, andAuy at formed. This is similar to removal of surface vanadyl oxygen
a given temperature depend on fressure and V activit}p atoms on the single-crystal @s(001) surfacé! where the
The latter is related to the concentration through the activity formation of additional V-O—V bonds between the crystal
coefficientyy.55 Figure 10 shows the result, together with those layers lowers the energy by2.0 eV (cf. Table 6). As a result,
for the supported films of ref 1% the defect formation energy (2.79 eV) for a® cluster on

Under reducing conditions (UHV and 800 K) and when the @-Al203(0001) is about 0.9 eV larger than for the@4(001)
vanadium concentration is low, the calculations favor the single-crystal surface (1.93 eV). However, it44.3 eV lower
formation of \,Os dispersed clusters without vanadyl oxygen than for a vanadyl-terminated ultrathin filthfor which no large
atoms. However, the cluster with a vanadyl oxygen is only relaxation is possible and a'\(c) site is created.
marginally less stable. (The energy difference of 0.12 eV implies  In summary, if we accept that the catalytic activity of a
that at 800 K 18% of the clusters have the L2 structure.) As the vanadia catalyst depends on its reducibility (the catalyst donates
V concentration increases, supported vanadia films become morean oxygen atom in oxygenation reactions or it uses an oxygen
stable. Initially, an ultrathin £2 A) film forms that is fully atom in oxidative dehydrogenation reactions), we may take the
covered with vanadyl oxygen atoms. For higher V concentra- energy of oxygen defect formation as an indicator of catalytic
tions, thicker, bulklike \Os films are stable, for which different  activity. We have previously shown that a thin film on an
film terminations are possible for different conditions (see ref a-Al,03(0001) support is much less reactive than the (001)
15). surface of crystalline vanadia because there is no way of

An important difference between the vanadia clusters and thestabilizing the defect by forming new bonds. Here we have
extended films is the stability of the reduced systems. The phaseshown that small (yOs) vanadia clusters on-Al ,03(0001) are
diagram indicates that vanadyl groups terminating the films are still more difficult to reduce than the (001),%@s crystal surface,
thermally stable up to at least 1200 K in UHY A recent but significantly easier than thin films. The reason is that a new
experimental study on thickXD3(0001) films’ found a similar V—0-V bond is formed when the defect is created at the

thermal behavior of ¥O groups. V—0@-—Al interface site.
In contrast, reduced clusters such as{a1 would become
stable at this temperature in UHV (at 12 a pressure of 102 Acknowledgment. This work was supported by the Deutsche

atm corresponds thuo ~ —2.8 eV). This correlates with the  Forschungsgemeinschaft (Sonderforschungsbereich 546). The
more facile reduction (dISCUSSGd In section 44) of the cluster calculations were carried out on the IBM pSerieS 690 system
on the AbO5(0001) surface compared to supported films (see at HLRN. We thank M. Calatayud and A. Hofmann for useful

Table 6). discussions, T. K. Todorova for providing the stability plot for
) . alumina-supported thin XD, films, and Jens Dialer for B3LYP
V. Comparison and Conclusions and PBE calculations on gas-phasgOy clusters.

The most stable supported®s cluster on thex-Al ,03(0001)
surface is nearly an “extension” of the bulk corundum structure,  Supporting Information Available: Optimized structures
i.e., oxygen atoms follow the hexagonal stacking of the oxygen of V,0, clusters obtained by O removal from the L1 and L2
layers, while both V atoms occupy octahedral interstitial sites. clusters that are not shown in Figure 6: +02, L1-04, L1—
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05, L2-01, L2-02, and L2-03. This material is available
free of charge via the Internet at http://pubs.acs.org.
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