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Using density functional theory and statistical thermodynamics, we obtained the phase diagram g®thin V
films of varying thickness{2—6 A, 1—6 vanadium layers) supported arAl ,05(0001). Depending on the
temperature, oxygen pressure, and vanadium concentration, films with different thickness and termination
may form. In ultrahigh vacuum (UHV), at room temperature and for low vanadium concentrations, an ultrathin
(1 x 1) O=V-terminated film is most stable. As more vanadium is supplied, the thickest possible films form.
Their structures and terminations correspond to previous findings for the (0001) surface obOu[KYesse

et al.,Surf. Sci2004 555, 118]. The presence of surface vanady=\@) groups is a prevalent feature. They

are stable up to at least 800 K in UHV. Vanadyl oxygen atoms inducg, @dre-level shift of about 2 eV

on the surface V atoms. The reducibility of the supported films is characterized by the energy of oxygen
defect formation. For the stable structures, the results vary between 4.11 and 3.59 eV pemlédtrast,
oxygen removal from the ¥05(001) surface is much easier (1.93 eV). This provides a possible explanation
for the lower catalytic activity of vanadium oxides supported on alumina compared to that of crystalline
vanadia particles.

I. Introduction vanadyl termination of well-ordered )®@3(0001) films has

d recently been produced by high-resolution electron energy loss
spectroscopy (HREELS) and surface-sensitive X-ray photoelec-
tron spectroscopy (XPS) studi&s-or epitaxially grown O
films on Pd(111) and Rh(111), Surnev etak®and Schoiswohl
et al?1?2 observed different terminations depending on the
growth conditions and film thickness that include terminal

VIV) are present at low concentrations during steady-state Yanadyl (G=V) species. In contrast, on €Au(100), Niehus et

catalysis and that the extent of reduction correlates with turnover‘?‘l'zs’md'oI not find evidence of &V termination.
frequencieg.Moreover, the performance of supported vanadia  The structure and vibrational properties of 804 monolayer
catalysts also depends on the oxide suppbitet, the nature  film supported om-Al;05(0001) have recently been theoreti-
of the active surface and the role of the supporting oxide are cally investigated? Oxygen adsorption on its surface vanadium
far from being known. The reason is the complex structure of Sites results in strongly bound=€/ species with (1x 1)
the real catalysts and the effect of the ambient environment. periodicity. The G=V stretch frequencies are similar to those
However, this knowledge is essential for the rational design of on the \,0s(001) single-crystal surface, which is in agreement
active and selective supported vanadia catalysts in many redoxWwith the experimental observations for vanadia particles on
reactions. A better understanding of the catalytic properties alumina®® In this study, we further investigate the geometrical
requires a determination of the structtreactivity relationships ~ and electronic properties of 2@ films on a-Al>03(0001)
of the supported VQcatalysts. Theoretical and experimental surfaces using density functional theory (DFT) combined with
studies on well-defined model catalysts, such as vanadia particlesstatistical thermodynamics. The stability of films with varying
and films of varying thickness supported on different oxides, thickness of up to-6 A and different terminations is examined
are necessary to build up this knowledge. The vanadig/TiO as a function of the oxygen partial pressure and the vanadium
system has received much attentfofiand recent studies have ~ concentration at finite temperature. The resulting phase diagram
considered the vanadia/&); system as wefo-15 shows that different terminations may prevail depending on the
The experimental vanadia/alumina model catalyst, preparedfilm thickness and that the presence of vanady=Q groups
via evaporation of vanadium onto a thin alumina film in is @ dominant feature. The stable terminations of thick films
ultrahigh vacuum (UHV), consists of vanadia particles<{30 are those predicted by Kresse et%or the crystalline \Os-
A wide, 3-6 A thick) with vanadium in an average oxidation ~(0001) surface, which have also been recently obseted.
state 1111° Using infrared (IR) spectroscopy, surface vanadyl  With respect to reactivity, we discuss the surface reducibility
groups (G=V) have been identified, which are not structural (i.e., the energy of O-defect formation) as a function of the film
elements of bulk truncated X?; surfaces. Evidence for the thickness and defect concentration. Oxygen is most easily
. removed from the vanadyl groups, and we show that the strength
ch;;i% r\]/\(ijgemrlir(]:(zjréespondence should be addressed. E-mail: vgp@ o_f the G=V bo.nd may vary up to~0.5 eV/atom. Hence,
T Member of the International Max Planck Research School “Complex different conditions may significantly affect the surface reduc-
Surfaces in Material Science”. ibility.
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Submonolayer to monolayer quantities of vanadia supporte
on oxides such as ADs, SiO;, TiOz, or ZrO, are known to be
active catalysts for a variety of industrially applied oxidation
reactions. The oxidation involves Marsan Krevelen redox
cycles with lattice oxygen as the reactive intermediates.
Mechanistic studies have shown that reduced V centéelsaiv
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TABLE 1: Lattice Constants (A) for the Hexagonal Bulk
Al>,O3 and V,03 Structures

Anex Chex
Al,O3 exptk 4.757 12.988
this work 4.804 13.107
V203 exptP 4,940 13.971
this work 4.856 14.349

2 Ref 53.P Ref 54.

Il. Methods and Models

A. Computational Details. The present spin-polarized DFT

Todorova et al.

such models were studied with V atoms in one or two metal
layers only 6 = 1,2). In this work, we systematically increase
the thickness of the vanadium oxide films up to six metal layers.
Decreasing the thickness of the,® support while increasing
that of the \LOs film does not affect the results. The thinnest
support still consists of three trilayers. Moreover, the properties
of the clean AJO3(0001) surface do not change when passing
from a three- to a four-trilayer-thick slab (e.g., the surface energy
changes by 0.09 JAn'3 We have also considered the limiting
case of replacing Al atoms in all twelve metal layers of the
alumina slab. The latter is called a®s-like slab because the
surface unit cell has the lattice parameters of thél,03

calculations apply periodic boundary conditions and employ a support.

plane-wave basis set as implemented in the Vienna ab initio

simulation package (VASFE}2° The generalized gradient-
corrected functional of Perdew and Wang (PW913$ used.
The electror-ion interaction is described by the projector
augmented wave (PAW) methdH32 Core radii of 2.3 and 1.9

The lattice mismatch between the® and ALOs corundum
structures is~4% in the (0001) plane (see Table 1). By adding
an oxygen atom to every vanadium site in the surface layer, (1
x 1) vanadyl terminated films can be created, with the
composition 1/2y0s:(n — 1)/2V,05+(12 — n)/2Al,03 (e.g., see

au are used for V and Al, respectively. For oxygen, the core Figure 1D). The composition of the surface layer igy, but
radii are 1.2 and 1.52 au for the s and p states, respectively.the coordination of vanadium is different from that in the single-
The 3p states of vanadium are treated as valence states trystal V,05(001) surface.

guarantee good transferability of the vanadium potential. A

Figure 1A shows the supported 6V-layep®4 film that is

plane-wave basis set up to a kinetic energy of 800 eV is used.terminated by a single-metal layer, keeping th®ycomposi-

The Brillouin-zone (BZ) integration employs the Monkherst
Pack techniqué?

The corundum structure af-Al,Os; belongs to the space

tion. It is named WV0O3—V(V—03—V) according to the
sequence of the V and O atomic layers of the corundum structure
from the surface into the bulk. This nomenclature includes only

group RZ. The lattice parameters of the rhombohedral cell and the atomic layers that are relevant for the following discussion,
fractional coordinates were simultaneously optimized using a that is, those in the two outermost\D;—V trilayers. The
(3 x 3 x 3) k mesh. The parameters of the corresponding oxygen-terminated &-V(V—0s—V) film (Figure 1B, a total

hexagonal cell are listed in Table 1.

The accuracy of the present cutoff dagoints mesh is judged
on calculations that use a dengepoint grid (4 x 4 x 4) and

of five V layers) and the double-metal-terminated \{®;—
V) film (Figure 1C, also five V layers), together with the single-
metal film, belong to the so-calladtrinsic bulk terminations.

a higher cutoff (1200 eV). The corresponding changes of the They result from the _successive remoyal_of the_ outermost V
optimized cell parameters are smaller than 0.001 A. Thus, the and Q layers, respectively, from the stoichiometric slab. Thus,

800 eV cutoff and a (X 3 x 3) kmesh are used for calculations
on a slab of six trilayers of the AD3(0001) surface. Each of
the six (Al-0O3—Al) trilayers maintains the bulk composition.
A vacuum region of~10 A is used to decouple the surfaces of
consecutive slabs in the supercell. A%33 x 1) k-point grid
that includes thd" point is used for the (Ix 1) hexagonal
surface unit cell. The position of all ions is relaxed by a

they do not have YO3; composition.

Starting from the 6V-layer film, several modifications were
considered that include the (¢ 1) vanadyl-terminated film,
O=V—-03—V(V—03—V) (see Figure 1D). To obtain intermedi-
ate situations between a { 1) V-terminated surfacedo =
0, in which@®g is the concentration of vanadyl oxygen atoms)
and a (1x 1) O=V-terminated surfacedo = 1), oxygen atoms

conjugate-gradient algorithm until the forces are smaller than were added to 1/4, 1/2, or 3/4 of the vanadium surface sites.
1 meV/A. The interlayer spacings are in very good agreement Therefore, (2 x 2) unit cells with mixed &V and V

with previous DFT studi€4=3¢ and confirm the large inward
relaxation (86%) of the outermost Al layer.

terminations were considered. On the basis of thi (x
«/§)R30° geometry, two additional oxygen coverages are

To evaluate the O-defect formation energies (see sectionpossible, namely®o = 1/3 and 2/3 (see Figure 2).

I11.D), the total energy of the isolated oxygen molecule is
needed. A (13x 14 x 15) A3 orthorhombic unit cell with

The polar (oxygen-terminated:©V(V —0O3—V) surface can
reconstructo reduce its polarity. Figure 1E shows one example

I'-point sampling of the BZ is used. The binding energy per O in which half of the vanadium atoms of the second V double

atom in Q is 3.14 eV/atom, and the bond distance is 1.222 A.

layer pop into the first V double layer, leading to g-€/3—03

The experimental result is 2.59 eV/atom (obtained after adding sequence. This corresponds to a nonpolar hexagonal film ef VO

the contributions due to zero-point vibrations to fhe= 0 K
value) and 1.207 A, respectively The overestimation of the

composition [(VQ)s] on top of a single V-layer-terminated slab
(V—03—V—Al..). This reconstruction has recently been pro-

binding energy and the bond distance are in line with earlier posed for the (0001) surface of bulk®;.25 Another way of
density functional calculations that used gradient-corrected reducing the polarity is to remove 1/3 or 2/3 of the oxygen atoms

functional$®3° (see also ref 40 for a comparison of different
functionals).

B. Supported Vanadium Oxide Films.One possible way
to model vanadium oxides supported arAl,03(0001) is to

from the Q surface layer, creating surface terminations with
2/3 (Figure 1F) and 1/3 (Figure 1G) monolayers (MLs) of O
atoms at bridge positions. Their electronic and structural
properties have recently been theoretically investigated for the

replace the Al atoms by V atoms in subsequent layers of the V,03(0001) surface using cluster modélsThe dz’(v—Og—V)

corundum structure, thereby creating thinO4 films on the
Al,O3 surface. When terminated bysingle-metal(V) layer,

termination (Figure 1F) corresponds to the structural model of
refs 23 and 24 for the termination of the®s/CuzAu(100) film.

the unit cell compositions of these slab models obey the generalAn even more V-rich surface termination can be created from

formula n/2V,03:(12 — n)/2Al,03 (n = 1-6, 12). In ref 13,

the double-metal-terminated film (Figure 1C) by fully occupying



Vanadium Oxides on Aluminum Oxide Supports J. Phys. Chem. B, Vol. 109, No. 49, 20083525

(D) O=VO,V(VO,V)

(A) VO,V(VO,V)

(F) 0" V(VO,V)
Q

Figure 1. Side view of the models for differently terminated 6V-layer-supported oxide films witk (I) periodicity. The models are labeled
according to the sequence of atomic layers from the surface into the bulk (see Sec. 2.2). The nomenclature includes only the two ottermost (V
0O3—V) trilayers. (A) V=03—V(V—03—V), (B) Os—V(V—03—V), (C) V(V—03—V), (D) O=V—-03—V(V—035—V), (E) O3—V3—0;, (F) O—
V(V—-03—V), (G) O°1—V(V—03—V), and (H) VV(V—0;—V). Vanadium atoms are black, aluminum atoms are gray, and oxygen atoms are white.

following general formula: (&V)x—03—V3-x—03—Vy, with
x = 1/3 and 2/3 being the concentration of thee@ groups. In
the following sections, they will be termed3-(0=V)j films.
The three reconstructed structures are investigated for two film
thicknesses, namely, 4V and 6V layers. Removal of single
vanadyl oxygen atoms from these surfaces was also considered,
and the corresponding surfaces are labafed(O=\"2",

The unit cell compositions of all structures investigated are
listed in the Supporting Information.

To sample the surface BZ of the vanadia@lumina systems,
a (6 x 6 x 1) kmesh for the (1x 1) hexagonal cell was used.
The larger mesh, compared to thex3 x 1) grid used for the
alumina support (cf. section 1l.A), is required because of the

Figure 2. Top view of a fully O=V-covered surface of a ¥Ds film metallic character of YOs. For.the larger (2x 1), (3 x
supported or-Al,0s. (2 x 2) and /3 x +/3)R30° unit cells are V3)R30° and (2x 2) surface unit cells, (% 6 x 1), (3x 3 x
indicated by solid and broken lines, respectively. 1), and (3x 3 x 1) grids were used, respectively.

Ill. Results and Discussions

the topmost layer with V atoms, yielding VV(v¥O;—V) or A. Thermodynamic Stability of Alumina-Supported Va-
(VO)sV (Figure 1H). nadia Films. We use statistical thermodynamics to take into
The G;—V3—0s surface (Figure 1E) discussed above can also account the effects of vanadium activity (or concentration) and
be obtained from a fully vanadyl-covered film by removing all oxygen partial pressure at a given temperature on the stability
of the O=V groupsand subsequent reconstruction. Moreover, of alumina-supported vanadia films. This strategy has previously
we consider surfaces with a/(_s X \/§)R30° periodicity, in been applied to a wide range of problems that involve varying
which only part of the vanadyl groups (1/3 or 2/3) is removed chemical compositions (e.g., see refs 35, 42, and 43).
and the above-described reconstruction is made, except for the Typically, supported vanadium oxide films are prepared by
sites with G=V groups. Their terminations are given by the evaporating metallic vanadium on the support in an oxygen
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atmosphere. Thus, we consider the following equilibrium
reaction:

1
nv + mEOZ + {6:Al,05} 901 = V,.O/{ 6°Al ,O3} o001 2)
with the energy change
AE = |EVrOn{6AI20z 0001 __ E{6AI20z 0001 _ [y Pulk _ ml'E
e

Here, EViCnf{6:A1205 0001 and E{6-A1203 o001 are the total energies of
the slab with a given composition and surface termination and
the six trilayero-Al O3 slab, respectively. Note that the energies
always refer to slabs with the same amount ofG| namely,

6 formula units (see also Supporting Informatio&}" and

Eo, are the total energies of metallic bcc bulk vanadium and
the free oxygen molecule, respectively. The accompanying
change in the surface free energy is

A(T, ) = 5IAE — nAy — mArg] 3)

Here we introduce chemical potential differencaAg;, as

Auy(T, ay) = (T, &) — EP (4)
AT, B = St (T, P) — Eo] (5)

The Gibbs free energies of the solid components are ap-

Todorova et al.

p, (atm)
E 10 mlﬂl'“lt]l'l"lu" 110’

300 K

(1x1) O=V (6V-layers)

3 2 -1 0
Al (eV)

Figure 3. Phase diagram as a function of theo and Auy chemical
potentials for alumina-supported thin®, films. The G—V3—0; film
has 5V layers (Figure 1E), and the reconstruetéit(O=V)x termi-
nations are those derive from the (& 1) O=V 6V-layer film (see
section 2.2) Auo and Auy have been translated into a pressure scale
atT = 300 and 800 K and an activity scaleTat= 800 K, respectively.
The values ofAuy and Auo that would correspond to V and O
reservoirs in thermodynamic equilibrium with the®; bulk phase are
indicated by a dotted line (see section IlI.A).

tabulated values for the enthalgy, entropy S and given
expressions for the temperature dependence of the specific heat
Cp(T) are used* 46 From a practical point of view, the

proximated by the energies calculated using DFT. This meansvanadium activity can be varied by controlling the amount of

that zero-point vibrations, vibrational entropy contributions, and
enthalpy changes are neglecté@ds the area of the surface unit
cell, ui (i =V and O),n, andm are the chemical potential and
the number of V and O atoms in the supported vanadia film,

evaporated vanadium forming the oxide film and is related to
the concentration through the activity coefficiept,*”

To determine the most stable surface for a given set of
chemical potentialsXuo and Auy), the surface free energy is

respectively. It is assumed that the number of V and O atoms calculated forll systems investigated. The one with the lowest

removed or added to the slab varies independently. Thus, twoAy is the thermodynamically stable phase for the corresponding
independent extensive thermodynamic variablesand uo,, conditions. The resulting two-dimensional (2D)-surface phase
control the film formation. It is understood that the V and O diagram is shown in Figure 3 (see also Supporting Information).

particle reservoirs are in equilibrium with bulk V an@ @ the
gas phase.

The two axes correspond to the chemical potenthals and
A/,tv.

The V and O chemical potentials depend on the temperature The former is translated into an oxygen pressure scale for

and the vanadium activitgy (in reference to the corresponding
crystalline solid), or the oxygen partial pressyséin reference
to the molecular gas), respectively. As the surrounding O

the example off = 300 and 800 K, using eq 6 (see the upper
axis in Figure 3).
If the V and O particle reservoirs would be in thermodynamic

atmosphere forms an ideal gas reservoir, the pressure depenequilibrium with vanadia bulk phases, for exampleO¢ or

dence ofAuo(T, p) at a given temperature is given by

Auo(T, p) = %[H(T. p°) —H(OK, p°) — TS(T, p°) +
RTIn(p/p%)] (6)

usinguo,(0 K) = Eo,. Here,p® is the pressure of the reference
state p° = 1 atm). For a solid componemuy (T, ay) is given
by

Auy(T, ay) = Ay (T) + [ f; €, dT =

T-T)ST)-T fTT(cp/T) dT] + RTIn(a,) (7)
with

A (T)=H(T) = H(OK) — T, S(T) (8

Here, uy(0 K) = E{’,“"‘ has been usedl, = 298.15 K and

VO,, the vanadium and oxygen chemical potentials will be
coupled by

2Auy, + 3Aug = AEY® (9)

or
Ay + 2Aug = AEY®? (10)

respectively. A plot of eq 9 is shown in Figure 8EV-°s and
AEV©: are the energies of formation of the bulk oxides:

V03 _ bulk bulk _ 3
AE = E)S — 2B — o, (11)
AEY =Ejg — B — Eq, (12)

for which our DFT calculations give-11.78 (\,O3) and—7.24
(VOy) eV/per formula unit. The experimental results for the heat
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of formation at 298.15 K are-12.63 and—7.33 (3-VO,) eV, on the ALO; surface should be favored. This study is deferred
respectively*®48 A comparison of these results with those for to an accompanying papet.
V,0s obtained from DFT £16.41 eV¥° and experimental Our calculations suggest that the termination @Dy films

determination £16.07 eV}® shows that the PW91 functional (26 A) grown on alumina may be varied either by changing
overestimates the stability of the more oxygen-rich vanadia the temperature at a giver, @ressure (V supply switched off)
phases compared to that of the reduced ones. or by varying the vanadium activity while controlling and

Figure 3 shows that the thinnest { 1) O=V-terminated the oxygen pressure. If UHV and room temperature are assumed,
film (~2 A, 1V layer) is stable for chemical potentials of V  for instancefour terminations are possible at varying values
and O that are not sufficient (not high enough) for the formation of Auy. These structures are likely to be present among the
of bulk V,05 oxide, that is, in the region above the dotted line. thick particles ¢5—6 A) grown on alumina at these condi-
For the highest chemical potentials, the corresponding thickesttions® Thus, the presence of vanadyl species, as observed in
possible 6V-layer film forms. There is only a small range of the IR spectra, does not necessarily imply a complete coverage
oxygen and vanadium potentials for which 5V-layer films are with O=V groups (1x 1 termination).
stable, namely, (Ix 1) O=V (5V layers) and @-V3—0Os3 As mentioned above, at 300 K, a partial pressure of
(Figure 1E). In an intermediate range, th8-(O=V);3 and ~ approximately 10'* atm corresponds tduo ~ — 0.66 eV,
\/§-(O=V)2/3 terminations, which result from the (& 1) O= which is not S|gn|f|(_:_antly d|ff_erent from the \_/alue§ th_at
V 6V-layer film by partial removal of surface€V groups and corre_spond to conditions typlcally employed in oxidation
subsequent reconstruction, become stable. Hence, for the thickef€actions, namely, atmospheric pressure and a temperature of
films, we find the same possible terminations as those recently 900-600 K (Auo = —0.50 and—0.61 eV, respectively). Thus,
predicted for the single-crystal,X@s(0001) surfacé® Only six the rgsul_ts of the present study suggest that the d_|scussed stable
terminations show up, and five of them contain surface vanadyl term|_n_at|ons are expected to also exist at catalytically relevant
groups. It is noteworthy that no other intermediate slap conditions. _ _
thicknesses between the thinnest and thickest ones are stable. Finally, it is important to mention that the PW91 functional
The ~2—6 A range corresponds to that of the model catalyst tends to overestimate formation gnd blndlng energies, WhICh
studies of ref 10. Furthermore, a thicker slab (number of trilayers Means that the calculated chemical potentials may shift by
> 6), allowing thicker vanadia films, would result in the same several hqndred millielectronvolts. Thus, the absolute pressures
surface phase diagram with respect to the stability regions of @hd activities may change by-23 orders of magnitude.
thin vs thick films. That is, the stability regions for the thicker Moreover, the overestimation of the stability of the more
films in Figure 3 will be replaced by those of even thicker films. ©Xygen-rich bulk vanadia phases mentioned above also applies
Hence, the same surface structures will be present for the latterto the theoretically predicted stability ranges of thés-

The model catalysts of ref 10 were prepared at room (O=V)« terminations of the supported films. Theory puts the
temperature (300 K) under UHV (1€ atm) conditions,  subsequent transitions between the (1 1) O=V, +/3-
whereas typical reducing conditions correspond to UHV and (O=V)s, and «/1_%-(O=V)1,3 terminations at somewhat lower
elevated temperatures (e.g., 800 K). The correspondimng (i.e., more negativeuo values. This was recently shown for
values are approximately0.66 and—1.88 eV, respectively.  the V,03(0001) surface, for which theotyand experimedt
In UHV, at 300 K, the calculations favor (mostly) vanadyl- agree that &V groups are progressively removed from the
terminated surfaces independent of the film thickness, which is surface with increasing oxygen pressure; however, they disagree
consistent with the analysis of the IR spectra of the vanadia on the range in which the (k 1) O=V and «/§-(O=V)X
particles in ref 10. The phase diagram indicates ths\VO terminations are stable.
groups are stable up to at least 800 K, which, in turn, is B, Vanadyl-Terminated versus Metal-Terminated Films.
consistent with the results of ref 16. Removal of all vanadyl oxygen atoms from thex11) O=V-

For a given oxygen pressure and temperature, the preciseterminated films results in a fully reduced film that is single-
surface structure depends on the vanadium chemical potentialmetal terminated. Statistical thermodynamics tells us that, in
Depending on the temperatura, values in different ranges  UHV, O=V groups are stable up to temperatures of 800 K (cf.
will correspond to a givem\uy value. For largeAuy values section llIlLA). The reason is the large reaction energy for this
(high vanadium activity), the (k 1) O=V-covered, 6V-layer process, which is defined as
surface is the stable phase. As the V percentage decreases, the
reconstructed/é-(O=V)X phases withx = 2/3 and, in turn, E=E —E +
1/3 become more favorable. ' v o=V

The values ofAuy for which these transitions occur are
approximately 1 eV smaller in UHV at 300 K than those in which Ey andEo—y are the total energies of the (1) cell
obtained at 800 K. These terminations have less vanadyl groupsof a fully reduced (metal-terminated) slab and the corresponding
and are more vanadium-poor (more oxygen-rich) compared to completely G=V-covered surface slab, respectively. Figure 4
the (1 x 1) O=V phase. For even lowekuy values in UHV showsE; as a function of film thickness, witim being the
at 300 K, the vanady! groups are unstable, and the whole surfacenumber of V layers in the filmr(= 1-6, 12). Forn = 6, Ey
reconstructs, yielding a$>-V3—0s termination and no vanadyl  and Eo—y refer to the slabs shown in Figure 1A and 1D,
groups. This V@ termination is also stable at 800 K but at respectively.

1

5Eo, (13)

higher Q pressure+1 atm). ForAuy < 1/2[AEVZ% — 3Auo], For the thinnest 1V-layer filmr(= 1), the largest value is
that is, values above the dotted line in Figure 3, the ultrathin obtained (4.27 eV/atom). Gradually increasing the thickness of
films (1V layer) stabilize at the (k 1) O=V termination. At the V.03 film leads to energy oscillations with decreasing

300 K and UHV, aAuy value approximately 2 eV lower than  amplitude. The lowest value corresponds to the 2V-layer film
that at 800 K is required to stabilize this 1V-layer film. Upon with the sequence (YO3—V)—(Al—Os—Al); that is, it contains
further reduction oAuy, the thin films should become unstable, a V—AI double-metal layer at the XD3/Al,O; interface. For a
and the stability of small vanadia particles (e.gV clusters) 3V-layer film, (V—03—V)(V —03—Al), a value of 4.11 eV/atom
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Figure 4. Reaction energ¥; in eV/atom as a function of the number
of V layers for (1x 1) O=V-terminated thin vanadia films om-Al ;Os.

is obtained, which differs from that of the,@s-like surface

= 12) by only 0.2%. The~4% in-plane lattice mismatch
between the YO3; and a-Al,03(0001) single-crystal surfaces
results in a value for the limiting 30s-like case that is 0.07
eV/atom larger than that for the;@3(0001) surface. Thus, with
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an electron from the 2p states. The eigenvalues refer to the Fermi
level. The considered systems have a Fermi reservoir of
electrons. Thus, to describe the transition state, spin-polarized,
self-consistent calculations using a modified PAW potential were
performed under the constraint of charge neutrality. This implies
that half of a valence electron was added at the Fermi level. By
generation of the core-excited PAW potentials, half of a core
electron is excited. The other core electrons are not allowed to
relax, whereas the screening by the valence electrons is included.
The impurity problem of the localized core-hole is treated using
the supercell approach. For the smallestq{11) cell, atoms
with core-holes are separated .8 A.

Table 2 shows the vanadyl-inducedy\¢ore-level shift and
its initial and screening contributions for the 3V-layerx11)
O=V-terminated supported film. Values are given for the atom
of the surface layer (), to which oxygen is directly bonded,
and average values are given for the atoms in the second and
third layers (M, and V5). DFT predicts that, in the outermost V
layer (V1), Vo, core electrons are, by 1.53 eV, more bound for
the vanadyl-terminated surface than for the single-metal-
terminated surface. However, a much smaller shift is predicted
for the atoms of the double V-layer beneath. Since screening is
small, this is basically an initial state effect. Increasing the film
thickness from three to, for example, five V layers results in a

respect to the removal of the vanadyl oxygen atoms from all § 19 oy larger shift for the Yatoms. For the limiting YOs-
surface vanadyl groups, a 3V-layer film already behaves like like case. the value is 1.65 eV.

the single-crystal ¥O3(0001) surface. However, films of

intermediate thickness, such as the 3V-layer film, do not show

up in the stability plot.
C. Vanadyl Oxygen-Induced Vs, Surface Core-Level
Shifts. As mentioned in the Introduction, surface-sensitive XP

helped solve the apparently conflicting results of ref 10, namely,

the observation of a characteristieD stretch frequency and

Figure 5 displays the contribution of the d-states on the
vanadium atoms (in the outermost metal layers) to the total
density of states (DOS) for the vanadyl-terminated (Figure 5A.1,

g B.1) and reduced (panels A.2 and B.2) films. A and B refer to

the 1V- and 3V-layer films, respectively. Figure 5C.1, C.2 shows
the difference between the spin-up and spin-down DOS for the

vanadium atoms in the oxidation state Ill. Indeed, for the SurfaceV sites (Y) for the vanadyl-terminated and reduced 3V-

vanadium atoms at the vanadyl terminatefD%0001) surface,
a shift of the \4, core levels of~2 eV toward higher binding

layer films. The integration of these curves (up to the Fermi
level) yields 0.03 (&V) and 1.91 (reduced) electrons, which

energies compared to those for the reduced films (i.e., single- reflects the vanadyl-induced change in the oxidation state of

metal-terminated) has been obseAfednd confirmed by
calculationg® and additional experiments.
In the following, we examine the 3 adlayer core-level shift

the surface atoms. The positive initial-state contribution to the
shift is due to the increase in the oxidation state of vanadium
from V" to VV on oxygen adsorption leading to=€¥ bond

(AACLS) for the V atoms in the Surface |ayer induced by the fOI’mation. The ga|n Of |Oca| Chal'ge at the reduced Vv SlteS makeS
presence of the vanadyl oxygen atoms for differently termi- the electrostatic potential repulsive and core-level binding
nated vanadia films. As mentioned in section I1l.B, a 3V-layer €nergies decrease. The more efficient screening of the core-
film behaves like a W03(0001) single-crystal surface with  hole by intraatomic polarization at the reduced surface correlates
respect to vanadyl oxygen removal. Therefore, we consider thewith the higher d-DOS of the Vatom about the Fermi level.

(1 x 1) O=V-terminated (metallic) surfaces with three (or more)

V layers and the reconstructe@-(O=V)X structures.
The oxygen-induced 3 core-level shift is the difference

The value of 1.53 eV calculated for a 3V-layer film differs
only by 0.13 eV from that calculated for the single-crystaDy
(0001) surface atoms (see Table 2). The latter compares well

between the core ionization energy at the vanadyl-terminatedwith the experimentally observed shift 6f2 eV (ref 16). A
surface and that at the reduced one. Using Slater’s transitionnon-spin-polarized calculation for the;®3(0001) surface (ref

state concept>?to evaluate total energy differences, the total
shift (AacLs) is approximated by

vanadyl ___reduce

Apcis ™ — (€05 €05 (14)

This shift is decomposed into an initial state contribution,
Antal and a screening contributiopscreening

AiAngifIS —- _ (evanadyl_ 6reducej (15)
The values:Vaadylandereducedgre the Kohr-Sham eigenvalues
of the V»,, core-statesfoa V atom at the &V-terminated and
reduced surfaces, respectively. The valgff&® and efgueed

25) yields only 0.91 eV. Using the LDAU method, the
calculated shift is 1.86 €% For the reconstructed/3-
(O=V)x terminations, we find similar vanadyl oxygen-induced
V>, shifts, namely, 1.73 and 1.69 eV for= 1/3 and 2/3,
respectively. In the experimental work of ref 22, no difference
between the measured)shift of vanadyl-terminated sites at
different structures is reported. Our calculated small differences
support this observation.

D. Formation of Vanadyl Oxygen DefectsIn view of the
above-mentioned relation between the catalytic performance of
supported vanadia catalysts and surface reducibility, we examine
first the dissociation of the ©V surface bonds of the
unreconstructed vanadyl-terminated 1V- and 6V-layer (Figure

are the corresponding eigenvalues after the removal of half of 1D) films. The results are (vanadyl) oxygen defects, and we
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TABLE 2: Oxygen-Induced V,
Three Outermost V Layers of t%
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Adlayer Core-Level Shifts and Their Initial-State and Screening Contributions (in eV) for the
e 3V-Layer-Supported V,O3 Film and the V,03(0001) Surface

3V-layer-supported YO; film V ,03(0001y V,03(0001¥
Ancis Ai:ictifls Ascreening Ancis AiAniC“I?IS Ascreening Ancis

Vi 1.53 1.34 0.19 1.66 1.20 0.46 0.91
Vo—V3?2 0.18 0.38 —0.20 0.09 0.19 —0.10 0.12

a Average of the shifts for the V atoms in the second and third V layerkis work: spin-polarized cal¢.Ref 25: non-spin-polarized calc.
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Figure 5. d-orbital-projected DOSyq, for the V atoms in the outermost
metal layers. A and B refer to the 1V- and 3V-layer films, respectively.
Full lines correspond to the topmost V layer, whereas the dotted lines
to the sum of the V atoms in the double-metal layer beneath. A.1/B.1/
C.1 and A.2/B.2/C.2 refer to the (2 1) O=V and the reduced single-
metal terminations, respectively. The d-orbital projected spin density,
(Ng—up — Ng—an) for the V; atom of the 3V-layer films are shown in

4.8
’é‘ 44
1) 1V-layer films
& %
~
3
~ 4
3 6V-layer films
3.6
! 1 1 1 1 1
32 73

173 172 3/4

Defect concentration © et

Figure 6. Calculated vanadyl oxygen vacancy formation energies in
eV/atom for a single defect as a function of the defect concentration
Oget for 1V- and 6V-layer films AE: (Oqer); Se€ eq 17).

For example AE:(®qer = 1/2) is the energy for removal of a
second vanadyl oxygen from a 2 2) surface cell.

Figure 6 shows the results for the ultrathin 1V- and the thick
6V-layer films. For both films, it is easiest to create the first
defect. Thus, the formation of additional defects becomes more
difficult with increasing defect concentratioBger. Furthermore,
the calculations suggest a somewleatfacile reduction of the
ultrathin 1V-layer film. For instance, the creation of a single
defect @ger = 1/4) for the 1V-layer film (4.11 eV) is by-0.5

C.1/C.2 panels. The curves are smoothed by a Gaussian level broadenayy more costly than that for the 6V-layer film (3.59 eV). This

ing of 0.2 eV. The energy zero is at the Fermi level.

consider different defect concentratio®ges = NgedNiot. The
valuesNgerandNy; are the actual and maximum possible number
of vanadyl oxygen defects in the unit cell, respectively.

The average vacancy formation enerBy©qe) is given by

1
E{(Oge) = EredOged — Eo=v + NdefEEO2 (16)
in which E.d®gef) represents the total energy of the reduced
surface slab. (Note that this equation reduces to eq 1®fer
=1, i.e., a fully reduced surface.)

may relate to the insulating nature of the vanadyl-terminated
1V-layer system (see Figure 5A). Moreover, tBg.; depen-
dence due to repulsive interactions is less pronounced for this
thin film (0.37 eV betweer®qe = 1/4 and 1).

For other film terminations that are likely to be stable, namely,
the x/f_ﬂ-(O=V)X phases, the energy cost to remove a single
vanadyl oxygen is 3.75 eV fax = 2/3 and 3.90 eV fox =
1/3. These values lie between th&:(Oqet = 1/4) for the 6V-
layer (3.59 eV) and 1V-layer (4.11 eV) & 1) O=V films. It
is noteworthy that this sequence of defect formation energies
follows exactly the order of stable terminations in the calculated
phase diagram, as the oxygen pressure decreases while the

Using eq 16, we calculate the energy required to create defectyanadium chemical potential is kept constant (see Figure 3 for

structures with®qer = 1/4, 1/3, 1/2, 2/3, 3/4, and 1 employing
(2 x 2) and (\/§ X x/é)RBO" unit cells. The creation of an
isolated oxygen defect at the fully=e/-terminated surfaces
corresponds t®qef = 1/4 and 1/3 for the respective surface
cells. The energy cost for the consecutive removal of such
defects is given by

AET(Qdef) =

E (O4) — E (@d — 1) O = 1/4, 1/2, 3/4, and 1
) R a7)

Ef (Gdef) - Ef (®def - %) ®def: 1/3 and 2/3

the example oA\uy ~ —2.5 eV). Phases that are stable at low
oxygen pressure are those that most strongly resist oxygen
release (or defect formation) into the gas phase, whereas phases
that easily release oxygen require high oxygen pressure for
stabilization.

In summary, oxygen-defect formation at stable surfaces of
supported vanadium oxide films requires between 4.11 and 3.59
eV per 1/2Q molecule, which is much larger than the 1.93 eV
found for the \bOs5(001) surfacé? The reason is the follow-
ing: on the supported films, defect formation converts= O
VV(d) site into a V' (d?) one, and the structure relaxation effects
are small (e.g., less than 0.1 eV for 1V-layer film aBgk; =1/
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O o) 1/20,. For the other stable alumina-supported vanadia films,
ﬁ*’ Il ) ) the defect formation energy varies between 4.1 and 3.6 eV. In
O O v o " o v O E? O contrast, reduction of the X05(001) single-crystal surface that
_ > |

yields a pair of W(d') centers costs only about half of this

o o) 0 0 o amount (1.9 eV). This relates to the observed lower activity in
& I I oxidation reactions of vanadium oxides when supported on
o o Vv \Y VAN ‘E*? O alumina.
376V 193 eV V. Acknowledgments
o 0 This work was supported by Deutsche Forschungsgemein-

|
- V" Y schaft (Sonderforschungsbereich 546). T.K.T. thanks the Fonds

o . b -0 relax ’ﬁ%'—" ; ; i
0’& = ‘é\) 0, . O, ., O, °¢§ - é\o der Chemischen Industrie for a fellowship. We thank G. Kresse
Al Al Al for helpful comments on the VASP code and V. Bitavaand
A. Hofmann for useful discussions. The calculations were
. . . . carried out on the IBM p690 system of the Norddeutscher
Figure 7. Schematic representation of the oxygen-induced structure verbund fir Hoch d Hehstleist h HLRN). W
and electronic effects at the,@s(001) single-crystal (upper part) and erbund fu Hoch- un ahstleistungsrechnen ( ). We

the 1V-layer (1x 1) O=V film supported ona-Al,05(0001) surface ~ Would like to thank B. Kallies for technical support.
(lower part). The defect formation energies correspond to those for

4.14 eV 4.11 eV

single defects. Supporting Information Available: Table of total energies
and surface related free energies for all systems studied. This
4). In contrast, oxygen defect formation at thgdg¢(001) single- material is available free of charge via the Internet at http://

crystal surface is accompanied by a large relaxation, which leadspubs.acs.org.
to the formation of a ¥V O—V bond, with the \4Os layer
beneath the surface layer, and converts tHéd) site (initially References and Notes
formed_ upon reduction) into a more stable pair d)‘f_(‘dl) sites _ (1) Chen, K.: Iglesia, E. Bell, A. TJ. Catal. 2000 192, 197.
(see Figure 7). Consequently, the defect formation energy is  (2) Argyle, M. D.; Chen, K.; Resini, C.; Krebs, C.; Bell, A. T.; Iglesia,
lowered from 3.76 to 1.93 e¥2 The value for \O5(001) E. J-(3';h\),/\f- ChheTWC-EOIO‘}r 138)22832-10(1 o

H i H ithi H achs, [.Catal. 1oaa .
without relaxatlo_nls vv_lthln _the range of values p_btalned for (4) Weckhuysen. B. M.: Keller. D. ECatal, Today2003 78, 25 and
the supported films in this work. The possibility of such (eferences therein.
relaxations yielding to bond formation is due to the layered (5) Guo, Q; Lee, S.; Goodman, D. \8urf. Sci.1999 437, 38.
structure of the crystalline 3s(001), and it does not exist in g% thfﬂg‘ndé % F'\J/_'I‘fz]dk'gysRS- J?ﬂuérl-efcézgﬁls“;é Ié2210361 64 165410

X . . , 2. Pili .S , P.Bhys. Re. , .

the corundum structure of the supported films. This provides a () Cajatayud, M.; Mguig, B.; Minot, CSurf. Sci. Rep2004 55, 169,
possible explanation for the lower catalytic activity in selective (9) Vittadini, A.; Selloni, A.J. Phys. Chem. B004 108 7337.
oxidation reactions of vanadium oxides supported on alumina (10) Magg, N.; Giorgi, J.; Schroeder, T.;' &aer, M.; Freund, H.-1.

compared to that of the crystalline,®s particles4 Phys. Chem. 002 106, 8756.
P y Vs P (11) Magg, N.; Giorgi, J.; Hammoudeh, A.; Schroeder, TyuBar, M.;

. Freund, H.-JJ. Phys. Chem. B003 107, 9003.
IV. Summary and Conclusions (12) Magg, N.; Immaraporn, B.; Giorgi, J.; Schroeder, T.uBr, M.;

: . , Dobler, J.; Wu, Z.; K ko, E.; Cherian, M.; B M.; Stair, P. C.;
We have presented a detailed study-@&-6 A thick vanadia Sggeerr'i,' Frenmdl H??chreggtglééooigczzznggﬁ ; Baerns, M.; Stair, P. C.;

films supported or-alumina, combining DFT and statistical (13) Brazdova V.; Ganduglia-Pirovano, M. V.; Sauer, Bhys. Re. B
thermodynamics. The calculated phase diagram suggests that2004 69, 165420. _ .

at room temperature and UHV, (X 1) O=V-terminated Phg/ls%)cmurh.zoig?igé-szégzt.am P. C.; Rugmini, S.; Jackson, S.JD.
ultrathin films (thickness~2 A) are stable for low vanadium (15) Keller, D. E.; de Groot, F. M. F.; Koningsberger, D. C.; Weck-
activities. As the vanadium activity increases, films can become huysen, B. M.J. Phys. Chem. B005 109, 10223.

as thick as the vanadium supply allows, and different surface (16) Dupuis, A.-C.; Haija, M. A.; Richter, B.; Kuhlenbeck, H.; Freund,

ibl | H.-J. Surf. Sci.2003 539 99.
structures are possible, namely, a reconstructed oxygen- (17) Surnev, S.; Vitali, L.; Ramsey, M. G.; Netzer, F. P.; Kresse, G.;

terminated (@—V3—0g3) surface, two partially covered by=6V Hafner, J.Phys. Re. B 200Q 61, 13945.
groups, exhibiting a N3 x +/3)R30° geometry, and an Let(tlg)o 051‘123”76‘8836-1?0*;“9556’ G.; Ramsey, M. G.; Netzer, FPliys. Re.
unreconstrgcteq surface exclusive[y terminated BsV@roups. (i9) Kresse, G.: Sumev, S.: Ramsey, M. G.; Netzer, FS@®f. Sci.
These terminations were also predicted to be stable for 10g-V 2001, 492, 329.
(0001) single-crystal surfac& Moreover, all of them are likely 73(21?)7 Surnev, S.; Ramsey, M. G.; Netzer, F.FRog. Surf. Sci2003
to be present ppt only in UHV at 300 K but also at catalytically '(21) ‘Schoiswohl, J.: Sock, M.: Eck, S.: Sumev, S.. Ramsey, M. G.:
relevant conditions (1 atm;500-600 K). . Netzer, F. P.; Kresse, ®hys. Re. B 2004 69, 155403

For both supported films and>®3(0001) surfaces, a shift of (22) Schoiswohl, J.; Sock, M.; Surnev, S.; Ramsey, M. G.; Netzer, F.

about 2 eV for the ¥, core levels of the surface vanadium atoms  P-; Kresse, G.; Andersen, J. Burf. Sci.2004 555 101. .
indicates the existence of terminating vanadyl oxygen atoms. 20(()13)18'\%@1*15“15_’ H.; Blum, R.-P.; Ahlbehrendt, Bhys. Status Solidi A
However, observation of this shift does not necessarily imply  (24) Niehus, H.; Blum, R.-P.; Ahlbehrendt, Surf. Re. Lett. 2003
complete coverage with=©V groups (1x 1 termination). The 10, 353.

phase diagram shows that surface vanadyl groups are stable up,(?2) Kresse. G Sumev. S.; Schotswohl, J.; Netzer, BUF. S¢i2004

to at least 800 Kin UHV. . (26) Kresse, G.; Hafner, Phys. Re. B 1993 48, 13115.
If we accept that the catalytic activity of a vanadia catalyst  (27) Kresse, G.; Furthiiller, J. Comput. Mater. Sci1996 6, 15.
depends on its reducibility, the energy of oxygen defect (28) Kresse, G; Furthiier, J. Phys. Re. B 1996 54, 11169.

: A : - _ (29) The version VASP 4.4.5, released on November 26, 2001, was used.
formation may be used as an indicator of its catalytic perfor (30) Perdew. J. P Chevary, J. A: Vosko. S. H. Jackson. K. A.

mance. Reducing a X(c) site to a V!'(d?) site on ultrathin Pederson, M. R.; Singh, D. J.; Fiolhais, Bhys. Re. B 1992 46, 6671.
(1 x 1) O=V-terminated film costs approximately 4.1 eV per (31) Blichl, P. E.Phys. Re. B 1994 50, 17953.



Vanadium Oxides on Aluminum Oxide Supports

(32) Kresse, G.; Joubert, Phys. Re. B 1999 59, 1758.

(33) Monkhorst, H. J.; Pack, J. [Phys. Re. B 1976 13, 5188.

(34) Manassidis, |.; Vita, A. De; Gillan, M. &urf. Sci1993 285 L517.

(35) Wang, X.-G.; Chaka, A.; Scheffler, NPhys. Re. Lett.200Q 84,
3650.

(36) Verdozzi, C.; Jennison, D. R.; Schultz, P. A.; Sears, MPIRs.
Rev. Lett. 1999 82, 799.

(37) Herzberg, GMolecular Spectra and Molecular Structure. |. Spectra
of Diatomic Molecules2nd ed.; Robert E. Krieger Publishing Co., Inc.:
Malabar, FL, 1989.

(38) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77,
3865.

(39) Zhang, Y.; Yang, WPhys. Re. Lett. 1998 80, 890.

(40) Sauer, J.; Ddler, J.Dalton Trans.2004 19, 3116.

(41) Czekaj, I.; Hermann, K.; Witko, MSurf. Sci.2003 545, 85.

(42) Zhang, S. B.; Northrup, J. Phys. Re. Lett. 1991, 67, 2339.

(43) Zhang, W.; Smith, J. R.; Wang, X.-®hys. Re. B 2004 70,
024103.

(44) stull, D. R., Prophet, H., EdASJANAF Thermochemical Tables
2nd ed.; U.S. National Bureau of Standards: Washington, DC, 1971.

J. Phys. Chem. B, Vol. 109, No. 49, 20053531

(45) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H,;
Halow, |.; Bailey, S. M.; Churney, K. L.; Nuttall, R. LJ. Phys. Chem.
Ref. Datal982 11, Supplement 2.

(46) Linstron, P. J., Mallard, W. G., Ed8IIST Chemistry WebBopk
National Institute of Standards and Technology: Gaithersburg, MD, 2001
(http://webbook.nist.gov).

(47) Kubaschewski, O., Alcock, C. B., Spencer, P. J., Bdterials
Thermochemistry6th ed.; Pergamon Press: Oxford, 1993.

(48) Brickner, W., Oppermann, H., Reichelt, W., Terukow, J. I,
Tschudnowski, F. A., Wolf, E., Ed&/anadiumoxide Darstellung, Eigen-
schaften, Anwendund\kademie-Verlag: Berlin, 1983.

(49) Ganduglia-Pirovano, M. V.; Sauer, BPhys. Re. B 2004 70,
045422,

(50) Brazdova V.; Ganduglia-Pirovano, M. V.; Sauer,Jl.Phys. Chem.

B 2005 109, 23532.

(51) Slater, J. C. IQuantum Theory of Molecules and SojicGraw-
Hill: New York, 1974; Vol. 4.

(52) Janak, J. FPhys. Re. B 1978 18, 7165.

(53) Kirfel, A.; Eichhorn, K.Acta Crystallogr.1990 A46, 271.

(54) Dernier, P. DJ. Phys. Chem. Solids97Q 31, 2569.



