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ABSTRACT: We use density functional theory to examine structure—
activity relationships of small vanadia clusters supported on anatase
TiO,(001) and rutile TiO,(110) surfaces. A thermodynamic analysis
indicates that the vanadia monomer cluster can be stabilized on the anatase
Ti0,(001) surface in a catalytically relevant oxygen environment. On the
other hand, vanadia clusters tend to aggregate into dimers on the rutile
TiO,(110) surface because this surface binds the monomer less strongly as
compared to anatase. Hydrogen adsorption is found to be exothermic on
the vanadia monomer adsorbed on both supports, enhanced by a charge
transfer between the adsorbate and the substrate. There is no such charge
transfer on vanadia dimers and tetramers, where the hydrogen adsorption
energies are similar to that on the single crystal V,05(001) surface. The
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improved catalytic performance of the anatase support can be attributed to
the ability of this surface to stabilize the catalytically active vanadia monomer clusters.

B INTRODUCTION

The growing demand of olefins and aldehydes as raw materials
in industry calls for catalysts that can produce them in an
efficient and economical way. One promising way is the
catalytic oxidative dehydrogenation (ODH) of light alkanes and
alcohols to the corresponding alkenes and aldehydes. The
advantages of ODH over conventional nonoxidative routes rely
on the fact that the ODH reaction is (i) exothermic and can
operate at low temperature and (ii) minimizes coke deposition
which eventually deactivates the catalysts. Oxide-supported
vanadium oxide catalysts (VO,) have been demonstrated to
exhibit high activity for the ODH reaction.' > However, the
yield of desirable products is still limited by undesirable total
combustion reactions. An increase in the activity and selectivity
of this reaction would be aided by a fundamental understanding
of the structure—activity relationship at the molecular level.
The structure—activity relationship of VO, has long been
pursued in experiments,*® where different structures of VO,
are prepared by varying the vanadium loading on a given
support. With increasing vanadium loading, VO, catalysts are
proposed to change in structure from monomers, oligomers,
monolayers, to 3D crystalline V,0; nanoparticles. The
structure of VO, clusters at different coverages and their
corresponding performance are characterized and measured to
establish structure—activity relationships. For the TiO, support,
which is of interest in this study, it is believed that the turnover
frequency (TOF) at the VO,/TiO, catalyst is relatively
insensitive to coverage, whereas V,0O5 nanoclusters with a size
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of 1-2 nm exhibit high ODH activity. At higher coverages, the
activity drops when extensive crystalline V,O; forms.
Although these studies provide valuable insight, a structure—
activity relationship with molecular resolution should be
pursued since the currently employed characterization methods
do not provide unambiguous structural information at the
atomic scale. Density functional theory (DFT) is a valuable tool
that is complementary to experiments because the electronic
structure and chemical properties can be calculated for a well-
defined atomic structure. Hence, the proposed structures from
experimental characterization can be screened using DFT
calculations. A successful example of such an experimental-
theoretical collaboration is the resolution of the structure of
VO,/CeO, which has been understood using a combination of
high-resolution scanning tunneling microscopy (STM) and
DFT. In a later contribution, temperature-programmed
desorption (TPD) confirmed that VO,/CeO, at low vanadia
loadings catalyzes the methanol ODH reaction at a lower
temperature than either pure ceria or vanadia."’ The origin of
this promotion effect is explained using DFT calculations
showing that the charge transfer from the reduced vanadia
adsorbate to the localized f-states of the ceria support stabilizes
the reduced state and accelerates the H abstraction process.
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Like ceria, TiO, is one of the reducible supports that
outperforms irreducible supports for a number of catalytic
reactions. While much work has been devoted to resolving
atomic-scale structures of the VO,/TiO, catalyst both
experimentally and theoretically, there is no consensus for the
origin of the high TOF on this catalyst. On a rutile TiO,
support, the atomic structures of V|, V,, VO, and VO, clusters
have been investigated using STM and DFT."" More recently,
combining XPS (X-ray photoelectron spectroscopy), AR-PD
(angle resolved photoelectron diffraction), and DFT calcu-
lations, VO, nanoclusters supported on rutile TiO, were found
to have a strong tendency toward aggregating into polynuclear
nanoclusters.'”> The structure of these VO, nanoclusters was
proposed to be V,Oq aligned along the [001] direction of the
TiO, substrate. It is unexpected that vanadyl groups are present
in V,Og given the formal vanadium oxidation state of 3+. TPD
experiments additionally show that V,O4 nanoclusters can
selectively convert methanol to formaldehyde at temperatures
as low as 300 K. In another study, V** and V** ions were found
to be the dominant species on rutile TiO, supported sub-ML,"?
ML,"* and 2 ML VO, catalysts" in oxidizing and reducing
environments, respectively. Structural changes of the VO,
catalysts were also observed in these studies during the
reduction—oxidation (redox) reaction. DFT calculations have
been conducted to elucidate the atomic structure of the vanadia
monomer supported on rutile TiO,.'® Conventionally,
supported vanadia clusters are postulated to possess a
tetrahedrally coordinated VO, structure. Although this is true
for some supports (e.g., CeO, and Si0,), it is found not to be
the case for rutile TiO,. The vanadia monomer that is
calculated to be stable on rutile TiO,, under catalytic
conditions, maintains an octahedrally coordinated oxygen
environment, which is similar to that of a V atom in bulk V,O;.

In this paper, we employ DFT calculations to investigate the
atomic and electronic structures, as well as the catalytic
properties of small VO, clusters (monomer, dimer, and
tetramer) supported on rutile TiO,(110) and anatase
Ti0,(001) surfaces. It is found that the VO, monomer has
distinct catalytic properties compared to the dimer and
tetramer due to a substrate to adsorbate electron transfer.
Coupling DFT calculations with thermodynamic considera-
tions, stable VO, structures under realistic oxygen environ-
ments are obtained. It is demonstrated that rutile and anatase
supports exhibit a different ability to disperse VO, clusters. The
strong support-adsorbate interaction on the anatase support
stabilize both the vanadia monomer (VO,;) and dimer (V,0O5),
containing V**, whereas only the vanadia dimer (V,0O;) is stable
on the rutile support. We propose that the different stable VO,,
species may be the reason for the observed higher catalytic
activity on the anatase substrate.

B COMPUTATIONAL METHODS

Total energy calculations were performed using spin-polarized
periodic DFT calculations with a plane-wave basis set as
implemented in the Vienna Ab Initio Simulation Package
(VASP)."”™" The PBE (Perdew—Burke—Ernzerhof) func-
tional’® form of the generalized gradient approximation was
employed to calculated exchange-correlation energies. The
projector augmented wave method (PAW)*"** was used to
describe the electron—ion interaction. A kinetic energy cutoff of
400 eV for the plane-wave basis set was used in the calculations.
A Hubbard U term was added to the PBE functional to penalize
the artificial tendency for partial occupation of the electronic

states of interest, which is caused by an incomplete cancellation
of the Coulomb self-interaction. The Hubbard U term
employed follows the rotationally invariant formalism by
Dudarev et al,”® in which only the difference Ug = U — |
between the Coulomb U and exchange J parameters matter. A
Uy of 4.0 eV was applied to the 3d states of Ti and V. This
value was chosen because it results in similar localized defect
electronic states that have been experimentally observed.**~>°

The TiO, substrates were simulated with slab models
consisting of four stoichiometric layers for both the anatase
(001) and rutile (110) surfaces. A vacuum gap of 20 A was used
to separate periodic images of the system imposed by the
periodic boundary condition in the z direction. Unit cells of (3
X 3) and (4 X 2) were employed for the anatase (001) and
rutile (110) surfaces, respectively. V,0,, (n = 1,2, 4 and m =
1—8) clusters were deposited on the TiO, supports. Here, we
adopt a convention that the m oxygen atoms come from the
environment in addition to the lattice oxygen of the
stoichiometric TiO, substrate. For each vanadia cluster, a
number of possible structures were examined to obtain stable
configurations. Convergence tests showed that while the size of
the slab did affect the absolute binding energies of vanadia
clusters (especially on anatase support because of large surface
relaxation), the relative binding energies, which determine the
physically relevant structures, are largely insensitive to the size
of the unit cell. Due to the large surface model employed, the I'
point was sufficient to sample the Brillouin zone. Structural
optimization was considered converged when all components
of the force fell below 0.05 eV/A. During the relaxation, the top
two layers of the TiO, support and the supported vanadia
clusters were allowed to relax, while the bottom two layers were
kept fixed to their bulk positions.

A Bader charge analysis®”*® was employed to determine the
local charge of atoms in the system, defined by the integrated
charge density within Bader volumes around the atoms.
Magnetic moments were determined by calculating the
integrated spin density within the Bader volumes.

Entropic contributions to the free energy were calculated at
the harmonic level. Vibrational frequencies of the normal
modes were obtained by diagonalization of the mass-weighted
force constant matrix, obtained by finite difference. A central
difference scheme, using a displacement of 0.015 A along the
Cartesian directions for the supported V and O atoms, was
used to evaluate the Hessian matrices.

Ab Initio Thermodynamics. As a starting point for
studying the catalytic properties of V,0,, clusters, it is
important to know which V,0,, clusters are the most stable
under catalytically relevant conditions. To this end, the ab initio
thermodynamics method” was employed to examine the
relative stability of various V,0,, clusters in an O, environment
by comparing their corresponding formation energy on TiO,
supports. The Gibbs free energy of formation of a V,O,, cluster
is defined as

1 m
AG! » _;E\f/nom + ;AMO(T; p)

(1)
where Ef,,, (the formation energy of V,0,,) is defined as
f tot tot tot M _tot
EVnOm = EV"OM/TiO,_ - ETiOz - nEVbcc - ?Eoz (2)

In eqgs 1 and 2, an approximation enters by replacing the Gibbs
free energy of the solid components with DFT total energies.
Note that no Hubbard U term is applied when calculating the
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total energy of the vanadium bulk. This approximation has been
justified previously in that the pV term and the vibrational
contributions to the entropy can be neglected without changing
the qualitative results of this kind of study. In addition, we have
conducted calculations to obtain the vibrational enthalpy and
entropy of supported V,0,, clusters and found the relative
stability is only marginal changed by including these free energy
contributions. In eq 1, Aug(T,p) is the chemical potential of
oxygen, which is determined at variable (T,p) conditions as,

1. poz
A/"O(T; p) = E(”OI(T’ PO) + kBT In ? )
3

In the above equation, p’ is the standard pressure, and fio (T,

p°) is the chemical potential at p°, which was obtained from
thermodynamic tables.*

B RESULTS AND DISCUSSIONS

Adsorption of Vanadia Clusters on TiO,. We start by
investigating the structures of the adsorbed monomer, dimer,
and tetramer vanadia clusters of different oxidation states.
Specifically, we have examined the adsorption of VO,_,,
V,0,_s, and V,0,_¢ on both anatase TiO,(001) and rutile
TiO,(110) supports. The most stable clusters are presented in
Figure 1 (anatase TiO,) and Figure 2 (rutile TiO,); their

anatase T|02(001 )

Figure 1. Stable structures of VO,_,, V,0,_5, and V,0,_g supported
on the anatase TiO,(001) surface. In the figure, Ti and V atoms are
represented by gray and green spheres, respectively; lattice O atoms
originally from the substrate are red and O atoms from the
environment are purple.
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Figure 2. Stable structures of VO,_,, V,0,_5, and V,0,_g supported
on the rutile TiO,(001) surface. Atomic coloring is as in Figure 1.

corresponding formation energies and some structural values
are summarized in Table 1. To understand the tendency for
dispersion versus aggregation (i.e., the relative stability of each
cluster size), the formation energy of each cluster is reported
per V atom.

V,0,, Cluster Adsorbed on Anatase TiO,(007). The
adsorption of VO on anatase TiO, induces reconstruction of
the TiO, surface. Two TiO, lattice oxygens are pulled out of
the surface plane by the V atom to share bonding with the
surface Ti, generating two pseudo-oxygen-vacancies in the
process. This bonding motif was found previously for VO
adsorption on the CeO,(111) surface.’ The V atom is
coordinated with three Ti—O—V bridging oxygen species with
an additional lattice oxygen from TiO, directly beneath it.
Upon VO adsorption, a surface Ti atom is reduced from 4+ to
3+. The total magnetic moment of the VO/TiO, cluster is
calculated to be 3 yp with one Bohr magneton on the reduced
Ti atom, and the other two on the V atom. Hence, the
oxidation state of V in the adsorbed VO cluster is 3+, consistent
with having three coordinating O atoms. In VO,, an additional
O atom bridges the reduced Ti and O atoms, stabilizing the
vanadia cluster by nearly 2 eV. Consequently, the V atom is
further oxidized to 4+ and the reduced Ti atom recovers its 4+
bulk oxidation state. Upon further oxidation of VO, to VO;, a
vanadyl group (V = O) is formed. Different from a normal
vanadyl group, in which the V atom provides two valence
electrons to share with the terminal oxygen, the V atom in the
adsorbed VOj; contributes only one electron to the V = O
double bond. The other electron in the V = O bond is donated
from the TiO, support. A Bader charge density analysis on the
adsorbed VO, and VOj cluster used to determine this charge
transfer, as shown in Figure 3a. Upon formation of the vanadyl
group, the adsorbed vanadia cluster gains a charge of 0.43e. It
manifests that the double bond formation is not only due to the
hybridization between the V and the O atoms but there is also a
charge transfer from the substrate which contributes to the V =
O double bond. Further analysis shows that the V atom has
zero magnetic moment (5+ valency) and a magnetic moment
of 1 ug is associated with a surface O atom.

From VO, to VO, the formation energy decreases by 0.61
eV. This relatively mild stabilization is due to the fact that only
one electron is shared between the V atom and the additional
O atom, so that the surface Ti—O bond strength is reduced by
the charge transfer. Since the V atom has already reached the
valency saturation limit in the VOj cluster, it cannot be further
oxidized; no stable VO, cluster was found.

Our calculated structures of the adsorbed vanadia monomer
are different from what has been proposed as tetrahedrally
coordinated VO, (a different nomenclature is used here,
counting all oxygen atoms bound to the V atom). This
conclusion has been drawn from the previous work of
Shapovalov, in which the vanadia monomer on the rutile
TiO,(110) surface was studied.'® The V atom in the monomer
(VO;) has a 5+ oxidation state and a distorted octahedral
coordination, which is the same as calculated here. We extend
this conclusion to the anatase TiO,(001) surface, where the V
atom in the stable VOj; cluster also has a distorted octahedral
coordination. This structure has been employed in a
mechanistic study.>> For the same stoichiometry, a set of
structures of the vanadia monomer has been calculated. The
conventional tetrahedrally coordinated structure is found to be
0.85 €V less stable than the global minimum. The so- -called
umbrella structure having two terminal oxygen atoms™ is less
stable by 1.5 eV. On the other hand, in the vanadia dimer and
tetramer clusters, the VO, tetrahedral structures are stable.

The adsorption of the vanadia dimer cluster on anatase TiO,
is simpler than the monomer. The formation energies of
adsorbed V,0,, dimers systematically decreases by roughly the
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Table 1. Formation Energies of Vanadium Oxide Clusters As Well As Vanadyl Bond Lengths and Frequencies

anatase TiO,(001)

rutile TiO,(110)

dy_o (A) Uy, (em™) Eﬁ/nom/ ny (eV)
VO -3.03
VO, -5.06
VO, 1.596 1024 —-5.67
VO, 1.604 1006 —5.61
V,0, 1.631 962 —-142
V,0; -3.03
V,0, 1.611 1004 —4.26
V,04 1.608 1010 —-5.3§
V,0q 1.618 988 —-1.60
V,O¢ 1.612/1.625 1003/975 —-2.23
Vv,0, 1.608/1.624 1013/979 —2.81
V,O4 1.605/1.620 1017/985 -3.39

dy_o (A) Vyo (cm™) E%/nom/ ny (eV)
—0.44
—2.89
1.598 1023 -3.35
1.597 1027 —3.48
-0.57
—1.64
1.605 1017 —-2.82
1.603 1022 —-3.92
1.637 950 —-1.23
1.622 977 —-1.74
1.620 983 —-2.29
1.599/1.617 1031/988 —-2.82

(@) VO,—>VO, (b) V,0,~V,05

-0.89

+1.91 089

Figure 3. Bader charges on the adsorbed V,O,, clusters supported on
anatase TiO, support (a) VO, and VO, and rutile TiO, support (b)
V,0, and V,0q.

same amount with the addition of each O atom. The most
stable dimer cluster is V,Oy, as expected because it has the same
stoichiometry of the V,0g bulk oxide. The V atoms in the
adsorbed V,O; cluster are coordinated with one V—-O-V
bridging O, two V—O—Ti bridging O, and one O atom in the
vanadyl group. Consistent with bond-counting in this structure,
the oxidation state of the V atoms is determined to be 5+.
Similar to the monomer, V,0; adsorption causes two lattice
oxygen atoms from TiO, to form V—O-Ti bridging oxygens.
The per-V formation energy of the adsorbed V,Oj is a little
higher than that of the most stable VO; monomer. The dimer
has less charge transfer from the substrate (0.1¢) as compared
to the monomer (0.4¢), as illustrated in Figure 3b. The
monomer oxidation is primarily due to V—O hybridization.
The most stable tetramer on the anatase TiO, substrate is
V,Os. Two types of V atoms exist in the V,Og cluster. The first
type of V atom is coordinated with two V—O—V O atoms, one
V—0-Ti O, and a vanadyl group. The oxidation state of this V
atom is 5+. The second type of V atom is also coordinated with
two V—0—-V O atoms and one O in the vanadyl group; there is
no V=0-Ti O bound to this V atom. Instead, the V atom only
weakly interacts with a TiO, lattice oxygen bridging two Ti
atoms. The V atom of the second type is 4+. On the substrate,
there are two reduced Ti atoms that bond with only one
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bridging oxygen. The other three tetramers have V*' atoms
with no vanadyl oxygen bonding.

With regard to the oxidation state of the V atom, in the
vanadia monomer and dimer, V atoms can reach an oxidation
state of S+ in the most oxidized form (VOj, for the monomer,
V,0Oj for the dimer), whereas the vanadia tetramer (V,Os) has
mixed V" and V*' oxidation states depending on the registry
with the substrate. All VO;, V,0s, and V,Og have vanadyl
groups. The vanadyl group in VOj is stabilized by an electron
transferred from the substrate to the double bond. In larger
clusters, the vanadyl group forms due to the local hybridization
between the V and O atoms. Interestingly, the vibrational
frequency of the vanadyl bond varies systematically with the
oxidation state of the V atoms. Summarizing, from Table 1, the
vibrational frequency of the V=0, when V is 5+, is in the range
of 1000—1020 cm™!, while if the V atom is reduced to 4+, the
V=0 length is elongated and the vibrational frequency
decreases to 980 cm ™.

V,,0,, Cluster on Rutile TiO,(110). The electronic structure
of adsorbed vanadia clusters on rutile TiO,(110) is similar to
that on the anatase TiO,(001) surface. Briefly, in the adsorbed
vanadia monomer, the V atom in VO, is 4+, and it can be
further oxidized to 5+ in VO;. The support plays an active role
in facilitating the formation of the vanadyl group through
transferring one electron to the adsorbate. The most stable
vanadia dimer is V,0j in which the V atoms are 5+. The V,0O4
cluster on the rutile support is also reduced. Three out of the
four V atoms in the V,Oy cluster have oxidation states of 4+,
while the other is 5+. On the support, a Ti atom is reduced.

Despite the similarity in electronic structure, from these
calculations, we conclude that the anatase and the rutile
supports have a pronounced difference in how they stabilize
vanadia oxide clusters. Specifically, there is a lower formation
energy on the anatase substrate. The difference is expected to
result in a different ability in dispersing vanadia clusters, which
will be quantified using thermodynamical considerations in the
next section. Structurally, the surface of the anatase support is
significantly reconstructed upon vanadia cluster adsorption.
The generation of pseudo-oxygen-vacancies on the anatase
substrate manifest the reactive nature of the anatase TiO,(001)
surface. On the other hand, the structure of rutile TiO,(110)
surface is largely intact, indicating the passive nature of the
surface.

Thermodynamic Stability of Vanadia Clusters. The ab
initio thermodynamics method is used to examine the relative
stability of the vanadia clusters in an oxygen environment, to
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find the most stable clusters for realistic catalytic conditions.
Figure 4 shows the stability of the clusters on both the anatase
and rutile substrates, as defined in eq 1, plotted as a function of
the oxygen chemical potential, Apg.
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Figure 4. Free energy of formation of various V,0,, clusters adsorbed
on the (a) anatase Ti0,(001) and (b) rutile TiO,(110) surfaces as a
function of oxygen chemical potential. Lines belong to the stable
vanadia clusters are highlighted with colors while those unstable
structures are presented with gray lines only. The oxygen chemical
potential range corresponding to normal ODH reaction conditions
(po, = 1 atm, T = 300—800 K) are denoted with vertical lines.

On the anatase support, the VO, and VOj clusters are stable
under low and high oxygen chemical potential, respectively, as
Figure 4a shows. The crossover between these two clusters is in
the oxygen chemical potential range of the relevant reaction
conditions, which means that at these conditions the vanadia
monomer can be reduced and reoxidized. The V,Oy cluster has
a similar formation energy as compared to VO, and VO;, so it
is expected to have a considerable population on the substrate.
Other clusters are less stable at higher oxygen chemical
potentials due to their reduced nature.

On the rutile support, as shown Figure 4b, the V,Oj cluster is
the most stable over the entire range of oxygen chemical
potential considered. This finding agrees with a STM study of
the vanadium oxide structures on TiO,(110). It was found that
depositing 0.2 ML of V-oxide at 473 K in an S X 10~* mbar O,
environment results in a dimeric vanadia adsorbate.** A recent
experimental study confirmed that monomeric vanadia species
are not stable but rather aggregate into polymeric species on
TiO,(110). Although the vanadia adsorbate in that study was

resolved to be V,Oy, the trend toward monomer aggregation is
clear.

Structure—Reactivity Relationship. Hydrogen abstrac-
tion by a surface oxygen species has been identified as the rate-
determining step in the ODH reaction of propane and
methanol.'’*>¢ In both cases, the reaction energy can be
decomposed into C—H bond dissociation, which remains
constant for different catalysts and the hydrogenation energy of
surface oxygen species. The Bronsted-Evans—Polanyi (BEP)
principle suggests a linear relationship between energy barriers
and reaction energies for catalytic steps. The more exothermic
the hydrogenation energy, the higher the activity of the catalyst.
The hydrogenation energies have been calculated on the most
stable monomer, dimer, and tetramer structure, as listed in
Table 2. All possible surface oxygen sites on VO, catalysts

Table 2. Hydrogenation Energies of O Species in V,0,,
Clusters

hydrogenation energy (eV)
rutile TiO,(110)

anatase TiO,(001)

VO,
o1 -1.79 -2.17
02 226 —2.49
03 -1.86 229
04 —2.66 —2.02
05 — -2.51
V,05
o1 —0.70 —0.86
02 —0.20 —0.34
03 —0.26 -0.83
04 -0.16 +0.12
05 -1.16 —0.84
06 — -0.72
V,04
o1 —-0.79 —0.91
02 -1.01 -0.81
03 -0.38 —0.16
04 +0.15 -0.32
0s -0.16 —0.86
06 +0.11 —
07 -0.15 —
08 -1.17 —
V,04(001)
o1 -0.98
02 —0.86
03 -0.58

supported on the anatase, rutile, and single crystal V,04(001)
surface are considered and marked as shown in Figure S (panels
a, b, and ¢, respectively).

For supported VO, on the anatase TiO,(001) surface, the
most stable H adsorption occurs on a surface oxygen (O4) with
a hydrogenation energy of —2.66 eV. H adsorption on other
oxygen sites, although less stable than that on the O4 site, are
also significantly exothermic, ranging from —2.26 to —1.79 eV.
Upon hydrogenation of VO3, the V remains in the 5+ oxidation
state because the electron from the hydrogen atom fills the
electron hole formed due to charge transfer from the substrate
to the vanadyl group. Hydrogenation of VO; supported on
rutile TiO,(110) is similar. On the supported V,O; cluster on
rutile TiO,(110), the most stable H adsorption occurs on the
oxygen in the vanadyl group. On the anatase supported vanadia

15164 DOI: 10.1021/acs.jpcc.5b02486
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Figure 5. Oxygen species in V,0,, clusters adsorbed on (a) anatase TiO,(001) and (b) rutile TiO,(110) surfaces, as well as (c) the crystalline

V,0,(001) surface.

(a) anatase(001)

-
v,0,(001)

-2

hydrogenation energy (eV)

. (b) rutile(110) o

-1

-2

hydrogenation energy (eV)

Y

-9

-3

Figure 6. Hydrogenation energy trend for V,0,, clusters supported on (a) anatase TiO,(001) and (b) rutile TiO,(110) surfaces with respect to

cluster size; the crystalline V,04(001) surface is included for comparison.

dimer, the most stable H adsorption site is on a surface O atom.
The associated hydrogenation energies are —1.16 and —0.86 eV
on the anatase and rutile substrates, respectively. Upon H
adsorption, the V atom in the vanadyl group is reduced to 4+
oxidation state. On the V,Og cluster supported on anatase
TiO,, hydrogen is most stable on a lattice oxygen of the TiO,
support with an adsorption energy of —1.17 eV. The second
most stable H adsorption occurs on an oxygen in the vanadyl
group with an energy of —1.01 eV, reducing the oxidation state
of the vanadyl group from 4+ to 3+. This latter binding is
favored on the rutile support, with an energy of —0.91 eV.

H adsorption energies versus cluster size can be found from
the data in Figure 6 (panels a and b) for anatase and rutile
supports, respectively. Clearly, the H adsorption energy on
monomeric vanadia is more exothermic than on larger clusters,
where the binding is similar to the V,04(001) surface. The
exceptional H adsorption ability of the monomer vanadia
cluster is expected to facilitate C—H bond activation which is
considered the rate-determining step in ODH reaction. Since
the vanadia monomer is only stable on anatase TiO,(001), it
should be a more active support than the rutile TiO,(110)
support.

Due to the large negative hydrogenation energy, the
supported VO, catalyst could stay in the reduced form under
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reducing conditions and subsequently induce structural trans-
formations. In experiment, this structural transformation from a
monomer in an oxidizing environment to a polymer in a
reducing environment has been observed.'* In this study, we
limit our discussions to the structure and activity of the fully
oxidized VO, catalyst. Understanding the stability and activity
of reduced V,0,, clusters is a direction of future study.

B CONCLUSIONS

DFT calculations have been performed to investigate the
structure—activity relationship of supported vanadia cluster on
anatase and rutile TiO, substrates. We focus on the isolated
vanadia monomer, dimer, and tetramer clusters, which are
expected to be present in sub-ML VO,/TiO, catalysts. A search
of possible structures of vanadia clusters has been conducted to
find the most stable configurations. It was found, on both the
anatase and rutile supports, that the V atom is octahedrally
coordinated by O atoms in the vanadia monomer, whereas V
atoms are tetrahedrally coordinated in the vanadia dimer and
tetramer. An electron transfer from the substrate into the
adsorbed VOj cluster is found to play the role of stabilizing the
vanadyl group. This charge transfer across substrate and
adsorbate is only found in the monomeric vanadia cluster. In
the adsorbed vanadia monomer and dimer, the V atom is
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pentavalent, while in the vanadia tetramer there is a mix of V*
and V**.

Examining the stability of these isolated vanadia clusters
using ab initio thermodynamics suggests that the monomeric
and dimeric vanadia clusters can coexist on the anatase
TiO,(001) surface in oxygen environments relevant to catalytic
operating conditions. In contrast, the vanadia dimer is the
stable adsorbate on the rutile TiO,(110) surface. The difference
of stable adsorbates on the two surfaces manifests the different
ability in dispersing vanadia clusters. The anatase TiO,(001)
surface is more reactive and tends to bind smaller vanadia
clusters to maximize the substrate—adsorbate interaction. The
activity of the supported vanadia clusters are studied using H
adsorption energy on the oxygen species as a descriptor. It is
found that the monomeric vanadia cluster has a strong H
adsorption energy of —2.0 eV due to charge transfer with the
substrate. On larger vanadia clusters, the H adsorption energy is
similar as on a single crystal V,05(001) surface. As a result, the
enhanced performance of anatase toward the ODH reaction
can be explained by the stabilized vanadia monomer cluster on
the support.

B ASSOCIATED CONTENT
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Structures and corresponding formation energies for the
metastable V,0,, clusters supported on the anatase
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