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ABSTRACT: In this work, we studied the distribution of V
and Sb vacancies in the rutile-type vanadium antimonate phase
and the influence of these cationic defects on the VSbO4(110)
surface properties. We performed density functional theory
(DFT) calculations to compute the energy stability of bulk
supercells with different geometrical arrangements of the metal-
cation-deficient sites. Then, we built a model of the
nonstoichiometric VSbO4(110) surface, which exhibited an
extra O layer and isolated V cationsV atoms surrounded by
Sb ionsthat could act as Lewis acid sites. The density of
states (DOS) plot of this surface showed contributions of
O(2p) states, coming from surface O atoms nearest-neighbor
of a V vacancy, and V(3d) states near the Fermi level. We also
studied the influence of cation-vacancies in the formation of Brønsted acid sites.

1. INTRODUCTION

V−Sb mixed oxides are recognized as active and selective
catalysts for several oxidation processes. These catalysts are
used for the selective destruction of nitrogen organic volatile
compounds,1 and the oxidation of hydrogen sulfide to sulfur,2,3

methane to formaldehyde,4 and isobutene to methacrolein.5 V−
Sb mixed oxides are also the preferred catalysts for the
oxidation of propylene or propane in order to obtain
acrylonitrile.6−11 Acrylonitrile is an important component
used in the manufacture of thermoplastic resins and acrylic
fibers, and is mostly obtained by ammoxidation of propylene. In
the past few years, the production of acrylonitrile by
ammoxidation of propane has also attracted great attention
due to the low price of this hydrocarbon compared to that of
propylene.
The VSbO4 oxide was initially synthesized by Birchall and

Sleight, who observed a rutile-type tetragonal structure.12 From
a formal point of view, V and Sb cations would be present in
the VSbO4 phase as V

3+ and Sb5+, respectively. However, it has
been reported that the VSbO4 structure presents 16% of
cationic defects, leading to the presence of vanadium cations in
V4+ the oxidation state.13 The formation of a cation-deficient
r u t i l e - t y p e V S b O 4 p h a s e , w i t h t h e
V0.64

4+V0.28
3+Sb0.92

5+□0.16O4
2− formula (the square □ repre-

sents the cation vacancies), has been connected with the
activity of the V−Sb catalysts.13 In this sense, the presence of
metal−cation defects promotes the formation of redox couples
V4+/V3+ thus enhancing the catalytic activity of the vanadium
antimonate in valuable hydrocarbon selective oxidation
reactions.14,15 The isolation of vanadium sites at the surface

of this catalyst has also been related to the high activity and
selectivity of the VSbO4 phase in propane ammoxidation
reactions to acrylonitrile.14,16−18

The catalytic behavior of V−Sb mixed oxides has also been
evaluated from a theoretical point of view, by performing
quantum chemical calculations.19−22 Toluene adsorption
reactions on the stoichiometric VSbO4(110) surface were
studied with a tight-binding approach.19,20 This methodology
was also used to evaluate the VSbO4(110) surface reduction−
oxidation process.22 More recently, ammonia adsorption
reactions on a similar perfect (110)-surface model have been
evaluated using the density functional theory (DFT).21 The
interactions of light hydrocarbons have also been studied on the
stoichiometric VSbO4(110) surface as well as the same slab
with a surface Sb vacancy.14

On the other hand, it is worth noticing that ammoxidation of
hydrocarbons on V−Sb mixed oxides requires the adsorption of
NH3-derived species and thus involves the participation of
Brønsted and Lewis acid sites.21 These sites have active roles
not only in vanadium antimonate oxides, but also in other
compounds such as zeolites,23 mordenites,24 or V2O5/TiO2

catalysts.25 With regard to the VSbO4(110) surface, it has been
reported that isolated V sitesV atoms surrounded by Sb
ionsare the Lewis acid sites involved in the preferential
adsorption of NH3, thus providing a unique local environment
for ammoxidation reactions.21 Meanwhile, the model for
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Brønsted acid sites was built by formal adsorption of water as
OH−, put on top of the Lewis site, and H+, put on top of the
bridging oxygen row.21

Despite the important influence of metal−cation vacancies in
the catalytic behavior of V−Sb mixed oxides, as far as we know
only stoichiometric VSbO4(110) surface model slabs have been
used for studying their performance from a fundamental point
of view. In this way, it would be interesting to model the
crystalline structure of the nonstoichiometric VSbO4 phase and
the catalytic surface active sites. This model will be useful for
studying the interactions of different hydrocarbons and
intermediate species on the V−Sb mixed oxide surface. In
addition, a quantum-chemical study of the formation of cation
vacancy sites, Sb and V defects, in the rutile-type structure and
that of surface isolated V cations could provide clues at the
atomic level, that would help to better understand the catalytic
behavior of the VSbO4 active phase. Thus, in this work we
carried out periodic density functional theory (DFT)
calculations in order to study the distribution of V and Sb
vacancies in the VSbO4 rutile-type structure and their effect on
the formation of Lewis acid sitessurface isolated V sitesand
Brønsted acid sites.

2. THEORETICAL METHODS AND MODELS
2.1. Calculation Details. In this paper, we reported

quantum chemical calculations carried out with self-consistent
DFT theory as implemented in the Vienna Ab-Initio Simulation
Package (VASP).26−28 Kohn−Sham equations were solved with
the generalized gradient approximation (GGA) using the
exchange-correlation functional PW91.29 Core electrons were
represented with the projector augmented wave (PAW)
method.30 Valence electrons V(4s2, 3d3), Sb(5s2, 5p3), and
O(2s2, 2p4) were described by plane waves, and we used a
truncation energy value of 408 eV. Tolerance for the total free
energy change was set in 10−3 eV. For geometry optimizations
and total energy calculations, we applied the Gaussian smearing
scheme with a smearing width of 0.2 eV and used spin
polarization in all cores. The calculations were performed with
a large 2 × 2 × 1 supercell, derived from the trirutile-type
conventional cell.
The 16% cation-defective VSbO4 bulk was simulated by

introducing two metal-cation (Sb and V) vacancies in the 2 × 2
× 1 supercell. In this way, the integrals over the Brillouin zone
were sampled using a 3 × 3 × 2 k-points grid according to the
Monkhorst−Pack scheme.31

The nonstoichiometric VSbO4(110) surface was modeled
with a slab of 13.316 × 9.286 × 28 Å3; which consisted in 12
atomic layers and a vacuum space of about 15 Å, to avoid
interactions between successive images. The surface supercell
was formed by 22 V cations, 22 Sb cations, and 96 oxygen
atoms. The Brillouin zone was sampled using a Monkhorst-
Pack grid of 2 × 3 × 1 k-points. For all energy calculations, the
atomic positions of adsorbates and V, Sb, and O ions located in
the six uppermost layers of the slab were relaxed; while those of
the six lowermost layers ions were kept fixed to their bulk
positions.
The atom projected density of states (PDOS) was calculated

by projecting one-electron states onto spherical harmonic
atomic orbitals centered on atomic sites. A qualitative study of
the bonding between different atoms was also performed using
the Overlap Population (OP) concept,32 as implemented in the
SIESTA code.33 We calculated the OP of V−O and Sb−O
bonds in the cation-deficient VSbO4 bulk and (110) surface

models. To present complete information, we also reported
those OPs for stoichiometric structures.

2.2. The VSbO4: Bulk, Surface, and Acid Sites Models.
VSbO4 has a rutile-type tetragonal structure.12 The rutile
structure is formed by infinite chains of metal−oxygen
octahedrons with shared edges and corners. In this structure,
each metal center binds to six oxygen atoms (O) while each
oxygen atom binds to three metal atoms (M). Metal−metal
distances in the resulting structure of coordination 6:3 are
always relatively long and there is no effective O···O or M···M
interactions. Additionally, open channels parallel to c-axis are
formed in the crystal.
In our theoretical approach, we first studied the VSbO4 rutile

structure with a stoichiometric composition. The bulk was
modeled with a trirutile supercell (see Figure 1) containing the

most probable metal−oxygen combinations as reported from
powder diffraction studies.13 The calculated lattice parameters
for this VSbO4 trirutile-type structure: a = b = 4.708 Å and c′ =
9.286 Å (where c′ = 3c, c = 3.095 Å), are in good agreement
with the corresponding experimental XRD data.34

The stoichiometric VSbO4(110) surface was generated by
cutting the bulk solid with the ideal (110) plane and retaining
an extra O-layer.
Then, we studied the VSbO4 cation-deficient phase by

modeling bulk superstructures that are representative of the
reported formula V0.92Sb0.92□0.16O4.

13 These supercells (see
Figure 2a−e) were formed by 12 rutile-type unit cells, which
include 16.67% of Sb and V cation vacancies, and represent five
different combinations of V and Sb vacancies. From these
supercells, we built the nonstoichiometric (110) surface, as it
appears to be the most stable rutile face and it results from
breaking the smallest number of M−O bonds.
Finally, we explored the formation of Lewis and Brønsted

acid sites. In the case of a Lewis site, we considered a surface
isolated V cation in the higher oxidation state, which provides a
unique local environment for the ammoxidation reactions as
reported from experimental and theoretical results.21 The most
stable Brønsted site configuration was found by computing the
adsorption energy of H and OH species in two sequences. On
the one hand, we calculated the adsorption energy of H species
on different O-metal sites, and then, that of OH species on the
most stable protonated surface. On the other hand, we first

Figure 1. (a) Trirutile-type tetragonal VSbO4 structure.
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evaluated the interactions of the OH group, and then, those of
the H atom on the most stable hydroxilated surface.
To identify the V and Sb vacancies and the atoms located

near a V or Sb vacancy or next to a Brønsted site we use
different labels. The Sb and V vacancies were indicated with

white circles and labeled as  and , respectively. The atoms
located near a V vacancy () were labeled as V , Sb and O ,
and those near a Sb vacancy () as Sb , V and O . The
atoms located near the Brønsted site were labeled as SbB, VB
and OB.

Figure 2. Supercells showing the five different combinations of V and Sb vacancies in the bulk.

Figure 3. Bond distances (l) and overlap population (OP) values for selected V−O and Sb−O bonds close to a V-vacancy in the VSbO4 bulk
structure (stoichiometric solid, left; nonstoichiometric solid, right).

Figure 4. Bond distances (l) and overlap population (OP) values for selected V−O and Sb−O bonds close to a Sb-vacancy in the VSbO4 bulk
structure (stoichiometric solid, left; nonstoichiometric solid, right).

Figure 5. Schematic representation of the five optimized nonstoichiometric VSbO4 bulk structures with the corresponding energy values. The
oxygen atoms were omitted for the sake of clarity.
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3. RESULTS AND DISCUSSION

3.1. The Bulk Structures. The stoichiometric VSbO4 bulk
structure was modeled with the supercell shown in Figure 1.
After relaxing the Sb, V, and O atomic positions in this
supercell, the length of V−O bonds ranged from 1.78 to 2.07 Å,
while those of Sb−O bonds from 2.03 to 2.13 Å. Meanwhile,
the overlap population (OP) values of those V−O and Sb−O
bonds were in the range of 0.54 to 0.27 and 0.34 to 0.38,
respectively. The bond lengths and overlap population values of
selected V−O and Sb−O bonds were indicated in Figures 3
and 4, left sides (see the stoichiometric VSbO4 bulk structure).
The cation-deficient bulk structure, of which the reported

formula is V0.92Sb0.92□0.16O4,
13 was modeled with supercells

formed by 12 rutile-type unit cells. These supercells include
16.67% of metal−cation (V and Sb) vacancies distributed in
five different combinations (see Figures 2a−e), and were
optimized by relaxing all the Sb, V, and O atomic positions.
The schematic representation of the five optimized non-
stoichiometric VSbO4 bulk structures and the corresponding
calculated total energy values were shown in Figure 5a−e.
Comparison of these energy values indicated that config-
urations 5a and 5e are the most stable.
We then studied the effect of the cation-vacancies (V and Sb)

in the V−O and Sb−O bond lengths and overlap population
(OP) values of their nearest-neighbor V and Sb atoms. The V
cation located near a V vacancy shortened its V−O bond
lengths up to 12%, compared with those in the stoichiometric
bulk structure (see Figure 3: 1.75 Å and 1.99 Å, respectively).
Consequently, these V−O bonds almost duplicated their OP
values. On the other hand, the Sb cation nearest-neighbor to a
V vacancy was less affected, and the calculations showed that its
Sb−O bond lengths diminished 1% compared to those for the
stoichiometric bulk. Meanwhile, the corresponding OP values
increased about 6%.
When considering the effect of the Sb vacancies on their

nearest-neighbor atoms, our analysis showed that the closer V
cation diminished its V−O bond lengths up to 14% compared
to those for the stoichiometric bulk (see Figure 4: 2.07 Å and
1.77 Å, respectively). Accordingly, the corresponding OP(V−
O) values were almost duplicated. The changes in Sb−O bond
lengths and OP values of Sb cations located near to a Sb defect
were subtle. They showed a stretching of 1% while the OP
values changed about 9%.
3.2. The Nonstoichiometric Surface Structure. Consid-

ering the preferred cation deficient VSbO4 bulk supercells of
Figure 5 panels a and e, we found that the most stable
nonstoichiometric (110) surface was the one resulting from
configuration 5e. The optimized VSbO4(110) surface is shown
in Figure 6. The nonstoichiometric VSbO4(110) surface model
shows an extra oxygen plane and presents different O-metal
local arrangements -OSb2□, OSbV□, and OV2□ (notice that
the square □ denotes cation vacancies), in agreement with
those reported in ref 13. The catalytic performance of the
VSbO4 rutile-type phase in hydrocarbon (amm)oxidation
reactions has been related to the presence of surface isolated
V sites (V cations surrounded by Sb ions),6,16,17,21 and also to
that of cationic vacancies.14,18,35 Therefore, we underline that
our nonstoichiometric VSbO4(110) surface model shows some
V and Sb vacancies located close to the surface, covered by the
extra oxygen plane, while others are in the inner layers (see
Figure 6, Sb and V vacancies are indicated with white circles).
In addition, this surface shows a V cations configuration

separated by Sb ions representing the “site isolation”
concept.36,37

The introduction of V and Sb vacancies resulted in stretching
of the nearest-neighbor cation metal-O bonds. The details of
the V−O and Sb−O bond lengths and their corresponding OP
values in the proximity of a V vacancy are shown in Figure 7,
while those in the proximity of Sb defects are shown in Figure
8. In order to present complete information, we also included
those values for the stoichiometric VSbO4(110) surface (see
Figures 7 and 8, left side).
The V cations located near a V-vacancy (see Figure 7: VV),

shortened their V−O bonds up to 12% and subsequently
reinforced their OP up to 81%. The Sb cations close to a V
defect (see Figure 7, Sb ), diminished the Sb−O distances
about 22% and increased their OP values. Note that more
distant Sb−O bonds were also shortened (3%).
In addition, geometric distortion in the vicinity of the Sb

defects was very important. Neighboring V cations (see Figure
8, V ), shortened their V−O bonds about 12% with an
increase of the OP values of about 90%. The changes in the
Sb−O bond lengths and OP values of the surrounding Sb
cations were subtle.

3.3. Electronic Structure of Surface Containing
V a c a n c i e s . T h e t o t a l D O S o f t h e b a r e
V0.92Sb0.92□0.16O4(110) surface is shown in Figure 9. This
plot presents O, V, and Sb bands located at different energy
values. Between −21 and −17 eV the DOS curve was mainly
formed by Sb(5s), Sb(5p), and V(3d) orbitals. In this energy
region, the mentioned orbitals contributed in similar
proportions. The small band between −12 and −8 eV was
originated from Sb(5s) orbitals. The top of the band, between
−8 eV and the Fermi level, was mainly composed of O(2p)
orbitals (O−metal bonds) and V(3d) states, while the
contribution of Sb(5p) orbitals was quite small. The peak at
−1 eV corresponded to V(3d) orbitals. The contributions from
Sb(5s), Sb(5p), and O(2p) orbitals can be seen above the
Fermi level.
Although the VSbO4 phase is rutile-type, our DOS

calculations did not reflect the characteristic band gap of
TiO2 (rutile) but the picture of vanadium dioxide (VO2) with
rutile-like structure.38,39

Figure 6. The nonstoichiometric VSbO4(110) surface.
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Haras et al.,38 computed electronic properties of the rutile-
VO2(110) surface by using DFT calculations. They showed that
the V(3d) band is located in the region from −2 to 0 eV. At
about 2 eV below the highest occupied molecular orbital
(HOMO), the DOS curve presents a decrease and then it starts
to increase again at 1 eV below the HOMO. This density is
attributed to 5- and 6-fold coordinated V cations. The DOS of
the unoccupied levels remains finite above the HOMO
reflecting the metallic character of the surface.38 The electronic
calculation for bulk VO2 performed by Guelfucci et al.,39 is in
good agreement with the XPS spectra reported by Werthein.40

This measured O(2p) band consists of two main structures,
which are in the same energy region reported by Haras et al.38

The XPS spectra also presents an intense peak below −20 eV,
which corresponds to O(2s) weakly mixed with O(2p) and
V(3d) states.40 Note that in our model of the non-
stoichiometric VSbO4(110) surface, the DOS plot is dominated
by O(2p) contributions in the valence band region between −2

and −8 eV. Recently, Mellan and Grau-Crespo41 reported
VASP-DFT calculations of rutile VO2 surfaces. The plot of their
DOS in the region from −8 to 0 eV is in agreement with our
results thus providing additional support for the electronic
similarities between the VSbO4(110) and the VO2 (rutile)
surfaces.
Figure 10 shows the DOS curves of selected surface O atoms,

which are located near a V vacancy ( O , see insert) or a Sb

vacancy ( O , see the insert). In this plot, it can be seen that
the O atom presents a band of O(2p) states near the Fermi
level with a sharp peak at −1 eV. Note that at this energy value
there are also V(3d) contributions. For the VSbO4 phase, it has
been shown that the presence of isolated surface vanadium site
is the key factor required for achieving high activity and
selectivity in propane ammoxidation reactions.16−18 In
particular, the activity appears to be related to the creation of
highly active oxygen sites for the activation of propane.

Figure 7. Bond distances (l) and overlap population (OP) values for selected V−O and Sb−O bonds close to a V-vacancy in the VSbO4(110)
surface (stoichiometric solid, left; nonstoichiometric solid, right).

Figure 8. Bond distances (l) and overlap population (OP) values for selected V−O and Sb−O bonds close to a Sb-vacancy in the VSbO4(110)
surface (stoichiometric solid, left; nonstoichiometric solid, right).

Figure 9. Total DOS of the V0.92Sb0.92□0.16O4(110) surface.

Figure 10. Projected DOS of selected surface O anions ( O and O ).
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Moreover, the presence of cationic vacancies is related to that
of V4+, which may also be involved through charge transfer in
the formation of active oxygen species for the first step of
propane activation.18 Therefore, these O (2p) states located
near the Fermi level in the DOS plot of our nonstoichiometric
VSbO4(110) surface suggested that surface oxygen like the O
atom could be involved in the activation of hydrocarbons.
We also analyzed the electronic characteristics of the more

distorted surface Sb−O and V−O bonds, due to the formation
of cation vacancies. The  Sb O bond (see the local
geometry in Figure 7) was distorted due to the presence of
the V vacancy. Figure 11 shows the projected DOS curves of

Sb and O atoms. The projected DOS plot shows a small
band around −2 eV, formed mainly by Sb (5p) and O (2p)
orbitals. The O atom shows O(2p) states available that are
close to the Fermi level, which do not contribute to the

 Sb O bond. Figure 12, presents an analogous picture for

the  V O bond (see the local geometry in Figure 8). We
observed V (3d) and O (2p) contributions between −6 and
−2 eV, that originate the  V O bond. Note the absence of

O (2p) contributions close to the Fermi level.
3.4. Acid Sites on Surface Containing Cation-

Vacancies. V−Sb oxide based materials are recognized for
their high catalytic performance in C3 hydrocarbons ammox-
idation reactions to acrylonitrile. The incorporation of NH3-
derived adsorbed species could involve the participation of

surface Lewis or Brønsted acid sites. Rojas et al.,21 performed a
DFT study of ammonia interactions on the VSbO4(110)
surface and showed that NH3 and NH2 adsorbed on isolated
surface V cations, which act as Lewis sites and provide a unique
local environment for the ammoxidation reactions. An
experimental spectroscopy study has indicated that NH3
chemisorbed on Lewis and Brønsted sites, influencing the
reactivity of the catalyst surface toward selective hydrocarbon
ammoxidation reactions.42 Therefore, taking into account these
indications, we studied the formation of Lewis and Brønsted
acid sites on the nonstoichiometric VSbO4(110) surface.
Figure 6 shows that the nonstoichiometric VSbO4(110)

surface presents isolated V cations surrounded by Sb ions.
These V cations are low-coordinated, and thus, can act as Lewis
acid sites. In a previous semiempirical study, we evaluated the
influence of cationic vacancies in the oxidation state of
neighboring isolated V cations22 and found indications that
the formation of cationic defects could stabilize these cations in
a higher oxidation state. Experimental reports also indicated
that the formation of cationic vacancies in vanadium
antimonate reflects in the presence of V4+ cations, leading to
the following composition: V0.28

3+V0.64
4+Sb0.92

5+□0.16O4.
13,15

Therefore, we calculated the electronic charge on V atoms by
using the Bader Charge analysis.43 The contribution of O(2p)
states, which usually have very little net electron spin, was
filtered by integrating the spin charge density. The calculations
showed a charge of 2.54e and a spin magnetization of 0.03 μB
for the VB cation (see VB in Figure 6). There are 14 additional
V cations with charges ranging between 2.42 and 2.55e and spin
magnetization values between 0.01 and 0.37 μB. Thus, based in
t h e e x p e r i m e n t a l l y r e p o r t e d f o r m u l a
V0.64

4+V0.28
3+Sb0.92

5+□0.16O4
2−, we assigned a (4+) oxidation

state to those oxidized V cations. The surface isolated VB cation
is surrounded by Sb ions (see Figure 6: Sb−Sb−V−Sb surface
cationic chains), and shows a diminished O-coordination. This
V cation formed V−O bonds of different lengths: 1.66 Å (1),
1.8 Å (2), and 2.02 Å (2). Notice that V cations showed regular
octahedral coordination in the stoichiometric surface (distance
(V−O) = 2.02 Å). On the other hand, there are seven V cations
with charges ranging between 2.65 and 2.80e and spin
magnetization values between 0.92 and 1.5 μB. Then,
considering Sb cations as Sb5+, we assigned a (3+) oxidation
state to those reduced V cations in order to maintain the
electroneutrality of the solid.
Starting from the stoichiometric solid, the formally assigned

charges were V3+Sb5+O4
2−.12 After introducing cation vacancies,

the Bader charge analysis shows that, 15 V ions (of a total of 24
vanadium atoms originally presented in the stoichiometric
surface slab) are in a higher oxidation state (V4+) allowing us to
calculate an approximated V0.625

4+V0.292
3+Sb0.916

5+□0.167O4
2−

composition for the nonstoichiometric slab. This composition
is in good agreement with that corresponding to the
experimental V0.64

4+V0.28
3+Sb0.92

5+□0.16O4
2− formula.13 Thus,

our findings indicated that the introduction of cation-defects in
the rutile-type VSbO4(110) structure facilitated the formation
of surface isolated V4+ cations (V cations surrounded by Sb
ions), considered as Lewis acid sites, forming the V4+/V3+ redox
couples. Experimentally, these characteristics are recognized as
essential for promoting hydrocarbon ammoxidation reactions
on a VSbO4 catalyst. Vanadium antimonate catalysts are
multifunctional in nature and present several key properties,
including different active sites. To achieve the desired product
selectivity, the individual active sites must be spatially isolated

Figure 11. Projected DOS of Sb and O surface species (as indicated
in the insert in Figure 10).

Figure 12. Projected DOS of O and V surface species.
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from each other and able to dissociate dioxygen and
incorporate it into the solid catalyst lattice.37 The active sites
of antimony-based selective alkenes oxidation catalysts are
composed of bridging oxygen atoms associated with Sb3+,
related to α-H abstraction, and Sb5+, related to oxygen insertion
into the hydrocarbon fragment, cations.1 As a consequence, a
reduced surface site is formed, which is subsequently reoxidized
via lattice oxygen coming from an adjacent reoxidation site.
Grasselli,44 ascribed that function to V4+ cations in antimonate-
based catalysts. Centi et al.,35 compared the structure, surface,
and reactivity characteristics for different samples of rutile Sb−
V oxides in propane to acrylonitrile ammoxidation reaction and
established a correlation between nonstoichiometry of the
catalyst and its reactivity. Larrondo et al.,15 studied the catalytic
oxidation of toluene on vanadium antimonate oxides and
showed that the selectivity to benzaldehyde could be correlated
with the redox properties of the solids. Vanadium sites (V4+)
were involved in the incorporation of gaseous oxygen as lattice
oxygen and hold the Sb sites in an oxidation state (Sb5+) high
enough to insert the lattice oxygen into the hydrocarbon
molecule.
On the other hand, Brønsted acid sites in vanadium

antimonate catalysts are typically considered as vanadium-
based V−OH groups formed via a dissociative water adsorption
reaction. Thus, we found the optimum locations of the H and
OH groups by performing two-step energy structure relaxations
on our surface model. It is reasonable to speculate that the
origin of this H and OH species is water that dissociates on the
surface. The role of water dissociation on rutile TiO2(110)
surface was described in detail by Hammer et al.45 STM images
of water molecules adsorbed on Ti sites on this surface show a
capping hydrogen bridging oxygen and then forming two OH
groups. If the surface presents some oxygen vacancies, STM
indicates that water dissociates on these sites leaving an OH
group on the vacancy and the H locates again in the
neighboring bridging oxygen. This mechanism was also
reported on the rutile TiO2(001) surface.46 Miao et al.47

studied water activation on a stoichiometric rutile TiO2(110)
surface. They also found that the most stable configuration is
the one in which one OH binds to a surface Ti cation while the
H binds to a bridging O and this is in agreement with previous
calculations.48,49 It must be pointed out that our study does not
include a water dissociation reaction because we are interested
in the final OH and H adsorbed species that form the Brønsted
site. According to the previous mentioned results, we have two
possibilities for H and OH coadsorption, depending on which
species is adsorbed first. We found that the sequence of
coadsorption influences the stability of the final configuration.
First, we studied the adsorption of an H atom on different

surface sites: O, Sb, and V atoms. The adsorption energy
(ΔEads,H) was calculated as the difference between the energy of
the V0.92Sb0.92□0.16O4(110) surface with an adsorbed H atom
(EH/Surf) and the energies of the clean surface (ESurf) and the
hydrogen molecule in the vacuum (EH2):

Δ = − −E E E E
1
2ads,H H/Surf surf H2

After relaxation of the structures corresponding to an H atom
located on the different surface sites, we found that the H
interaction on the V cation was repulsive and that on the Sb
cation was of nonbonding character. On the other hand, H
adsorption on  O Sb site (close to a V vacancy) was
exothermic (ΔEads,H = −2.32 eV), forming a H-(  O Sb )

bond of 0.98 Å length. This H interaction was 1.62 eV more
favorable than that on the O−V moiety. Then, we evaluated the
adsorption of the OH group on the protonated surface by
testing its interactions on different Sb and V cation surface sites.
Our calculations indicated favorable OH interactions on Sb and
V cations, the adsorption on a V cation being slightly more
exothermic than on a Sb cation (∼0.20 eV). The OH group
bound to this oxidized surface V cation through its oxygen
(d(O−V) = 1.79 Å), while the V atom was moved 0.55 Å out of
the subsurface (see Figure 13).

Considering the second sequence, we started with the
adsorption of an OH species. The interaction of the OH group
on a V cation was 0.53 eV more stable than that on a Sb cation.
After that, we adsorbed the H on this hydroxilated surface. Our
calculations indicated that H is preferentially adsorbed on a

 O Sb site (see Figure 14). This second possibility was
0.20 eV more stable than the sequence that started with the
protonation of the surface.
We highlight that the formed HBOB−VB bond has a length of

1.79 Å and OP value of 0.534, similar to those of structural
surface V−O bonds. The H−O bond formed by H
chemisorption on the  O Sb site has a length of 0.97 Å
and its OP value is 0.594. Meanwhile, the H−O bond formed
by H interaction on the  O V also has a length of 0.98 Å.
Note that in both cases the length of the OH bonds is similar to
that in an isolated water molecule. The O and O atoms
weakened about 20% its bonding interaction with the
corresponding Sb or V cations due to the formation of
the H−O bond. Therefore, this model will be useful for
studying the interactions of different hydrocarbons and
intermediate species on the V−Sb mixed oxide surface.

4. CONCLUSIONS
Density functional theory (DFT) calculations were performed
in order to study the effect of V and Sb vacancies on vanadium

Figure 13. Brønsted acid site formation: (a) side view, (b) top view.
Sequence H (1st) then OH.
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antimonate surface properties. The nonstoichiometric
VSbO4(110) surface, generated by cutting a 16.67% cation-
deficient rutile-type bulk structure, exposed an extra oxygen
layer and isolated V cations surrounded by Sb atoms. The
introduction of V and Sb vacancies resulted in shortening of the
nearest-neighbor cation metal-O bonds. The Bader charge
results indicated that introduction of cation-defects is also
reflected in the generation of oxidized V cations. The low-
coordinated surface V4+ cations could act as Lewis acid sites.
On the other hand, Brønsted acid sites were formed by the
adsorption of the OH group on a V cation, while the H species
preferentially interacted with an oxygen nearest-neighbor of an
Sb vacancy. Density of states (DOS) plot of the non-
stoichiometric VSbO4(110) surface showed O, V, and Sb
bands located at different energy values. The DOS calculations
did not reflect the characteristic band gap of TiO2 (rutile) but
the picture of vanadium dioxide (VO2) with rutile-like
structure. The top of the band between −8 eV and the Fermi
level was mainly composed of V(3d) states and O(2p) orbitals
coming from surface O atoms located close to a V vacancy.
This fact suggested that surface oxygen atoms close to a V
defect could be involved in hydrocarbons reactions.
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